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p PREFACE

For aeronautical research the advantages of the cryogenic wind tunnel lie mainly in the
practical attainment of full scale values of Reynolds number, and in the case of pressurised
cryogenic tunnels the means to separate Mach and Reynolds number effects from aeroelastic
effects.

This Lecture Series is designed for engineers, including those experienced with
conventional wind tunnels, wishing to acquire in a concentrated form the principles and
practice of cryogenic wind tunnels. The emphasis is on the unfamiliar facets of technology
which must be applied, and on solutions to special problems which arise from the exploitation
of a low temperature test gas. The Lectures provide up-to-date information on the aero-
dynamic and mechanical design of continuous and intermittent cryogenic wind tunnels and
their models, and on techniques for controlling test parameters. Design information includes
properties of materials, the storage and handling of cryogenic liquids, insulation systems for
pipelines and tunnel circuits, and safety requirements. Solutions are included for the special
requirements of instrumentation systems for plant, tunnel and model. The physical processes
are described which determine the lower limits of operating temperature.

This Lecture Series is sponsored by the Fluid Dynamics Panel of AGARD and
implemented by the von Kirmin Institute.

M.J.GOODYER
Lecture Series Director
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THE PRINCIPLES AND APPLICATIONS OF CRYOGENIC WIND TU NNELS
by

M.J. GOODYER
Senior Lecturer

Department of Aeronautics and Astronautics
UNIVERSITY OF SOUTHAMPTON

Southampton S09 5NHl
England

SUMMARY

A description of the background to the emergence of the cryogenic wind tunnel leads to discussions
of its advantages compared with other means for raising the values of test Reynolds number to full scale.
An introduction to the basic aero- and thermodynamics of wind tunnel testing allows quantification
of the advantages of low temperature in low speed and in transonic testing. Attention is drawn to
secondary advantages unique to this tunnel, and to the potentials of unconventional test gases.
Descriptions are included of current types and applications of cryogenic wind tunnels.

LIST OF SYMBOLS

Z Size
M Mach number
m mean molecular weight
P static pressure
R Reynolds number
ro  universal gas constant
T static temperature
V reference test velocity
y ratio of specific heats
1i viscosity (dynamic, or coefficient of)
0 density

1. INTRODUCTION

The cryogenic wind tunnel has been under active development for only about eight years, but as a
result of fairly intense and rewarding work on the part of the engineers involved, coupled with bold
decision-making, large cryogenic wind tunnels are now emerging with more in the planning stage.
Consequently, many more people are beginning to be involved with them in various capacities such as
designers of tunnels and systems, or with experiments in the tunnels. This Lecture Series has been
prepared with the aim of helping such people by concentrating on areas of new or unfamiliar technology.
Lectures will cover:

basics of relevant aerothermodynamics;
aspects of cryogenic engineering and safety which are generally unfamiliar;
real gas effects, because these can determine suitable operating temperatures and gases;
current technology for tunnel control, model design, instrumentation;
descriptions of major cryogenic wind tunnel projects.

A bibliography is included as a convenient source of reference material.

Before dwelling on specific aspects of this type of tunnel a few background observations may be
useful. The cryogenic wind tunnel was conceived at least 61 years ago as a means for, among other things,
raising the Reynolds number of model tests. The 53-year gestation period is explained several ways.
Dominating the earlier years would have been the difficulty of designing the large scale cryogenic plant.
Later, during the 1940's when the bulk production of cryogenic liquids was comon and the cryogenic tunnel
feasible, aerodynamicists and wind tunnel engineers were preoccupied with the major problems of transonic
and supersonic flight, and were content to address these problems in mostly conventional tunnels but at
sub-full-scale values of Reynolds numbers. Throughout this period there will have been the inhibiting
effect of a reluctance on the part of tunnel users to face whatever complication is implied by testing at
low temperature.

A series of minor and major aerodynamic-based problems with several transonic aircraft projects,
traced to disparity in Reynolds number, contributed in the 1960's to efforts on both sides of the
Atlantic to begin the process of re-equipping with better wind tunnels. Proposals first centred on
larger and more highly pressurised versions of conventional designs, but the high construction costs
were still allowed to force the targeted Reynolds numbers to values below full scale, clearly an uneasy
compromise. The cryogenic wind tunnel emerged in this environment, offering massive reductions of capital
costs and therefore removing the need for compromise. Transonic aircraft aerodynamics were therefore a
powerful stimulant to the development of the cryogenic wind tunnel, but the concept is now finding a
broader application, including low speed aerodynamics.

While it is easily shown that cryogenic testing in tunnels of conventional size can eliminate
disparity in Reynolds number as a source of discrepancy between model and full scale behaviour, we must
not fall into the trap of assuming that from hereon all model data will be correct. Remaining are the many
other potential sources of discrepancy: the effects of turbulence and noise, wall and model support
interferences, model asroelasticity, to identify just a few. We must, of course, continue with efforts to

--. n- . .- .. --
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improve the designs of tests and wind tunnels to reduce or eliminate these other sources of imperfection.

2. BASIC AEROTHERI(DYNAMICS

2.1 Transonic testing

The influence of the properties of an ideal gas on test Reynolds number R can be seen by
substituting the equation of state

Pm
ro T

into the familiar expression for Reynolds number

R.-

giving R Pm.. ...... (1)rotiT

where P and T are static pressure and temperature respectively, m is the mean molecular weight of the
gas, V its velocity and v its viscosity at T. Z is the length scale and ro the universal gas constant.
For transonic testing the flow Mach number M is more significant than velocity. On substituting

V N Y___

into (1) we get

R /7 (2)

where y is the ratio of specific heats.

In the transonic testing of aircraft models we cannot use a gas with y 0 1.4 without introducing
the unease of another compromise. Likewise the test must be at the correct Mach number, and therefore
the only reasonable options for increasing Reynolds number are:

I. Choose a heavy diatomic gas, alternatively gas mixtures which together give y - 1.4 and a
high mean molecular weight.

2. Raise scale, hence t.

3. Raise pressure.

4. Reduce temperature. The effect of reduced temperature is not only that due to the direct
influence indicated by its appearance in equation (2) but also indirectly by its influence on
viscosity. The viscosities of gases fall with falling temperature.

Some perspective on the nature of the problem facing the aeronautical testing community is required:
the largest conventional wind tunnels are able to reach about one-tenth of the full-scale Reynolds number
of a cruising transonic transport. The required factor in Reynolds number is therefore at least 10,
lepending on trends in the sizes of future aircraft.

The above options for increasing Reynolds nymber may be considered for use separately or in
combination. Option 1 was investigated by Chapman with the conclusions that the rewards from available
mixtures were marginal. Options 2 and 3 were considered in combination for the large wind tunnel
proposals of the 1960's. Capital costs increase particularly strongly with size, partly because of the
influence of the cost of providing the tunnel drive power. It can be argued that drive power varies as
p1

2
, indicating the likelihood of a disproportionate increase in power with Reynolds number. Pressurised,

intermittent wind tunnels were therefore also considered in order to reduce the investment in power. Such
were the demands of economics that some proposed tunnels had very short run-times.

It was apparent that very few such facilities could ever be built, and inevitably there was a
hesitation in deciding just which of the competing designs should be chosen. At this point in time
(actually 1971) the fourth option, that of testing at low temperature, came under scrutiny at NASA Langley
Research Center.

Figure 1 shows the influence of test temperature on Reynolds number. Two alternative diatomic
gases are compared with air: nitrogen N2 because it is relatively safe, inexpensive, and doubles as a
convenient coolant; hydrogen 92 because at the low temperatures available with this gas there are larger
benefits in Reynolds number which should be weighed against any disadvantages.

The curve for nitrogen follows closely that for air at varying temperature. The maximum increase
in Reynolds number in N2 relative to conventional testing in air is a factor of about 6.5 at
atmospheric pressure, where the test gas is at the saturation boundary. As the disparity in Reynolds
number between conventional pressure tunnels and fullocale flight is a larger factor, most transonic
cryogenic tunel projects combine the benefits of low temperature with the practical limits of
pressurisation. Secondary advantages can follow, as noted below. The minimum useable temperatureI increases with pressure and therefore the factor on Reynolds number due to reduced temperature is not
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FIGURE 1. The influence of test gas and temperature

on unit Reynolds number relative to air at
300K. Mach number and pressure are constant.

generally above about 5.

A change of test gas to hydrogen begins to show an advantage over conventional tunnels when the
cryogenic hydrogen tunnel is cooled below about 180K, and advantages over the cryogenic nitrogen tunnel
at temperatures below about 40K. At the available minimum temperature of about 20.3K the Reynolds
number in H2 is high enough to remove a need for pressurisation in some full scale testing. Naturally
the implications of safety require consideration, as do real gas effects. Hydrogen could be used in
a tunnel in either of two forms, parahydrogen or normal hydrogen. Theoretical studies of real gas
effects for parahydrogen indicate the probability of unacceptable deviations of its behaviour at low
temperature from that of air. An experimental verification, also a coverage of normal hydrogen, are
required before this gas can be considered for use at transonic speeds.

In raising this issue early in the Lecture Series I aim to show that, as might be expected, the
cryogenic tunnel in many ways is still in its infancy. While many engineering and aerodynamic options
seem still to be open, teams involved with transonic cryogenic wind tunnels are for the time being
concentrating on overcoming the problems of tunnel and model design, controls and inntrumentation for use
down to liquid air temperatures in tunnels which exhibit the minimum of unconventionality. Most
probably this represents a fair compromise: there are advantages enough with this approach without the
increased risk of technical failure which might be associated with more radical alternatives.

The tunnel drive powers required in transonic testing are high. Smelt discussed
2 

the likelihood
of drive power economy in low temperature testing. In comparisons between cryogenic nitrogen tunnels
and conventional tunnels Kilgore

3 
went further to show an overall economy in power even accounting for

refrigeration. This may be regarded as a secondary advantage of the cryogenic tunnel, but is an example
of the pleasant surprises that have emerged from time to time during the past eight years.

2.2 Low speed testing

The unit Reynolds number required in low speed testing to reach full scale depends among other
things on the size of model. For economy reasons there is usually a requirement for the model to be
small, but in aircraft testing there are manufacturing considerations limiting the minimum size. While
there are many opinions on this minimum, a span of around lm is taken here as representative. Full
scale aircraft currently range in span up to about 70m; future designs might well be larger and therefore
since model testing will include the evaluation of high lift devices the required unit Reynolds number in
the tunnel is higher by about two orders of magnitude compared with a conventional atmospheric tunnel.
There are parallel* in the field of industrial aerodynamics particularly related to civil engineering
which indicate the need for similar levels of unit Reynolds number.

In low speed testing several of the constraints may be lifted which apply at transonic speeds. A
wide variety of gases may be considered; Mach number may be allowed to vary up to a level dictated by the
onset of compressibility effects; the option is open of testing in a liquid.

An examination of the physical properties of liquids quickly leads to the conclusion that unless a
very high dynamic pressure can be withstood by the model there is no argument based on Reynolds number
for the use of a liquid test medium. Therefore we turn again to a consideration of gases - equation (1)
applies. The achievement in a normal temperature tunnel, whatever its test gas, of up to two orders of
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magnitude increase of unit Reynolds number is prohibitive in terms of cost or aerodynamic loads if tunnel
size or pressure are raised. The situation is quite different, however, when operating temperature is
reduced.

In the type of low speed testing where Mach number can be allowed to vary there is no point in
adopting a constraint in Mach number when examining the effects of temperature. In some tunnels a more
significant constraint will be fan speed. If temperature is reduced in such a low speed tunnel of fixed
size and the test velocity V is assumed proportional to fan speed and is therefore limited to soe
maximom value, equation (1) simplifies to

I

revealing a particularly powerful influence of temperature on Reynolds number in these circumstances.
Figure 2 shows the ratio of the unit Reynolds number at test temperature T to unit Reynolds number at
300K with the same fan speed and gas.

300

100lium

Ratio of 30_Neo

Reynolds number Hydrogen
in test gas to
Reynolds number - Nitrogen

in air at 300K 10

3-

.3

.1 3 10 30 100 300

Gas Temperature, K.

FIGURE 2. Low speed testing at constant fan speed.
Effect of temperature and choice of gas
on unit Reynolds number.

Of the gases considered, helium imnediately appears the most attractive if the lowest temperatures
can be employed, showing a Reynolds number increase of over 1,200 compared with normal temperature. Room
temperature helium will develop a Reynolds number only just over 122 of that of air (at equal speed, etc.)
mostly because of differences in density, but nevertheless the remaining factor of 150 between helium near
its saturation boundary and air at 300K makes it a most attractive gas for use in low speed testing.

Changes of Mach number cannot always be ignored even at low speeds, notably with aircraft models.
For example, it can be argued that Mach number should not be considered as a variable in tests on transport
aircraft high lift devices: any increase over the take-off or approach values could lead to the
appearance of compressibility effects, while a decrease is of no interest because of the need for high
Reynolds number. In helium at its minimum temperature of 4.3K the flow Hach number is about 2.85 times
higher than the Mach number in air at 300K and the same speed. Therefore in comparing Reynolds number
in the cryogenic helium tunnel with normal temperature air, with equal Mach number flows the cryogenic
helium tunnel promises a factor of 55 in unit Reynolds number over air at the same pressure. A
cryogenic helium tunnel for a Im span model can therefore provide full scale Reynolds number for present
and future transports when operated in the one to two atmospheres pressure range. The same tunnel
would also provide full scale Reynolds number flows over large civil engineering structures.

This discussion has highlighted the potential of helium, but the known low speed tunnels in fact use
nitrogen as a test gas where the advantages in terms of Reynolds number, while more modest, are still
useful. The curve on Figure 2 for Nitrogen shows that the cryogenic nitrogen tunnel will develop about
12 times the Reynolds number of normal temperature air at the same speed; at equal Mach numbers the
factor reduces to about 6.5. Hydrogen or neon are other potential test gases for use at low temperatures.
Their properties are compared with nitrogen and helium below:

•-4.



Test Gas Nitrogen Neon Hydrogen Helium

R in gas at min. temperature
.in air at 300K

at equal speeds 12.6 30.6 17.5 158

at equal Mach numbers 6.5 12 17.2 55

Mininum temperature, K 77.3 27 20.3 4.3

While this table shows the general tendency for rewards in terms of increased Reynolds number to increase
with reduction of temperature, the choice of test gas will be influenced by variations in complexity and
cost, not all of which are presently evaluated.

3. TYPES AND APPLICATIONS OF CRYOGENIC TUNNELS

The types of tunnel drive and test gas currently exploited in cryogenic wind tunnels include:

Drive Test Gas

fan nitrogen
induced flow air/nitrogen mix
blowdown air/nitrogen mix
blowdown nitrogen
expansion tube nitrogen

The usual refrigerant is evaporating liquid nitrogen except in the case of the expansion tube which
is an intermittent tunnel drive which produces low temperature by the near-adiabatic expansion of the test
gas. Other types of tunnel drives will undoubtedly be adopted.

Applications of cryogenic tunnels are varied. The smallest size, about lcm across the test section,
finds use in experimental studies of real gas effects and in the pilot evaluation of tunnel designs.
Tunnels of order 10cm size of test section are used in pilot schemes but also for the development of
instrumentation for larger tunnels. As an illustration, at my home institution, Southampton University,
we have a 10cm low speed fan driven cryogenic nitrogen tunnel which has been used for:

development of a surface flow visualisation technique for cryogenic wind tunnels;
evaluation of a six component magnetic suspension system and force balance at cryogenic temperatures;
development of thin-film gauges for the detection of boundary layer transition on models in

cryogenic tunnels

which serves to illustrate the usefulness of quite small tunnels, especially in these early, active years
of the cryogenic wind tunnel. There is emerging also a need for a small cryogenic wind tunnel, perhaps of
about the same size, for teaching purposes, to train tunnel operators in the art and science of tunnel
control and management, and to expose young aerodynamicists to the versatility and potentials of the new
wind tunnel technology.

The test section size band from about 0.3m to 3m covers the current range of wind tunnels offering
near or full scale Reynolds numbers. In many cases these tunnels have been or are being constructed to
satisfy the needs of transonic testing. Later in this Lecture Series we will hear descriptions of the
main projects and therefore my remarks are confined to generalities. While their drives differ, the
larger tunnels have certain common features, including the use of air and/or nitrogen as the test gas
which restricts minimum operating temperature to around 8OK to 120K depending on Mach number and pressure.
To reach high Reynolds numbers they are designed to run at pressures up to several atmospheres.

Aircraft aerodynamicists are mainly concerned with the effects of Reynolds number and Mach number
on performance. While conventional pressure tunnels can vary these numbers independently, there is a
simultaneous variation of dynamic pressure which has its own influence on data through aeroelastic
distortion of the model. The cryogenic pressure tunnel with its extra independent variable of temperature
has the advantage that it can allow Reynolds and Mach number investigations at constant dynamic pressure
and therefore nominally at constant load and distortion.

Adding to the attraction of testing at low temperature is an advantage in the dynamic testing of
models. A common requirement is to match in the model tests some full-scale frequency parameter which
varies inversely with gas velocity. The low gas velocities associated with low temperature testing
allow a proportionate reduction in frequency of model motion, with consequent simplification in the
construction of the model and its support.

Lastly, I will mention an unusual application of the cryogenic wind tunnel. This is to convective
modelling at low speeds to obtain not only high levels of Reynolds number but also hiab levels of Grashof

number. While Reynolds number increases by a factor of around 12 in nitrogen as temperature is reduced
to the minimum, the maximum value of Grashof number rises by a factor of about 200! This, and the
features described in the preceding two paragraphs, are good examplei of the ways in which advantages of
cryogenic testing have emerged additional to that originally envisaged, the increase of Reynolds number.

It is now my pleasure to hand over lecturing to the team of senior engineers which I have been most



fortunate in persuading to take part. These men have for many years been in the forefront of the
development of the various facets of technology which have combined to create the cryogenic wind
tunnel. That they have found time to prepare comprehensive lecture material in parallel with heavy
professional duties makes me especially grateful. On your behalf I extend sincere thanks.
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CRYOGNIC ENGINEIING I

by Dr. R.G. Scurlock, Institute of Cryogenics, University of Southampton, U.K.

Abstract Basic properties of LIN, LOX and liquid air. Control of heat fluxes, insulation tech-
niques and low loss storage.

1.1. Introduction

The purpose of this lecture is to introduce the concept of a liquid boiling under I atm pressure
at a temperature which is well below the lowest naturally occurring temperatures (i.e. below
-500C or 223K) and below the region norally associated with refrigeration engineering.

Cryogenic wind tunnels require the use of cryogenic liquids, such as liquid nitrogen, in
quantities ranging from 10 - 100 tonnes. These are relatively large quantities and are very much
larger than those normally met with in cryogenic laboratories but smaller than comiercial scales
which range from 1000 to 100,000 tomes. Care is therefore needed in extrapolating designs and
operating techniques from those developed for handling laboratory-size quantities of a few litres
or kilograms. The scale of use also means that safety precautions and safe operating procedures
have to be rigorously maintained; such more so than with laboratory size quantities.

Cryogenic liquids are energy-intensive to produce and therefore expensive to use. Good house-
keeping is therefore needed to make the maximum use of the available "cold." Ice or snow-
covered patches on insulation, and white plumes of boil-off vapour, are specific indications
of poor housekeeping techniques.

Apart from these considerations, cryogenic liquids are very easy to use and the technology for
storage, for transport by road, rail or sea (or air), and for handling is well developed. A
basic understanding of their differences from ambient temperature fluids like water and air will
enable cryogenic liquids to be used with confidence.

1.2. Properties of Cryogenic Fluids

1.2(a) General

To obtain an overall picture, consider the main cryogenic fluids and some of their properties

at their normal boiling points (under I atm pressure) in Table 1.

TABLE i

The major cryogenic fluids and their boiling point properties

TM T.p. TC P Density Latent heat of Expansion ratio vol.
B C CL vaporisation gas/vol. liqu. (at

K K K arm kg m
3  kJ kg

- I  150C, I arm)

Helium 4.2 5.2 2.26 125 21.7 700

Nydrogen 16 20.3 33.3 12.8 71 450 789

Neon 24.6 27.1 44.5 26.9 1210 82.9 1340

Nitrogen 63.2 77.4 126 33.5 808 124 666

Air Bubblep 132 37.2 878 206 724
78.8

w pt
81.8

Argon 84.0 87.3 151 48.0 1400 158 784

Oxygen 54.8 90.2 155 50.1 1140 213 777

Methane 90.6 112 191 45.8 425 512 607

Ethane 89.9 185 305 48.2 550 401

Ethylene 104 169 283 50.9 568 486 476

Carbondioxide 195 195 304 72.9 - -

(sublif Ation p int)

Water 273 373 647 219 1000 2257 1800
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Helium, hydrogen and neon are included for comparison purposes, but will no longer be considered.
The main three of interest are oxygen, air and nitrogen in descending order of temperature.
While their densities are close to that of water, their latent heats of vaporisation are
considerably smaller. In all cases, the expansion ratio of gas produced from a given volume of
liquid is about 700.

1.2 (b) Liquid Oxygen or LOX B.P. 90.2K

LOX has a density of 1.14 relative to water and has a latent heat of vaporisation almost twice
that of liquid nitrogen. It is a bright blue liquid with strong paramagnetic properties. It
is the most powerful oxidant known, and the particular hazards of handling LOX arise very
largely from this fact. Substancesjwhich do not burn in air, may burn fiercely or explosively
in an oxygen rich atmosphere. Examples include plastics and synthetic polymers in solid, foam,
woven or sheet form, lubricating oils and metal powders.

DO NOT think that the low temperature will prevent combustion, since the heats of combustion
are at least 10 times the heat of vaporisation.

RENEMBER the standard test for oxygen compatibility is to drop a weight on to a test sample
of the substance IMMERSED IN LOX.

DO APPRECIATE that oxygen-rich atmospheres will be a hazard with cryogenic wind-tunnels.

(See below).

1.2 (c) Liquid Air Bubble-pt 78.8K Dew-pt 81.8K.

Liquid air, or more accurately condensed air, is a mixture of nitrogen and oxygen with a small
percentage of argon. The mixture behaves like any other mixture in that the equilibrium
composition of the vapour is higher in the low boiling point constituent (nitrogen) than the
liquid.

As a direct result, the liquid will generally have an enhanced oxygen content. Moreover, as the
liquid evaporates, (via a nitrogen rich vapour) the oxygen composition of the remaining liquid
will rise continuously (Figure 1.) Thus the continual partial condensation and partial
evaporation of liquid air collecting in an enclosure will produce an oxygen hazard.

Figure IL

cel'. 2110ly .

The condition for this Lo occur is the exposure of atmospheric air to a surface cooled to 81.8K or
below by liquid nitrogen in a variety of conditions, including (i) the saturated liquid at pressures
up to 2.2 atm absolute (ii) the sub-cooled or under-cooled liquid at higher pressures, and (iii)
the exhaust liquid vapour or 2 phase mixture after throttle expansion from a temperature above 81.8K.
The occurrence of air condensation can be checked visually, when access is possible.An uninsulated

surface above 81.8K and in contact with atmospheric air is covered in frost. Below 81.8K the surface
appears wet and the condensed liquid removes the frost.

If condensation of air is expectedan air-tight vapour barrier must be included in the insulation.

THE INADVERTENT PRODUCTION OF OXYGEN RICH LIQUID AIR is a hazard comonly met in the use of

liquid nitrogen.

1.2 (d) Liquid Nitrogen or LIN B.P. 77.4K

LIN has a density of 0.808 relative to water and is a colourless mobile liquid with a low
viscosity and low surface tension. The variation of some of the basic properties of the saturated
liquid with temperature and pressure are given in Table 2.



TABLE 2

Properties of saturated liquid nitrogen

T Pressure Densijy Viscosity Latent heat of vaporisation

K atm Kg m- UPs a. kJ kg-

70.0 0.38 837 220 208

77.4 1.00 808 160 199

80.0 1.34 792 140 195

90.0 3.55 746 110 180

100.0 7.70 691 8o 162

110.0 14.52 621 60 135

120.0 24.81 526 - 94

126.0 33.3 311 - critic 1 point -

The density variation with temperature and pressure is very high. As a result, when LIN is
pressurised by self-heating in a closed volume, the level of the liquid surface RISES. The
liquid level is therefore not a good indicator of liquid quantity when the pressure is varying.

The viscosity of LIN is about twice that for, water at 20°C. Frictional pipe losses are there-
fore relatively small and thermal effects leading to two-phase flow are much more important in
the transfer of liquid nitrogen.

The surface tension of LIN is about 8 dyne cm
-1 

at 77.4K and decreases with increasing temper-
ature to zero at 126K (the critical point).

While the latent heat of vaporisation at 1 atm is 199kJ kg
-1

, the sensible heat of the vapour
between boiling point and ambient temperature is 231 kJ kg-1. In other words, the "cold"
contained in the vapour is approximately the same as the latent heat of the liquid.

Apart from oxygen and argon, which are completely miscible in liquid nitrogen, other gases with
much higher boiling points can dissolve in LIN at significant levels. In particular, there are
two which could be a nuisance in cryogenic wind-tunnels because they might not evaporate below
150K. They are C02 and water, which are believed to dissolve in LIN at levels up to 10 ppm.

1.2 (e) Production of liquid nitrogen

The composition of dry atmospheric air is:-

Constituent % by volume Z by weight

Nitrogen 78.084 75.521

Oxygen 20.946 23.139

Argon 0.934 1.288

Carbon Dioxide 0.033 0.050

Rare gases ppm by volume ppm by weight

Neon 18.18 12.67

Helium 5.24 0.724

Krypton 1.14 0.295

Hydrogen 0.50 0.035

Air also contains variable quantities of:

Water vapour (up to 2.5% at 200C)
Hydrocarbons including acetylene
Dust
Oil mist
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The Cryogenic Separation of air into its constituents at bigh purity is achieved in the following
steps:

1. The air is compressed in large multi-stage compressors with inter-stage water

coolers.

2. The water and carbon dioxide are removed.

3. The dry compressed air is cooled by heat exchange with the outgoing gaseous products of
nitrogen and oxygen.

4. The cold air is further cooled by expansion either isentropically through a turbine or
piston expander, or isenthalpically through a throttle or Joule Thomson valve.

5. The cold mixture of saturated vapour and liquid air passes into a distillation column
where separation takes place by fractional distillation.

6. The cold gaseous products are returned through heat exchangers to cool the incoming
high pressure air. Not more than 10% of the products can be taken off in liquid form as
LIN, LOX and liquid argon.

The cryogenic plant in which this separation process is achieved is called an Air Separation Unit or
ASU. Liquid nitrogen purity levels of 99.999% are common.

If more liquid products are required, then additional liquefiers are added to the ASU. In all cases,
the ASU is relatively inflexible and produces liquid products at a constant rate. The power costs
to make liquid nitrogen are approximately 1 kW hr per kg of liquid and equal about 50% of the
total production cost at the site of an ASU.

The problem with a large user like a cryogenic wind tunnel using an average of 20 tonnes/day is
the need for 1MW of installed liquefier capacity to meet a single user's requirement.

There appear to be 3 alternatives for achieving a reliable cheap supply:

1. Tie in with a single producer planning additional liquid nitrogen
making ASU capacity within easy reach by road or rail.

2. Persuade a producer to build a LIN making ASU adjacent to the
tunnel - standard practice on a larger scale with industrial
users.

3. Build a small ASU and LIN liquefier specifically for the tunnel.

Since the LIN market is expanding generally, alternatives 1 or 2 would be preferable. DO NOT EXPECT
producers to be able to sell tonnage quantities of liquid nitrogen without adequate planning. In
addition, do plan for ADEQUATE bulk storage of LIN, say to meet at least 7 days of variable
demand by cryogenic wind-tunnel users.

1.3 Storage and Insulation techniques

1.3 (a) General criteria

Insulation is essential for the economical storage of cryogenic liquids. Correct insulation
techniques can save a great deal of time and money.

Heat influxes through the insulation result in boil-off losses by evaporation at the liquid/vapour
interface. Under equilibrium conditions, the boil-off is constant. However, non-equilibrium
conditions, including those of cooldown, subcooling, superheating and stratification, may introduce
non-steady boil-off.

Additional mechanical constraints apply to mobile containers, road and rail tankers etc. When
partially filled, sloshing and surging present mechanical and thermal problems.

Since the production of cryogenic liquids is energy-intensive, poor storage and bad-handling
techniques waste energy - an increasingly expensive exercise. Waste can be reduced in many ways
by applying a little understanding, and not necessarily by the use of expensive capital investment.

1.3 (b) Sources of heat flux into storage containers

It is important to distinguish between heat fluxes through (A) the wetted and (B) the unwetted
walls of the container. Heat fluxes (A) are absorbed by the latent heat of the liquid and lead
to evaporation. Heat fluxes (B) may be absorbed by the sensible heat AH of the cold vapour.
With good design, the latter may not contribute to the evaporation.

For LOX and LIN &Hg LV where A H 30C dT

bp p
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Al Conduction into liquid: Through insulation in space between inner and outer containers.
Via mechanical supports of inner container, and pipework.

A2 Radiation into Liquid: Through insulatio4 space and vapour space over liquid. Also along
pipework. Vapours and liquids are transparet to infra-red radiation, and absorption takes
places at solid surfaces. /
A3 Convection into Liquid: Through insu ation space when voids and large cells present.
Although there is stratification in the vapour space, there is strong reverse flow in the centre
of vapour columns carrying heat to the liquid surface.

E1 Conduction to unwetted walls: Through insulation space surrounding wall, and along wall
material itself. Conduction in vapour is negligible.

B2 Radiation to unmetted walls: Same as A2.

B3 Convection to unwetted walls-Vapour Coolin: Strong natural convection boundary layer flow of
vapour 2L the walls from the liquid ensures good cooling of the walls. This vapour-cooling effect
is a bonus since it acts so as to reduce other heat fluxes.

Other sources can arise from thermally induced oscillations under both storage and transfer con-
ditions.

1.3 (c) Reduction and control of heat fluxes

It is important to reduce all heat fluxes to the same order of magnitude. It is important to
recognise that variation with scale is different for the various sources. Snow or ice on the out-
side of a cryogenic system is always an indication of poor insulation.

Al Conduction: Reduced by use of correct type and thickness of insulation in the insulation space.

In general the one-dimensional heat conduction equation is:

dT
Q - kA dx

where the thermal conductivity k is a function of temperature k (T). The heat flow between
temperatures TA and T2 is then:

fT2

Q I

For standard conditions of temperature across the insulation, 300-77K, 300-20K etc., an effective
man thermal conductivity k can be defined using the above heat conduction equation by:

Q - A (T -T2 k

L
k is then a measured value and contains ALL the contributions to the heat transfer through the

insulation, solid conduction, gas conduction, radiation and so on.

Al (a) Gas purged insulations at 1 atm: Table 3 gives a selection.

TABLE 3

Effective thermal conductivities between 300 and 77K

Material Effective thermal Effective thermal Oxygen
conductivity with I atm conductivity Compatible
nitrogen purge gas evacuated
WIM-I K-1  W-1 K-I

Expanded Perlite 2.6 - 4.4 x 10-2 0.95 x l0-3  Yen

Silica Aerogel 1.9 x 10-2 1.6 x 10-3  Yes

Fibre glass 2.5 x 10-2 1.7 x 10- 3  Yes

Foam Glass 5.2 x 10-2 Yes

Balsa wood 4.9 x 10-2 No

Expanded Polystyrene 2.4 x 10-2 No

Polyurethane Foam 2.5 x 10- 2 No

Mineral Wool 3.0 - 4.3 x 102 Yes



2-6

The basic idea of gas-purged insulations is to reduce gas convection by the creation of small
gas cells within a matrix of low conductivity solid fibreu or foam walls. The lower limit
is then determined by the thermal conductivity of the purge gas. For example, the
conductivity of nitrogen at 1 atm is

1.0 x 10-2 W m- ' K- 1 at lOO K

rising to 2.5 x 10- 2 W m- 1 K- 1 at 300 K.

Gas purging is necessary to avoid (1) the ingress of moisture and formation of ice-bridges as
thermal shunts; (2) the condensation of 02 rich liquid air from contact by atmospheric air
with surfaces below 81.8K.

Gas purged insulations are used in cold boxes on ASU's and large static storage tanks gredter
than 3 m diameter. The use of vapour barriers and no purging is NOT ADEQUATE for conmercial
cryogenic insulations.

For a tank holding 1000 tons of LIN (diameter 13 m) with 0.2 m of Perlite, the heat flux is
16 kW, equivalent to a boil-off of 7 tonnes per day or 0.7%/day.

For a tank of 1.3 m radius holding I tonne, with the same thickness of Perlite, the boil-off
will be 7.0%/day, which is not economical.

Al (b) Evacuated powder insulations: By reducing the gas pressure to 0.1 Tort, the thermal
conductivity of powder insulations may be reduced by a factor of 10 or more (see Table 3).
The gas conduction has been removed. However, a penalty must be paid since the outer casing
must now be vacuum tight and strong enough to withstand a collapsing pressure differential of
1 atm. Geometry is limited to cylinders, spheres and combinations for mechanical strength,
and size is limited to about 3 m diameter. Thus for the above I tonne tank of 1.3 m radius,
the boil-off with evacuated powder insulation will be 0.71/day which is acceptable. Such
tanks are used as customer storage tanks, and on road and rail tankers.

Al (c) Evacuated multi-layer insulations (MLI or Superinsulation): The major heat flow
through an evacuated insulation is radiation. For n thermally floating reflecting surfaces
with emissivity it the radiation heat transfer between parallel surfaces at temperatures TI,
and T2 is given by:

A 2 (T - T2 )
where gr - 5.67 10 8 

Wm
2 K-4

For standard conditions of temperature across the insulation, 293-77K,an effective mean thermal
conductivity K can again be defined using the standard conductivity equation:

_ K (T1 - T2 )
A t

where t is the thickness of the insulation, NOT necessarily the width of the insulation space.

Then K1- 4_ T1  T 2 
4) t Wm-1 K-12 (n+l)(T I - T2)

Inserting some figures, with T1 - 293 K, T2 - 77K, It - 0.02 (as for aluminium) and (n + 1) /t
3000 reflectors per metre,

= 6.5 10-6 W M-l K-1 .

In practice, of course, there are other contributions to the heat flow via solid conduction
etc. and the effective mean thermal conductivity can be expected to be higher. However, this
simple calculation shows there is a lower limit to the effective conductivity of reflective
insulants in the region of 0 W K

which is 100 times lower than evacuated powders.

There are two ways of reducing radiative heat flow:

(1) by adding Al powder to powder insulants - opacified powders - which produce
a reduction of 2 - 3 in conductivity;

(2) by abandoning the use of powders and using reflective sheets of Al foil or
aluminised Mylar separated ty insulating sheets of nylon net, fibre glass paper
etc. with evacuation to 10 Torr in Multi-layer insulation or Superinsulation.
Table 4 gives some typical values of mean thermal conductivity between 293 and 77 K.
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TABLE 4

Multilayer insulations or Superinsulations

Layers per cm K 10 - 4 W m- 1 K-'

12p- aluminium + 0.5,P Fibre glass paper 31 0.34

12/At aluminium + 12.. Dexter paper 20 0.52

Aluminized Mylar film 1 9A + 12 r Dexter paper 9 2.0

Aluminium foil + 15 r nylon net 24 2.3

Linde S14 Al foil + glass fibre paper 16-32 0.42

NRC2 Crinkled aluminized Mylar film 6/. 20 0.28

Southampton test 8.7A. Al foil + carbon loaded
fibre glass paper 30 0.07-0.15

Aluminized Mylar film 12/ + carbon loaded paper 30 0.26

It can be seen that at least 10 fold reduction in K below that caused by evacuated powders
can be achieved. More development is required in wrapping techniques etc. to achieve the
lowest values of conductivity under comercial conditions. MLI can be used in small portable
dewars and vessels up to 3 m diameter, and on transfer lines.

A2 Radiation:

Major source is radiation into liquid from warm upper parts of container, governed by:

4 _ 4= e1 02 ( (T2  -T 1 )

e 2 + (l.*2)itl -2

For 300K, the radiation peak is at 10 ,wavelength in the infra-red, and Q is 500 W m for
e = e2 = 1. Radiation heat fluxes are reduced by using vapour-cooled reflective radiation
shields, or suspended decks in large tanks. Floating plastic ball blankets are also effective.

A3 Convection:

In general, density stratification acts so as to oppose vertical natural convection. In the
absence of any heat flux, convection stability applies to both liquid and vapour. However,
local heating changes the picture in a complex manner which we are only just beginning to
understand. Convection in a cryogenic situation has many features comon to convection in
the atmosphere, and the latter is exceedingly complex.

Basically, local heating with upward convective flow at one point induces downward flow elsewhere

in which the downward mass flux is related to the upward mass flux by the continuity equation:

Downward Mass Flux = Upward Mass Flux - Boil off mass flux.

Alternatively, there is a recirculating mass flux in addition to the boil-off. Studies show
that the recirculation can greatly exceed the boil-off.

The downward mass flux may be distributed leading to small velocities, or localised with high
local velocities. In both cases the downward mass flow will carry heat. In a tank of
cryogenic liquid, two convective actions take place via heat flux through the tank walls:

' 'it

b l Figure 2
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(1) In the vapour, there is intense boundary layer flow at the wall inducing reverse flow
in the centre. The heat flux associated with this reverse flow is not understood.

(2) In the liquid, the heat flux through the wall is insufficient to produce local boiling.
Heat is absorbed by a convective boundary layer flow to the surface, where evaporation from
a superheated layer takes place.

BI Conduction to Unwetted Walls:

Reduction through insulation space, in the same way as for Al. Low conductivity wall materials
are required - stainless and Ni steels. Conduction down walls is reduced by natural vapour
cooling effect, see B3.

B2 Radiation to Unwetted Walls:

Reduced by vapour-cooled reflective shields. To reduce "funneling" of radiation into liquid,
walls should have high emissivity, i.e. black where they are adequately vapour cooled.

B3 Convection to unwetted Walls:

At any level in the ullage (vapour) space, the wall is always hotter than the vapour and injects
heat into the vapour. The resulting natural convection boundary layer cools the wall and
absorbs heat being conducted down the wall into the liquid. If the boil-off mass flux in
the boundary layer is high enough, then all the heat in the wall is absorbed by the sensible
heat of the vapour. No heat enters the liquid when the wall temperature gradient at the
liquid surface is zero.

i.e. (-.
T

) liquid surface - 0.
0) z

This condition can be met in practice by correct design. The boundary layer flow is quite
different to that at ambient temperatures where the thickness S varies as - zl/4.
In the vertical temperature gradient pertaining to the cryogenic situation near the liquid
surface S

owing to rapid property variation with height. Consequently, the boundary layer is much
thicker, up to 1 cm. This applies to the "developed stable stratified" region above a thin
mixing region in contact with the liquid surface. In the upper part of the ullage space,
the convective flow becomes unstable with internal oscillations, and the boundary layer becomes
progressively thinner. This region is called the "unstable stratified" region.

The details of this convective flow have yet to be studied.

1.3(d) Storage Instabilities exhibited by boiling cryogenic liquids

(I) Irregular surface evaporation: This appears to be the normal mode of "boil-off". No
boiling as such takes place, and the mass flux through the surface varies by + 20-40% of the
mean evaporation rate.

(2) Superheating and vapour explosions: After long periods of storage without disturbance,
by transfers etc., it appears that surface evasoration can diminish, and a highly superheated
surface layer is generated. Superheats of 40 Kt are required before homogeneous mucleation
and explosive boiling are expected. This can occur in practice, or be reproduced in the
laboratory. The pressure rises are considerable. Fortunately, cases reported appear to be
limited to laboratory size containers.

(3) Rollover: In multi-component liquids, like LNG, evaporation of the volatile component
occurs preferentially. The liquid remaining has a higher denisity, and in the absence of
complete mixing, it is possible for the upper portion to become more dense than the lower
portion. When this happens, the - ik contents roll-over. The release of hydrostatic pressure
head on the lower portion rising to the top creates "flashing" and a Inrge quantity of vapour
is released. On a small scale, a 5% flash can he controlled. On a large tank of 20,000
tons of liquid, the sudden evolution of 5% as vapour could be a disaster. Rollover is avoided
by continuous mechanical mixing of tank contents.

(4) Assymetric thermosyphon: The convective recirculation described above has axial sya etry.
If an off-axis symmetry is introduced, by for example tilting through a small angle of 100, the
recirculating mass flux can increase considerably. The heat flux into the liquid surface is
increased, thereby increasing the boil-off and the possibility of the superheating effect.

(5) Narrow vertical channels: The boiling of cryogenic liquids in long vertical channels
is particularly prone to oscillation. The oscillations invariably incTase the boil-off.
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1.3(e) Low Conductivity Supports

All storage vessels require mechanical supports for the inner insulated container in contact
with the wetted portion. It is unusual for the insulation to have sufficient compressive
strength to be load bearing.

If the tensile or compression strength of a material is f and the required load is F, then
the necessary cross-sectional area is A - F/(* The heat conducted by the support of length
L and mean conductivity k is

Q LA F a T

For Q to be as small as practicable, the value of . should be as small ss possible. Defining

a figure of merit m = , then for a good support material m should be as large as possible.
k

Table 5 shows comparative values which illustrate how the highest values of m are obtained
with non-metals.

TABLE 5

Ultimate Yield Thermal Figure

Material tensile stress cond
strength mega od.t _ i t y of

mega N/m
2  

N/m
2  Wm K Merit

Metals
Copper annealed 82.7 475 0.104
Brass 412 100 1.65
Aluminium 2024 379 81.3 2.80
Aluainium 7075 606 482 86.5 3.35
Stainless steel (annealed) 251 10.2 14.8
Titanium 825 586 15.8 22.1
35 Ni-50 Fe - 14 Cr Alloy 702 12.6 22.3
K Monel up to 689 17.1 24.2

1,380
Hastelloy B 448 9.35 28.7
Stainless steel drawn wire 1,030 8.8 70.3
Titanium Alloy

(4% Al - 4% M) 1,000 5.87 102

Inorganics
Fibreglass 1,720 0.92 750
682 Fibreglass 32% Resin 378 0.36 420

Organics
Nylon high tenacity 606 138 0.245 247
Terylene (high tenacity Polyester) 730 138 0.15 487
Fortisan 36 1,070 0.20 535
Araldite 6060 830 0.17 490

Notes: The figure of merit is calculated as follows:

( Design stress in mega N!m2

m 1% Thermal conductivity in W/m-Kg

The Design stress is taken as 60% of yield stress or 40% of ultimate tensile strength for metals
and inorganics, and 10% of ultimate tensile strength for organic materials.

Unfortunately, these high m materials may suffer from undesirable qualities such as brittleness
at low temperatures, thermal contraction and jointing problems. Stainless and nickel steels
are used in large plant, GRP is finding increasing use in road tankers and small vessels.

There are various geometrical tricks for achieving long conduction paths with adequate mechanical
rigidity. Re-entrant supports and diagonally braced wires and struts are widely used.

In small containers and dewars the neck tube is the main support, and "bump-stops" are used to
prevent excessive movement under handling conditions.
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CRYOGENIC ENGINEERING II

by Dr. R.G. Scurlock, Institute of Cryogenics, University of Southampton, U.K.

Abstract

Thermal properties of comaercial materials; Instrumentation, including thermometry
pressure and flow; Avoidance of 2-phase flow conditions.

2.1 Some thermal properties of commercial materials

Table 1 gives a summary of three thermal properties for a wide range of comercial materials
which are used in cryogenic plant.

The thermal conductivity values refer to ambient (293K) conditions.

The working figure of merit is calculated as the ratio of design stress to thermal conductivity,
where the design stress is defined at the end of the previous lecture.

Fractional linear contractions are given at two temperatures, 80 and 150K respectively.

Important points to note are:

1. Different metals have differing linear contractions which are not negligible.

2. There is a large difference in contraction between metals and polymers.

3. Glass-reinforced plastic is now being widely used as a load-bearing "heat-break" material.
Its linear contraction can be controlled by varying the filler/resin ratio.

Table 1

Linear contractionMaeil- Working

Material Wm- K -1 figure of L/L293 x 104

at 293K merit T - 80K 150K

Copper 475 0.10 30.3 22.1
Brass 100 1.65 35.0 25.3
Aluminim 2024 81.3 2.80 39.0 29.4

7075 86.5 3.35 39.0 29.4
Stainless Steel 10.2 14.8 27.8 20.3

0.2% Carbon Steel - - 19.1 14.7
Invar - - 4.8 3.0
Titanium Alloy 4% Al. 4Z Mn. 3.87 102 14.2 10.7
Constantan 23 - 24.7 18.3

Fibregless 0.92 750 - -

68% Fibreglass 32Z Resin 0.36 420 20 15
Araldite 6060 0.17 490 94 71

Stycast 1850 GT - - 38 -

Nylon 0.24 247 125 95
Terylene 0.15 487 - -

Polystyrene 0.04 - 131 93
Polyurethane foam 0.04 - - -

Teflon - - 19.3 160

Concrete 3.0 - 12-16 9-13
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2.2 Instrumentation at Low Temperatures

The operation of any cryogenic plant entails the measurement and control of temperature,
pressure, differential pressure, flow, level and composition. The design of the plant.
and especially that of the cold box, must allow for the provision of suitable
instrumentation. The signals obtained by the sensors have to be transmitted through the
lagging via a suitable transducer to some kind of recording and control system. The
inaccessibility of some of these sensors, the cyclic performance of the plant (including
thermal and pressure cycling), the provision of projecting components, such as thermowells,
add to design problems partly due to the increasedprobability of damage, and partly due to
the increased thermal leakage. There exists also the complication of flashing liquids
due to sudden pressure drop at liquid expansion valves and orifice plates.

2.3 Measurement of Temperature

2.3 (a) General Points

Thermometers are generally required for (1) monitoring purposes when a precision of + 5K may
be adequate; and (2) accurate measurement when a precision of + 0.1K or better is specified
or required. The cost and operational problems of high precision thermometers is obviously
considerably greater than those of monitors. The user has to decide at an early stage what
precision is needed, and how many temperature measuring points are necessary for controlling
the plant. Retrofitting of thermometers is expensive, and may be impossible, so it is wiser
to request more than the required minimum at the design stage.

The sensor measures its own temperature. Hence it is important - indeed vitally important -
to establish thermal equilibrium with its surroundings via good thermal contact.

There are two types of temperature scale: (1) empirical and (2) thermodynamic. The thermo-
dynamic scale is visualised by a set of Carnot cycles (not very practicable) and is realised
via the behaviour of an ideal gas. Hence the constant volume gas thermometer forms the
primary instrument.

Gas thermometers are clumsy, slow and of relatively low accuracy and reproducibility. They
are only suitable for fixed point determination. The defining fixed points, important in
cryogenics above 50K are:-

Triple point of oxygen 54.361 K
Boiling point of oxygen 90.188 K
Triple point of water 273.160 K (0.010C)
Boiling point of water 373.150 K (1000C)

2.3(b) The International Practical Temperature Scale (IPTS)

The low reproducibility of gas thermometers and the difficulty of using them, as well as the
need for an international standard, led to the introduction of IPTS in 1927, with major
revisions in 1948 and 1968.

IPTS is based on the thermodynamic temperature, T , the unit of which is the kelvin K; it is
1273.16 of the thermodynamic temperature of the triple point of water. The Celsius temperature
t C, is defined by t - T - To where To = 273.15 K (ice point). Temperature differences are
expressed either in K or in 0C. (Normally, but not necessarily, K is used for temperatures
below the ice point and °C above the ice point; this avoids negative values.)

IPTS - 68 was chosen such that the measured temperatures (T6 8 or t6 8) closely approximate the
thermodynamic ones within the limits of accuracy. Realisation of IPTS is made by means of
specified standard instruments. For the cryogenic range, the standard instrument is the
platinum resistance thermometer (13.81K to 630.740C (freezing point of antimony)). It is
relatively easy to use, and the reproducibility of this instrument is better than that of a-gas
thermometer.

Any other practical instrument is then calibrated against the standard, to an accuracy depending
on precision required.

Among the wide variety of practical instruments in use, four types are of practical value in
cryogenics. They are resistace thermometers, thermocouples, vapour pressure thermometers,
and gas thermometers respectively.

2.3(c) Platinum resistance theresometers

This is the IPTS standard instrument, and is being increasingly widely used comercially for
precision thermometry.

For industrial use, the sensor is a Pt-wire coil contained in one end of a stainless steel sheath
of 5-8 tin. diam. and 75-250 m. length. (Sometimes the sheath may be dispensed with. Instead
of the coil the sensor may be a thin film of Pt mounted on a substrate.) For specification see
BS 1904 (1964), DIN 43760 (1968) or ISO/ANSI equivalents. These standards are really out of
data; they ware drawn up before the introduction of IPTS-68, at a time when high purity platinum
was not yet available. Standards will very likely be modified, but until this happens one
works to existing specifications.
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The definition of IPTS-68 is based on a resistance thermometer made of a high-purity Pt-coil
(large temperature coefficient of resistance). The relation between I and t is given by
empirical relations for the various ranges of temperature. There is no reason why these
relations, truncated to meet the more modest needs of industrial thermometry, could not be
used to define the industrial standards of IPTS-68.

The sensing element is a coil of wire of Pt of given resistance with 2, 3 or 4 leads depending
on the use of the instrument (precision and associated circuitry).

LR L L, b L, La

L4 <-4 (.

(a) For very high precision, influence of lead resistances LI to L4 may be eliminated, or
reduced to negligible proportions. Use a.c. or d.c. bridges, potentiometer, DVM with constant
current supply, recorder. Also used industrially when R is small (either small coil or made of
thick wire) where lead influence must be reduced anyway. The resistance measuring system or
'transmitter' is mounted close to the sensor, and may be used to convert temperature to an
analogue current (e.g. 4-20 m. , d.c.); this technique avoids long runs of expensive thermometer
leads.

(b) Precise, but hardly used nowadays. Operation only with special bridge (Mueller).

(c) If R is high (e.g. 500 Q), the lead resistance can be neglected, and R can be determined
in a simple bridge circuit. Not very precise.

(d) Use of separate compensating leads. Leads and compensating leads are inserted in
opposite arms of a iheatstone bridge in 1l1 ratio (Callendar-Griffiths bridge). Less accurate
than (a).

Leads can be 100 m., or more, in length.
2

Sensing element requires current. There is then a self-heating i R effect. The larger
i, the greater the sensitivity, but the larger is self-heating effect and the larger the
temperature rise of sensor w.r.t. its surroundings. Usually one uses 1-2 mA depending on type.
The larger current also gives a better signal/noise ratio.

TABLE 2

Tolerances of industrial Pt sensors according to BS1904 (1964):

Temp. 90 K 170 K

Grade I (precision) + 0.42 K + 0.31 K

Grade II (industrial) + 1.2 K + 0.5 K

Errors are increased by transmission line and display or recording instrument.

For laboratory instruments, the precision may be better than 0.1 UK.

The response time of the laboratory instrument is about 0.5s, with DVM and good thermal contact.
The response time of the industrial instrument with a 6 ma. sheathed sensor,if installed in a
pocket, my be 7-10s.

On the whole, platinum resistance thermometers are very stable instruments (drift may be as high
as 0.5 K/annum for industrial instruments; this can be corrected by frequent check of ice point
resistance). The sensor is robust, but can be damaged by heavy vibration. Only strong magnetic
fields will influence measurement. A.C. pick up can be rejected by suitable filters, but gross
pick up of d.c. will influence readings.

2.3(d) Thermocouples

They were and probably still are the most popular means of measuring temperature in cryogenic
plants because they are thought to be simple; robust and cheap. In fact, they are not very
precise, not very sensitive, are difficult to use, and have a relatively large response time.
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A thermocouple consists of two jtmctions
of two dissimilar metals or alloys; one
junction is maintained at a standard
temperature (usually OoC), the other is
exposed to unknown temperature.

Type Nickel

The couples suitable for cryogenic measurements are:

Type E: Nickpl-Chromim/Copper-Nickel (Chromel/Constantan)
Type J: Iron/Copper-Nickel (Iron/Constantan)
Type K: Nickel-Chromium/Nickel-Aluminium (Chromel/Alumel)
Type T: Copper/Copper-Nickel (Copper/Constantan)

Type T is the most popular; for specification see BS 4937, Part 5 (1974) or ISO/ANSI equivalents.

Ideally, a thermocouple has a short response time, measures temperature at a point (junction of
wires). In order to reduce thermal conduction, the wires have to be thin, and the junction
has to be protected. For reliable operation, they should be electrically insulated from
earth, and are encased in a mineral insulation within a stainless steel or cupronickel sheath.
This sheathing increases the response time very considerably.

For correct measurements, the length/diameter ratio of the wires must be large, and again thin,
usually fragile,wires are needed. Extension or compensating cables must match the thermocouple
in composition. Alternatively, use isothermal box for both junctions.

-Xso4kee . A 6 ei' Good electrical insulation is also

C d;&PIe&J required between the wires.
Inhomogeneities along the length of
wire create thermal emf's, hence avoid
large temperature gradients. Stray
signals (e.g. earth loops) are major

I ! .O problems.

BS 4937 gives table of emf v. temperature.

These values are averages, and small variations exist for different couples. Calibration
should be carried out in situ, which is hardly possible in a plant.

For industrial use, accuracies of 2-3 K are likely (sometimes worse, up to 6 K). Range from
70 K to well above room temperature (B.S. tables extend down to -270 0C, but sensitivity drops
off at low temperatures).

The simplest read-out is a direct deflection galvanometer, or current measuring device. For
high sensitivity the leads should be kept short, but beware of changes in resistance.
Usually a potentiometric indicator or recorder, or DVM (measurement of emf, independent of
lead resistance) is more satisfactory, but more expensive. For industrial use, the cold
junction is replaced by an automatic compensator for variations in reference temperature (e.g.
ambient). Standard practise is to use an amplifier or transmitter near the measuring point,
and relay the temperature signal as a standard 4 - 20 mA d.c. analgue current to the
indicator or control point; this reduces long runs of compensating cable. The response time
for a thin thermocouple directly in process stream, with DVM read out is about 0.5s. For a
6 am. diameter sheathed thermocouple in a pocket a 2/3 change can take 4 - 1Os.

The sensitivity of the type T thermocouple is 411V - I at 300 K, decreasing to 16.5liVK- 1 at 77 K.

2.3(e) Vapour pressure thermometers

Cr -r
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Very sensitive, because the bulb can be small, but limited in temperature range (Triple pt
to Critical pt). The system is filled with gas at room temperature at a calculated
pressure to ensure the measuring bulb will contain some liquid over the required
temperature range. The vapour pressure is not a linear function of temperature, but may
be used for control purposes.

There is a dangerof cold spots, and the bulb must be at lowest temperature of system. Small
leaks will ruin the system. The instrument has a very fast response due to its small size
and the absence of a sheath. It is also useful where explosion hazards exist.

2.3(f) Gas Thermometer

Measures V = V(T)p or p = p(T)v; with(an almost linear response. The gas
should be non-condensing over the
temperature range (hence use He, H2 or
Ne for 70 K upwards). Unlike the

vapour-pressure thermometer, the gas
thermometer requires a relatively large
bulb. When filled with He, it can be

made to operate over large temperature
range (e.g. 5 - 300 K or more) with
relatively low sensitivity, or over a
narrow temperature range with higher
sensitivity, again depending on size of
bulb.

Response time depends on size of bulb, and geometry and size of dead volume. The latter also
controls linearity of deflection. By suitable choice of gas, it can be made into a vapour
pressure thermometer at the low temperature end of its range, but without the fast response of
a purpose-built vapour pressure thermometer with its small bulb.

2.4 Pressure

On the whole, low temperature pressure measurements do not require special techniques. It is
important to avoid cooling the pressure transmission line below the freezing point of the
transmitting fluid. The indicator is usually a Bourdon gauge or recorder (helical pressure
element) or electrical pressure transducer.

A versatile instrument is the differential pressure (DP) cell transmitter, coupled with either
pneumatic or electronic transmission and coLtrol. It can be adapted for measurement of pressure,
flow, density and level, and is used in antisurge control systems for compressors.

A modification is the differential vapour pressure (DVP) cell transmitter. It incorporates a
sealed vapour pressure system filled with a reference fluid. The DVP cell can be used for
continuous control of superheat, for example in the expanded gas coming from an expansion
turbine to prevent condensation of vapour within the machine, or for the cryogenic wind-tunnel
operating parameters. Differential vapour pressure cells can also be used to measure vapour
pressure differences which, for binary fluids, are a measure of changes in composition.

2.5 Liquid Level

Level indicators serve to determine or control the head or quantity of liquid in a storage
vessel or to maintain the head at a chosen level. All indicators are based on the generally
large difference of a selected physical property across the liquid-vapour boundary, although
this does not apply if the fluid is near the critical state. Level indicators can operate
in three different ways: (I) as total content indicators measuring the quantity of liquid in
the tank; (2) as point indicators (on-off type) s~nsing the level at some predetermined
position; or (3) as variable level indicators, following the change in position of the level.

The properties employed depend on the nature of the liquid and the location, use and size of the
tank. The simplest and probably most widely used indicator, apart from dip stick or dip tube,
is the robust differential pressure gauge measuring the hydrostatic head of the liquid.
Frequently this takes the form of a differential pressure cell transmitter. The disadvantage
of this type of gauge is that it requires calibration for each liquid. Moem sophisticated
indicators are based on the variation of resistance or capacitance; these are suitable for
automatic control, although electrically conducting impurities which are always present, in
spite of scrubbing, may spoil their performance.

Level indicators are subject to considerable errors due to a number of causes which should be
appreciated before relying on the readings. Total content indicators will be in error due to
the presence of the vapour, particularly at high pressures. The other types of gauges will
be affected by boiling, splashing and wave motion of the liquid. They are especially
unreliable in the early stages of filling a tank, particularly if the latter is at ambient
temperature. The warm tank and associated piping cause the liquid to evaporate, resulting
in high-speed fluid flow. Even when filling has been completed, boiling and turbulence may
affect the reading for some time. Particular indicators include:
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I(1) Differential pressure gauge: 3 normally
closed (open only when checking zero of
gauge, when 1 and 2 have to be closed).
Liquid in horizontal part of lower tube
boils away (need for constriction),
hence only vapour or gas near 2.

(2) Resistance gauge (hot wire):

ss4 A Wire heated by passing current.
*, P Temperature of wire in liquid is lower

than in vapour because of better heat

Of- Lr -- t c transfer to liquid. Current should be

p kept low.

Calibration is necessary for each liquid, and the same liquid at different pressures via spot
readings at particular levels.

(3) Carbon resistors: Placed at different heights to give a spot reading for each resistor.
R increases with decreasing T.

(4) Resistance gauge with float: The float is electrically conducting, and is guided by two
resistance wires. The float short-
circuits the wires at various positions
of liquid level, hence changing the
resistance.

Calibration is needed for each liquid.

If to 6r;*Ije

(5) Capacitance indicator: A parallel plate condenser extends over the whole length of the
tank. The dielectric constant of
the liquid differs from that of vapour;
hence the capacitance is a function of
liquid level.

2 .b Flow 6 s;j e

Measurement of flow is a difficult problem for low temperature fluids. This is due to the
fact that the fluids are close to saturation conditions, so Oat the pressure drop through the
flow meter must be kept small, to avoid 2-phase flow by flashing or condensation. This
requirement reduces the possibility of accurate measurement. Furthermare, the length of the
transfer pipes has to be kept to a minimum in order to reduce thermal leakage and associated
problems like vaporisation. The instruments used are (i) the differential or flow-rate
meters, and (ii) the integral or quantity-flow meters.

Flow-rate metering is normally based on a differential pressure measurement. Venturi meters
have been used, but there is a tendency to induce cavitation for low inlet pressures. This
can be avoided by temporarily raising the inlet pressure to a sufficiently high value, which
at the same time provides for mere accurate pressure drop measurements. This, however,
cannot be done in many cases.

At present the most widely used type of mater is the orifice plate which suffers from the
disadvantage of producing a relatively large pressure loss. This pressure loss is a function
of the differential pressure and of the orifice ratio. The position of the vena contracts
depends on the flow velocity of the fluid through the orifice as well as on the orifice ratio.
The position of the pressure tappings for the measurement of the pressure difference (e.g. by
a differential cell transmitter) therefore has to be carefully chosen to give meaningful results.

Turbine flow-meters are very promising, and are finding increasing popularity, but they have
to be situated in a position where two-phase flow is impossible, and have to be calibrated
for the fluid used.
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There is a distinct lack of suitable quantity meters whether for volume or for mss flow.
The former is considered more accurate, but in order to convert to mass flow a knowledge
of density is required. Large and intricate test rigs (e.g. at N.B.S., Colorado) have
been built for the primary calibration of meters under laboratory conditions. The usual
method in the field is to use a rate-flow meter to measure the volume rate of flow (e.g.
turbine), and to integrate the readings over the time of flow. Errors may occur during
conditions of fluctuating flow which prevent the setting up of thermal equilibrium.

A recent development, concerned with mass flow measurements for costing of liquid natural
gas under fluctuating high pressures and temperatures, combines an orifice plate with
differential pressure cell transmitters, density measuring cells, a scaling unit and a
computer.

2.7 Leads to Low Temperature Instrument sensors

Considerable care and attention is needed to avoid spurious signals in electrical leads
to and from sensors operating at low temperatures. At some point, the leads have to pass
through the temperature gradient in the insulation of the cold-box before reaching a
connector or terminal box at ambient temperatures outside the cold-box. This temperature
gradient can lead to large thermo-electric effects (e.g. from inhomogeneities in the wires
used) and ground loop signals, besides electromagnetic or electrostatic interference.
Thervo-electric effects are a particular nuiseace, because they are variable and non-reproducible.

The following suggestions are offered, bearing in mind that after installation access to
leads, and the retrofitting of additional leads, may be difficult and expensive.

1. Use thermo-couple quality wire with braided screen or insulating metal sheath.

2. Do not earth the instrument sensor to the screen or to the cold-box frame.

3. Do not have joints in wireswhere there are temperature gradients.

4. All low temperature joints should be made with metal-to-metal contact to avoid thermo-
electric effects associated with dissimilar metals and solders. Connectors should be
designed so that contact pressure is maintained during thermal cycling.

5. Wires and their sheaths should not conduct heat through the insulation - they must be thin.

6. The wires must be kept free of moisture. Plastic insulation should remain non-hygroscopic,
and the insulation of metal sheathed copluctors should be completely dry prior to sealing,
and remain dry during operation.

7. Wires should not be deformed in the cold area. Sharp bends should be avoided, and care
taken that leads will not become stressed during the subsequent addition of insulation
and after cooldown.

8. Do not use common return or ground leads.

9. Screensshould be earthed at one end only, and nowhere else, to prevent ground loops being
set up.

10. Remember that instrumentation problems are time-consuming, and some care, expense and
forethought at the installation stage will provide considerable economies later.
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PROPERTIES OF MATERIALS: THE PHYSICAL PROPERTIES OF

METALS AND NON-METALS

by

D.A. Wigley,
Lecturer in Mechanical Engineering and Consultant to the Institute of Cryogenics

Engineering Faculty, The University of Southampton,
Southampton, S09 SNH, England.

Summary

The requirements of a cryogenic wind tunnel project are considered in the context
of the technology already developed for the storage and handling of large quantities of
cryogenic fluids. Heat capacities are discussed in relation to the quantity of fluid
evaporated during cooling and also to the thermal response time of the tunnel. The
thermal conductivities of metals and non-metals are considered, particularly in the
context of good conductors which are used to reduce thermal gradients, and poor con-
ductors which can be used as insulants to minimise the heat flowing into the cold
regions. Electrical conductivity is discussed particularly with reference to the high
resistivity alloys used in strain gauges and heaters, together with brief reference to
thermo-electric effects and possible use of superconducting magnets. Strong emphasis
is placed on a discussion of the thermal contraction of materials at low temperatures
and advice is given on how to avoid some of the more common problems caused by differen-
tial contraction. Some design data is included in the text and references are given to
the major data compilations.

1. Introduction

Although the use of cryogenic techniques in the operation of wind tunnels is a
relatively recent development, it is, I believe, important to set this against the
background of the growth of cryogenics in the last few decades to a very large and
efficient industry in its own right. Industrial and military requirements for the
production of oxygen, nitrogen, hydrogen and natural gas in tonnage quantities have
demanded solutions to the technical and economic problems involved in the liquifaction,
transfer, transportation and storage of these liquified gases. The needs of high energy
nuclear physics have nurtured the development of superconducting magnetic technology to
a point where it is now virtually a routine procedure, while other projects such as
magnetic levitation systems, superconducting power transmission, magneto-hydrodynamic
power generation, infra-red detectors, superconducting memory devices, etc., have also
contributed to an understanding of the many factors involved in the operation of equip-
ment at low temperatures. Inevitably, a lot of unnecessary duplication and re-invention
has taken place as these various projects have waxed and waned, but there is now a very
large store of knowledge available to help those entering the field for the first time.
The message that I would like to bring home to you is that you should ADOPT as much of
the existing technology as is possible and ADAPT it where necessary. I would like to
illustrate this theme by looking briefly at three different areas of a Cryogenic Wind
Tunnel project in which I believe that this philosophy can be applied.

Firstly, let us consider the storage and transfer of the large quantities of
liquid nitrogen needed to run a tunnel. In principle, this is virtually identical to
the situation which exists in, for example, a large food freezing plant. The storage
vessels, pumps, valves and control equipment, all serve the same purposes and there are,
therefore, sound reasons for considering them as a commercial package once the relevant
design specification has been established. Thus, for example, it should not matter
whether 9% nickel steel, 304 stainless or 5083 aluminium is chosen for the construction
of the LIN storage vessel as long as it is carried out by a technically competent
organisation. In many respects the design and construction of the transfer line should
also be a relatively simple commercial consideration once local constraints and
requirements have been identified.

Secondly, in the design and construction of the tunnel itself it is necessary to
bear in mind the extra constraints that cryogenic operation will introduce. For
example:
- thin, light structures cool down more rapidly and evaporate less cryogenic fluid

than do heavy sections, thus if 1 fast thermal response is required it is essential
to minimise the thermal mass of the structure.

- insulation is necessary to cut down the heat inleak to the working space and hence
the effective refrigeration power used. This insulation can be applied either inter-
nally or externally and the Implications of this decision are manifested in conside-
rations of the smooth profile of the inner liner in the first case and in the tough-
ness of the pressure shell in the second.

- all materials contract to a greater or lesser extent when they are cooled and one of
the most essential aspects of the successful design of cryogenic equipment lies in
avoiding the problems that can be brought about by differential contraction causedby temperature gradients or the juxtaposition of dissimilar materials.
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- some materials embrittle at low temperatures and it is of critical importance to
select materials with strengths and toughnesses adequate for their intended duty.
The failure of even a non-structural component could possibly cause damage further
down the tunnel, or, at the very least, lead to the premature end of a test run.

- all materials used must be compatible with their working environment both internally
and externally. Design must ensure the prevention of accidental condensation of
liquid oxygen, particularly in the presence of hydrocarbon based polymers which are
LOX incompatible.

Thirdly, it is important that designers and operators are aware of the differences
that a low temperature environment will induce in a tunnel and its associated equipment
as compared to conventional operation at ambient temperatures. Thus, certain aspects of
the model suspension and force measuring systems will have to be reconsidered: for
example:
- the materials used for constructing the sting assembly have to be very strong and stiff.

In many alloys high strengths are associated with low toughnesses and as the strengths
of all metals increase at low temperatures, it is essential to ensure that their
toughness does not fall to unacceptably low levels: current state of the art tech-
nology seems to favour the various grades of maraging steel and the precipitation
hardened forms of stainless steel for sting construction.

- if the force balance systems are to operate at ambient temperature in a cryogenic
tunnel, heaters must be used to warm the appropriate regions. Low conductivity
materials have to be used to provide the necessary heat breaks between warm and cold
regions, while high conductivity inserts can even out unwanted temperature gradients.

- alternatively, if the whole system is to operate at low temperature it has to be
possible to calibrate out the variations in the gauge constants brought about by
changes in the electrical resistivity of the metallic films or wires. Soldered joints
are best made with alloys containing antimony and adequate moisture proofing is
essential.

- provision should be made for the removal of the model assembly from the test section
without the need to warm up the whole tunnel. Furthermore, a cold model assembly
should be allowed to warm up in an atmosphere of dry nitrogen if problems caused by
moisture condensation and frost build-up are to be avoided.

Within the time available in this lecture series it is not possible to give a
comprehensive and detailed exposition of all the information needed by designers for
the construction and operation of a Cryogenic Wind Tunnel. Rather an attempt is made to
give a broad outline of the principles involved in the selection and use of materials
for low temperature applications and a limited amount of data has been included in
graphical and tabular form to allow a designer to get a feel for the consepts involved.
The references at the end of this paper can be used to identify the major sources
of design data available on the properties of materials at low temperatures, and most
of them are readily available through documentation centres in the U.S.A.

It is, however, necessary at this stage to point out that care needs to be exer-
cised in the use of data taken from compilations and reference manuals because some
properties are more "structure sensitive" than others. For example, the electrical and
thermal conductivities, strength, ductility and toughness of materials are properties
that are highly dependent on the microstructural and chemical condition of the material.
In contrast, the specific heat, thermal expansion and elastic moduli are relatively
unaffected by the presence of structural defects. Thus, although it is possible to
apply the data taken from the literature for the structure-insensitive group of proper-
ties, it would be unwise, and even dangerous, to use uncritically the values given for
the defect sensitive properties. These should be used for guidance only and if at all
possible, they should be backed up by data obtained experimentally on material obtained
from the suppliers of the batch of material to be used: in the absence of such experi-
mental verification, generous safety margins should be applied to the literature data.

Although it is not possible to separate the mechanical and physical properties of
materials it is convenient to do so for the purposes of this paper, and we will consider
first the physical properties. The materials for which data has been given are those
that might be utilised in the construction of a cryogenic wind tunnel and its associated
equipment, and data has been limited to the temperature range 30OK-8OK for conciseness
and on the assumption that lower temperatures are unlikely to be appropriate for this
project.

2. Heat Capacity

Information on the heat capacity or specific heat of materials used in the con-
struction of cryogenic equipment is necessary in order to calculate the amount of energy
that has to be supplied for cool-down to the operating temperature. Materials with the
highest heat capacities require the largest cooling power and this has to be supplied by
the latent heat of the evaporating liquid or by the sensible heat of the cold gas. For
structures which have to undergo frequent cooling and warming cycles, it is important to
minimise the total heat capacity or thermal mass to achieve both low cool-down losses
of refrigerant and also short cooling times: for equipment that rarely warms up once it
has cooled, low heat capacities are not so important. For heat-balance calculations it
is, in fact, the enthalpy,

H - JCp dT

which is of most direct use and in Table 1 tabulated values of the enthalpy relative to
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absolute zero,
T

H - Ho - o Cp dT

are given together with the specific heat at constant pressure, Cp, for a range of metals
and non-metals. As may be seen the specific heats of all materials drop off at low
temperatures eventually to become zero at OK, and the very low values found at hydrogen
and helium temperatures can cause large temperature differences to be set up by small
heat-inleaks. At liquid nitrogen temperatures and above, these effects are, however,
not so severe.

The specific heat at constant volume, Cv, of crystalline materials is given by the
Debye relationship

Cv = a D (0D/T)

where a is a constant, D is the Debye function and eD is the Debye characteristic tempera-
ture. Values of eD are available in the literature for most crystalline solids, tabulated
values of the function a D(e/T) are given in many works, e.g. Gopal (20) and thus the
variation of specific heat with temperature may be readily evaluated. The difference
between Cv and Cp are so small that in practice values of Cv can be used without signi-
ficant loss of accuracy. Furthermore, although large amounts of cold work may cause a
slight decrease in heat capacity, for practical purposes specific heats are largely
unaffected by the normal range of conditions found in metals. The specific heats of
alloys at room temperature are given approximately by the Kopp-Neuman rule of mixtures in
which the specific heat of a metallic solution is given by the sum of the products of
specific heat and molar fraction for each constituent element, i.e. Cp mixture=Z Cpi Mi.
Although the rule gets less applicable at low temperatures, in the absence of alternative
data it gives an acceptable first approximation. Furthermore, it is worth noting that
the lattice structure has a strong influence on specific heats as illustrated by the
observation that the measured specific heat of f.c.c. austenitic stainless steels are
closer to those calculated for y iron than those measured on the b.c.c. a iron.

The heat capacities of non-crystalline and amorphous materials cannot be described
by the Debye theory and there is, therefore, no satisfactory alternative to measured
values for materials such as glass and amorphous ceramics, as well as all polymers,
elastomers, composites and adhesives. When considered on a unit mass basis most of
these materials have high heat capacities compared to metals, but this discrepancy is
reduced considerably if they are considered on a unit volume basis.

The materials whose specific heats are given in Table 1 include those most likely to
be used for the construction of a cryogenic wind tunnel and in this context it is inter-
esting to note that a tunnel constructed of 9% nickel steel would require significantly
less refrigerant than would an aluminium alloy tunnel because of the lower specific heat
of 91 nickel steel.

3. Thermal Conductivity i03 -. Copper

Conduction of heat in solids takes place
through the vibration of their lattice atoms 6063 Al
and, in the case of metals, by the movement of _300I AL
their conduction electrons. Any mechanism 2 70/30
which makes these processes more difficult 102 3 '5083 A
lowers the thermal conductivity of the Al
material and hence high conductivities are soft solder

found in pure, strain free, large grain, or ------
single crystal metals and non-metals, while 9%Ni steel
low conductivities are associated with impure, 0 18/8
stressed, amorphous or microcrystalline A
structures. As it is difficult, if not
impossible, to recognise these different
conditions by looking qt the surface of a
material, and as the p1ysical and mechani-
cal history of a sample is rarely well

documented, great uncertainties can arise
in using thermal conductivity data from the Pyrex
literature. However, in many cases, con-
ductivities at one extreme or the other are
required - for example, very low conducti- P.T.F.E.
vities where heat breaks are required to 10-I
reduce heat in-leaks, or very high con-
ductivities to minimise thermal gradients.
Reference to Fig.l will show that, in
general, good conductors are materials of
high purity and in an annealed state, while polystyrene foam
bad conductors are either alloys with many 10
components and complex microstructures, or 100 [so 200 250 300
nom-metals with amorphous or microcrystal- Temperature, K.
line structures. Still lower conductivities
may be obtained by increasing the number of Fig.t Thermal conductivity

interfaces crossed by the heat flux - for
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example, stacks of stainless steel discs may be used for compressively loaded, thermally-
insulating supports, while the combination of many fine glass filaments with a thermo-
setting plastic matrix (G.R.P.) gives a material with the highest known ratio of tensile
at compressive strength to thermal conductivity. The use of G.R.P. supports to separate
the inner and outer skins of modern vessels for storing cryogenic liquids is, in a
large measure, responsible for the low boil-off rates currently achieved.

It should, however, be noted that although the amorphous or microcrystalline
structures of most non-metals make them very efficient thermal insulators, it also makes
them very brittle, especially in the bulk form and they can be excessively prone to
thermal shock if cooled rapidly. Furthermore variations in their density, structure and
processing history can change their thermal conductivities by about an order of magni-
tude as well as causing considerable anisotropy, so care has to be taken in extracting
suitable values from the literature.

Finally, many non-metallic materials used for thermal insulation at low temperatures
are in the form of finely divided powders, fibres, films or foams and their low conduc-
tivities arise not only from the inherent low conductivity of the material, but even
more so, from the poor thermal contact between adjacent particles or layers. Further
improvements can be achieved by removing the gas from between the layers and so cutting
down convection losses either by pumping or by use of a chemical getter, while in the
most effective systems of all, the super insulants, thin metallic films intercept the
infra-red radiation and so reduce the third natural source of heat in-leak.

In the case of insulating foams, it is important to appreciate the role played by
the gas or vapour trapped in the cells. If the blowing gas has high boiling and melting
points it may be possible to solidify this gas at low temperatures and so cut down
convection within the cells and thus improve its insulation value. In contrast, if the
cells are not completely closed, gas or vapour may permeate from the warm to the cold
faces. Not only will this lower the efficiency of the insulation but permeation of
water vapour will break down the cell structure by a cyclic freeze-thaw action. An even
more serious problem can be caused by the permeation of air through imperfect foam
insulation surrounding liquid nitrogen cooled surfaces as this can lead to the preferen-
tial condensation of liquid oxygen and the creation of a potential fire hazard. The
solution to both of these problems is to provide an efficient vapour barrier on the
warm side of the foam to prevent the ingress of gas or vapour, and this also helps to
minimise ageing problems.

Closed cell foams are widely used for the thermal insulation of liquid nitrogen and
and other cryogenic systems. They are relatively cheap, efficient and easy to apply,
some being foamed in situ. Other types of foam, particularly the extruded type of poly-
styrene slabstock, have good load bearing characteristics - in general the strongest
foams having the highest densities and the highest conductivities. Data on the effec-
tive thermal conductivity of some of the major cryogenic insulation systems is given in
the paper by Dr. Scurlock.

4. Thermal Expansion

This is probably the most important of 20 - .
the physical properties because the stresses 2.0 'F.E.
set up in components by differential thermal
expansion can very easily cause severe dis-
tortion, or at worst, failure. At least
three different expressions may be found in
the literature and confusion can arise if
they are not clearly understood; 1.5
a) the coefficient of linear (thermal) nylon

expansion, sometimes also called the
instantaneous thermal expansion,

1 dL K-1 1.0 - epoxy
- L-, K_
L dT

0
b) the mean thermal expansion -

1 (L - L293) K-1  0.5

L293 (T - 293) ". uminium

-304 s.s.
c) the total linear contraction 0

relative to 293K, sometimes called _

the linear thermal expansion is given o-
by o 100 0OO

L - L293 Temperature, K.
L293 Fig.2 Total linear contraction

Of these three functions, the total legend i) 0.2% carbon atel.
linear contraction relative to 293K is the (i) titaniu,. (iii) ,v.'r. I'vrex
most generally useful and it is shown as a
function of temperature in Fig.2 and
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Table 2. Total linear contraction as a function of temperature*

Material Linear contraction, 10-5(L 2 93-LTJ/L293,

at indicated temperature, T, (K)

273 260 240 220 200 180 160 120 90 70

Aluminium 45 75 118 160 201 240 277 343 381 399

Copper 33 55 87 118 149 179 208 260 293 310

Iron (b.c.c.) 23 38 60 82 102 122 140 170 18S 192

Lead 58 96 152 208 263 318 372 477 552 601

Magnesium 50 83 132 180 227 273 316 393 441 466

Nickel 25 41 65 88 111 132 152 187 206 216

Titanium 16 27 43 58 73 87 101 125 139 145

Alpha brass (65 Cu-35 Zn) 37 62 98 134 169 204 237 299 339 360

Berylium Copper 35 57 90 121 151 179 206 255 287 304

Constantan 27 45 72 98 124 148 172 214 240 253

Invar 5.2 8.6 14 18 23 29 34 43 49 51

Inconel 25 41 65 89 112 194 154 191 211 221

Monel 27 45 71 96 121 144 167 206 230 241

0.2% C Steel 23 38 60 81 101 120 138 170 187 195

9% Ni Steel 24 39 58 78 98 117 134 163 183 193

Types 304 & 316 S/Steel 31 51 81 110 138 165 191 239 270 285

Type 310 S/Steel 29 47 75 101 127 152 176 218 246 -

Titanium RC-130-B 28 46 71 95 117 137 155 187 208 218
(4 Mn, 4A1)

Pyrex 6.2 10.2 16 22 27 32 37 46 52 55

Borosilicate Crown BSC-1 15 25 39 53 67 80 92 114 128 -

Silica glass 0.8 1.3 1.8 2.2 2.4 2.3 2.1 0.9 -0.7 -2.1

Ice (10" 5 (L2 73 -LT)/L273) 0 70 171 261 341 411 471 562 603 -

Araldite Type 501 122 199 308 410 505 594 676 819 908 960

Glass reinforced polyester 27 45 72 98 123 148 172 215 241 255

PCTFE, KelF 134 214 324 424 517 604 686 834 932 992

Perspex 136 220 335 441 540 632 717 869 966 1021

Nylon 161 265 412 S48 673 789 896 1088 1211 1278

PTFE, Teflon 5OO 645 855 1050 1240 1400 1540 1760 1890 1965

Hard Rubber (90 Shore A2) 256 364 501 625 736 834 942 1069 1152 1196

Silicone Rubber 256 441 721 996 1246 1466 1656 1951 2117 2198

Polythene 359 594 919 1199 1439 1639 1814 2089 2240 2318

Cloth reinforced phenolic 43 70 108 143 176 207 236 288 320 337
DL omth oo p2 e7Dat frm NS Mnogaph29.(Re.7
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Table 2. It is immediately apparent from Fig.2 that the total linear contraction at
liquid nitrogen temperature varies from about 0.051 for Invar and pyrex glass to over
2% for some thermosetting resins, and it is not surprising, therefore, that problems
can arise when materials are used together without adequate forethought. Problems can,
in practice, usually be resolved into two basic categories:

i) those in which only one type of material is involved and where differential
contraction is a result of temperature gradients

ii) those in which the same temperature gradient is applied across two or more
materials of different expansion coefficient.

Considering first the case of dissimilar materials, a common mercury in glass thermometer
uses the large difference in expansion coefficients between the two components, but no
stresses are set up as the mercury is free to move inside the glass tube (Fig.3a). In
contrast, a bi-metallic strip consists of two metals firmly fixed together, and when the
temperature decreases the free end moves towards the side containing the metal with the
higher expansion coefficient (Fig.3b). If the end were not free to move the metal with
the higher expansion coefficient would be put into tension and the other metal into
compression (Fig.3c). An idea of the forces that can be set up by contraction in dis-
similar metals can be obtained by considering the hypothetical arrangement illustrated
in Fig.3d, in which co-ayial copper and steel pipes joined at both ends are cooled to
800 K. Table 2 shows tha the total linear contraction of copper is 302 x 10- 5 , while
that of a 0.2% carbon stcel is 192 x 10-5, a difference of 110 x 10-5 or just over
0.1%. Thus the differential strain is slightly larger than that considered to give the
0.1% proof stress, which in copper at 8OOK is about 88MPa. If the joint between the
two metals were a soft lead-tin solder it would have to yield and flow in order to
accommodate this degree of mismatch. Most solders can, in fact, accommodate these
strains as long as they do not embrittle: the correct choice of soldering alloys is
discussed in White (25) and Hoare et al (26).

'i

II - -

0
0

* - lquidnitrogen

3(a) 3(b) 3(c) 3(d) 3(g)

Mercury in glass Bimetallic strip Bimetallic strip Dissimilar metals Similar metals at different

thermometer unconstrained constrained at same tempera- temperatures

ture

stainless steel bolt, washer
and nut.

I monel compensating sleeve

I stainless steel flange stainless steel flange

CUD aluminium alloy flange " aluminium alloy flange

3(e) Flanged joint between dissimilar metals 3(f) Flatired joirt with compensating sleeve

Fig.3. Problems caused by differential thermal contraction



A further example of mismatched materials is illustrated in Fig.3e by a flanged
joint between aluminium alloy and stainless steel pipes. Aluminium alloys contract
more than stainless steels and if an aluminium alloy bolt were used its loading would
be increased as it contracted more rapidly than the stainless steel flange. It is
possible that the bolt might in fact fail on cooling: if not it would yield and
stretch so that on warming to room temperature it would now be too long to compress
the gasket adequately and a room temperature leak would be created. The use of a
stainless steel bolt would also cause problems because on cooling it would contract
less rapidly than the aluminium flange and so be unable to keep the same compressive
stress on the gasket - the likely outcome being a low temperature leak which would then
seal itself up when the joint were rewarmed to ambient temperature. This type of lou
temperature leak will be recognised by those with cryogenic experience and these low
temperature leaks are some of the worst time wasters and blood pressure inflators known:

One elegant solution to this problem is shown in Fig.3f. A long stainless steel
bolt passes through the centre of a Monel compensating sleeve as well as through
the two flanges, the length of the Monel sleeve being calculated to compensate exactly
for the lower contraction in the bolt. Reference to Table 2 shows that the total linear
contractions at 80K relative to 293K are 391 x 10-5 for aluminium, 236 for Monel and
285 for type 304 stainless respectively, hence the difference between the stainless bolt
and aluminium flange is 106 x 10-5 and that between stainless and Monel 49 x 10-5. If
the aluminium flange were 10mm thick a Monel sleeve 10 x 106/49, i.e. 21.6mm long would
be needed for exact compensation. The same principle may be used for joints between 9%
nickel steel and aluminium alloy flanges by using an Invar (Nilo 36) sleeve to compen-
sate for the contraction in the 9% Ni steel bolt.

Returning to the case where temperature differences can cause problems even when
the material is the same, Fig.3g shows schematically a situation in which co-axial,
thermally insulated vessels are joined at their extremities. In reality this arrange-
ment had been constructed to clamp around the outside of an oil filled high voltage
cable so that the oil dielectric could be frozen to allow a repair to be carried out.
The vessels were made of mild steel, welded at their perimeters and with the space
between the two shells evacuated because the designer thought this would improve the
insulation and reduce the amount of liquid nitrogen needed. On cool down the vessels
shattered and the unfortunate designer retired to seek advice. In this case the total
linear contraction of the inner shell at 800K would have been 192 x 10-5 m/m relative
to the outer shell which remained at ambient temperature. This strain was too large to
be accommodated by the mild steel which, as we shall see later, was not only below its
ductile-brittle transition, but in all probability embrittled by the welding used in its
fabrication.

We noted earlier the very low contraction of Invar relative to that of most
materials used to construct cryogenic equipment, a characteristic brought about by its
large positive magnetostruction that approximately cancels out the normal thermal
contraction. This low thermal contraction has been utilised in a number of cryogenic
applications. For example, the tankers used to transport liquid natural gas across
the atlantic are of an insulated double skin construction in which the inner liners and
anti-slosh baffles are made from Invar. Of even more interest is the fact that the LNG
transfer lines at Arzew that run from the storage tanks for about one mile to the loading
jetties are also made of Invar. Expansion joints have to be built into long lengths of
cryogenic transfer line and in this case the extra cost of Invar relative to, say, 304
stainless steel was more than offset by the savings that accrued from being able to
instal fewer expansion joints.

It was therefore with interest that, while reading the now classic paper on
Cryogenic Wind Tunnels by Kilgore, Goodyear, Adcock and Davenport, that I noted in their
report that gaps up to about 12.7mm wide opened up around the tunnel circuit at the
louest operating temperatures. A moments consideration will show that with any insulated
tunnel the inner shell must contract relative to the outer: the use of Invar for the
inner liner of an internally insulated tunnel would minimise the contraction involved
and hence the complexity of the joints necessary to maintain a smooth inner profile.

Persuing the thought of double-skinned insulated structures further, it is worth
pointing out that this type of structure is widely used in the construction of insulated
cold stores as it provides a strong, stiff insulating panel which can be used in load
bearing applications. One small problem is, however, that if the skins are fully bonded
- the inner will contract relative to the outer when cooled and cause thermal bowing of
the panel which increases as the square of the panel length! The moral for cryogenic
wind tunnel designers is to think how the strains or stresses set up by the contraction
of the inner skin can be relived without causing bowing or cracking of the liner.
Indeed the whole question of fits and clearances at low temperatures has to be kept very
much in mind. Most of us are familiar with the practice of heating a gear wheel before
placing it onto a shaft so that it will shrink to a tight fit on cooling. Some will
also be aware that the same operation is sometimes carried out by cooling the shaft
with liquid nitrogen prior to fitting the gear so that the required fit is obtained
when the shaft expands on rewarming to room temperature. These examples should be
remembered when constructing models, balances or other fittings where there are close
fits and small clearances. On cooling these clearances could either decrease and cause
a seizure or increase and lead to looseness and possible leakage. This can also mani-
fest itself in chanpes in the clamping force applied to models which could decrease on
cooling and allow the model to vibrate loose, or increase and possibly cause damage.
Reference to Fig.2 or Table 2 will remind us that these problems are likely to be
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particularly severe where non-metallic materials are involved as their total linear
contractions are so large.

It is, at this stage, worth reiterating the comment made earlier about thermal
shock. We have now seen that most non-metals have low thermal conductivities and high
expansion coefficients, and we will find later that many of them also become embrittled
at low temperatures. We thus have a combination of the 3 factors that lead to thermal
shock and they are particularly severe if the materials are present in thick sections
and/or cool-down rates are high. Nevertheless, brittle materials can be used safely at
low temperatures if enough care is taken. For example liquid hydrogen bubble chambers
have plate glass windows for viewing ports which are cooled at about a few degrees K
per day to prevent thermal shock. In the case of viewing ports tor cryogenic wind
tunnels, it is probably much better to follow the practice adopted in the prototype
NASA tunnel of adopting quadruple glazing as this not only minimises thermal shock but
it cuts down the heat loss and prevents condensation on the outer skin.

Finally, two further points on finding data on the low temperature expansion
coefficients of materials. Firstly, physics text books show that for crystalline
materials there is a close relationship between the expansion coefficient, a. and the
specific heat at constant volume, Cv. It is often quoted in the form

aT/a 29 3 = CvT/Cv29 3 = CpT/Cp 29 3

and thus it may be used to give approximate values for aT it a293 and the specific
heats are known. If measured values of Cp are available direct substitution is possible:
if only the characteristic temperature OD is known calculation is somewhat more laborious.

secondly, we have noted already the difference between the very high contractions
shown by polymeric materials, in particular thermosetting resins, and the very low values
given by ceramics and glasses. This discrepancy can in fact be used to tailor make
adhesives that can match the total linear contraction of any particular metal and hence
be used to form adhesive joints that are not excessively prone to cracking due to
differential contraction. Ground up powders of pyrex, silica glass, carbon and other
ceramics are used as fillers and to a first approximation the expansion coefficient of
the resultant composite should be given by the rule of mixtures:-

a mixture - (a resin x vol %resin ) + (a filler x vol % filler)

A trial and error approach using filler volume fractions spread around the predicted
value usually gives the required result.

S. Electrical and Magnetic Properties

The electrical resistivity of metals is one of the properties most sensitive to
the physical and chemical purity of the sample. Mattheissens rule states that,

S =P O + p(T)

where po, the "residual" resistivity caused by the scattering of conduction electrons
by lattice defects and chemical impurities is temperature independent, and p(T), the
"ideal" resistivity caused by the scattering of electrons by lattice vibrations is a
strong function of temperature which becomes vanishing small as the temperature tends
towards absolute zero. This need concern us little but for the fact that simple
measurement ot the resistance ratio P293/P 4 gives an excellent indication of the
effective purity of supposedly pure metals, and, furthermore as the same electronic
mechanisms are responsible for the thermal conductivity of pure metals at low tempera-
tures, it also enables information to be obtained about their relative thermal conduc-
tivities. Resistivities of pure metals can be below 10Il n m at 4K compared with
typical room temperature resistivities of 10-7 fl m, while in complex alloys such as
Constantan the resistivity changes only marginally from = 4.9 x 10-6 12 m at 300K to 4.6 x
10- 6A m at 40K. This is highly relevant to a cryogenic wind tunnel project as the strain
gauges widely used as the sensing elements in force balances are made from Constantan,
Advance, Karma, Evanohm, Stabilohm, etc. and the less their resistivity varies between
room and liquid nitrogen temperatures the easier it is to compensate the gauge factors
accordingly.

In his paper on instrumentation, Dr. Scurlock discusses in detail the use of
thermo-couples for temperature sensors. It should, however, be noted that the thermo
electric emfs set up when dissimilar metals are subjected to a temperature gradient
can also cause severe problems by creating undesirable thermal emfs in strain gauge
and other measuring circuits. Great care has to be taken to prevent such stray emfs
from interfering with the actual voltages generated by the stress-induced resistance
changes in the strain gauges, "tricks of the trade" relevant in this case include the
use ot thermal-free solders, pairing of leads so that they induce equal and opposite
emfs in a thermal gradient and generally trying to make joints under conditions where
temperature variations are minimised. Semi-conductor strain gauges which are also
sometimes used for force measurements are, in general, less prone to problems with
thermal emfs but more sensitive to variations in gauge factor with temperature.

Finally, it is worth mentioning briefly the phenomena of superconductivity - the
property possessed by some metals in which their resistance becomes un-measurably small
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below their superconducting transition temperatures. Once virtually a laboratory
curiosity in low temperature physics departments, this phenomena has given rise to the
development of highly sophisticated high field magnet systems which generate magnetic
fields undreamt of using conventional magnetic systems which would have reauired multi
megawatts of electric power and vast amounts of cooling water to operate. The rele-
vance to a cryogenic wind tunnel project lies in the possible future development of
sting-free, magnetic suspension systems for models which would probably require the
use of superconducting magnet technology to create the fields required. This possibility
should be kept in mind when considering the selection of materials for construction of
the tunnel and model systems, as the presence of ferromagnetic materials in regions of
high magnetic flux can lead to the development of very strong, unwanted magnetically
induced forces.
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REAL-GAS EFFECTS I - SIMULATION OF IDEAL GAS FLOW BY CRYOGENIC
NITROGEN AND OTHER SELECTED GASES

Robert M. Hall
Aeronautical Research Scientist

NASA Langley Research Center
Hampton, Virginia 23665 USA

SUMMARY

The thermodynamic properties of nitrogen gas do not thermodynamically approximate an
ideal, diatomic gas at cryogenic temperatures. Choice of a suitable equation of state to
model its behavior is discussed and the equation of Beattie and Bridgeman is selected as
best meeting the needs for cryogenic wind tunnel use. The real-gas behavior of nitrogen
gas is compared to an ideal, diatomic gas for the following flow processes: isentropic
expansions, normal shocks, boundary layers, and shock wave-boundary layer interactions.
The only differences in predicted pressure ratio between nitrogen and an ideal gas that
may limit the minimum operating temperatures of transonic cryogenic wind tunnels seem
to occur at total pressures approaching 9 atmospheres and total temperatures 10 K below
the corresponding saturation temperature, where the differences approach 1 percent for
both isentropic expansions and normal shocks. Several alternative cryogenic test gases -
air, helium, and hydrogen - are also analyzed. Differences in air from an ideal, diatomic
gas are similar in magnitude to those of nitrogen and should present no difficulty.
However, differences for helium and hydrogen are over an order of magnitude greater than
those for nitrogen or air. It is concluded that helium and hydrogen would not approximate
the compressible flow of an ideal, diatomic gas.

1. INTRODUCTION

Cryogenic wind tunnels under normal
conditions should be operated at the lowest
possible total temperature in order to maxi-
mize Reynolds number capability for a given 6 REYNOLDS NUMBER
tunnel total pressure or to minimize costs VALUES
for operating at a fixed Reynolds number. RELATIVE
This important realization is readily seen TO 322K 4-
in figure 1, which shows for nitrogen gas
both unit Reynolds number and drive power
required relative to their values at a
total temperature of 322 K as a function of 2
total temperature for a constant total pres-
sure. Not only is Reynolds number increas- POWER
ing as the temperature decreases, but its
rate of increase is growing as well. 0 100 200 300 400
Obviously, if one wants to maximize Reynolds TOTAL TEMPERATURE. T . K
number capability and is limited by total
pressure capability, then it is desirable
to operate as cold as possible to move up Figure l.- Effect of temperature reduction on
the steep portion of the curve. For opera- unit Reynolds number and drive power for a
tion at some Reynolds number below the free-stream Mach number of 1.0 and a total
maximum capability of the tunnel, being able pressure of I atm. Nitrogen gas.
to test as cold as possible maximizes the
amount of Reynolds number gained by temperature reduction and minimizes the use of pres-
sure to achieve the desired test Reynolds number. If pressure can be minimized, drive
power, which is proportional to pressure, will be minimized due to both the reduced pres-
sure and due to the trend of power reduction at the lower temperatures seen in figure 1.
Operation at a reduced pressure also, of course, reduces the model loads which eases the
balance, sting, and model stress problems. The minimum operating temperatures are,
however, limited by the low-temperature behavior of the test gas. At some temperature,
either the test gas begins to condense or its equation of state is such that it does not
properly simulate the nearly ideal-gas behavior of air encountered in flight.

The present report examines the real-gas behavior of cryogenic gases while the
companion report, "Real-Gas Effects II - Influence of Condensation on Minimum Operating
Temperatures of Cryogenic Wind Tunnels," examines the evaporation and condensation prob-
lems involved in cryogenic tunnels. Both papers concentrate on nitrogen as a test gas.
In examining the real-gas behavior the present paper reviews the reasons to suspect non-
ideal behavior of nitrogen, summarizes and compares the predictions of the possible
equations of state that one may choose to model nitrogen gas, highlights the real-gas
behavior of nitrogen for a variety of flow processes, and then briefly examines air,
helium, and hydrogen as alternate cryogenic gases. The calculations discussed usually
include examples at total pressures up to 9 atmospheres (atm), which approximates the
high pressure capability of the National Transonic Facility currently under construction
in the United States, and at total temperatures down to, or below, saturation values.
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2. REAL-GAS PROPERTIES OF NITROGEN

The necessity of examining the real-gas behavior of nitrogen gas at the low tempera-
tures is obvious after graphing the compressibility factor, Z, defined by

Z = - (1)

and the ratio of specific heats, y, defined as

c
Y = Cp(2)

cv

where p is pressure, T is temperature, v is specific volume, R is specific gas
constant, and cp and cv are the specific heats at constant pressure and volume. The
values of Z and f as a function of temperature are shown by the line labelled
"Jacobsen, Standard" in figures 2 and 3. The remaining lines in this figure will be
explained later. As seen in both of these figures, significant departures occur in both
Z and y from the values associated with a thermally perfect (Z = 1.0) and a calorically
perfect (y = 1.4) diatomic gas at a pressure of 5 atm as the temperature decreases. Since
the goal of testing in a cryogenic tunnel is to simulate flight through the atmosphere
where Z = 1.0 and y 1.4, figures 2 and 3 would suggest that a complete real-gas
analysis of nitrogen simulating various types of flows would be appropriate to ensure
proper performance of nitrogen as a test gas down to some specified minimum operating
temperature.

1.70-
1LU

EQUATION OF STATE
JACOBSEN. STANDARD

.51.60 -BB --- NBS -ASA.9r ~EQUATION OF STATE VD- W-NS
-JACOBSEN, STANDARD--VD

. .VDW 1.50

IDEAL DIATOMIC VALUE IS 1.40
.85 SAI --- [1 SAT .

50 100 150 200 250 300~

TEMPERATURE. T. K 1. 40
50 100 150 200 250 30

Figure 2.- Compressibility, Z, for nitrogen TEMPERATURE. T. K

gas at p = 5 atm. "SAT" denotes
saturation temperature. The Jacobsen Figure 3.- Ratio of specific heats, y, for
line is taken to be the accepted value, nitrogen gas at p = 5 atm. "SAT" denotes

saturation temperature. The Jacobsen line
is taken to be the accepted value.

3. EQUATIONS OF STATE

Before a complete analysis of nitrogen gas, or alternate gases, can be performed,
one must be able to characterize the behavior of that gas. The mathematical form of that
description is called an equation of state and usually takes a form similar to

p - f(v,T) (3)

where f is some arbitrary function. The next several paragraphs will summarize the
various equations of state that are typically used to describe gases.

The simplest and most widely used equation of state in fluid mechanics is the ideal
equation of state represented by

pv - RT. (4)

The basic assumptions are that the gas molecules do not attract each other and that the
molecules themselves do not have any finite volume. The compressibility factor, Z, is
obviously constant and equal to 1.0 and the gas is consequently thermally perfect. That
Z does not equal 1.0 and that y does not equal 1.4 over the temperature range for
nitrogen demonstrates the inability of the ideal equation of state to properly predict
the thermodynamic properties for nitrogen at low temperatures. However, as will be
developed later in this paper, this will not necessarily affect the ability of nitrogen
to simulate the flow processes of an ideal, diatomic gase with Z - 1.0 and y - 1.4.

Since the ideal equation of state does not adequately represent Z or y at the
low temperatures, an improved equation might be obtained by correcting for the assumptions
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in the ideal equation. The two main assumptions of the ideal-gas equation of state are
that the molecules do not attract each other and that the molecules themselves take up
no volume, so the first step to improve the equation would be to incorporate the physical
realities of attraction and finite volume in a more advanced equation of state. This
was done successfully by J. D. van der Waals in 1873, as described in detail by Glasstone
in reference 1. The effect of attraction between molecules is to introduce a positive
correction to measured gas pressure, and the effect of the finite volume of the molecules
is to introduce a negative correction for specific volume. Consequently, the van der Waals
equation of state is written as

2) + }(v - bI ) = RT (5)
v

where aI and bI are constants. Equation (5) will be referred to as the VDW equation

in the rest of this report. While the VDW equation represented a substantial improvement
in the ability to model gases, further equation of state development has continued until
the present.

While the remaining equations of state to be discussed here are much more complicated
than the VDW equation, there are some underlying physical reasons - as was the case for
the VDW equation - or underlying mathematical reasons for the forms chosen by the authors
of the equations. In 1927, Beattie and Bridgeman came up with an equation of state that
has proved to be very useful and surprisingly accurate. The general form of the Beattie-
Bridgeman equation (to be referred to as the BB equation) is given by

RT(l - ) A

p V2  (v + B) v2 
(6)

where

A Ao(l-a
v

B B (1 -)0 v

c

and where A0 , a, B., b, c are constants that are tabulated in reference 2 for many

different gases. The values for nitrogen are given below after conversion to SI units:

Ao = 173.60 N.m
4/kg

2

a - .0009342 m3/kg

Bo = .001801 m 3/kg

b = - .000247 m /kg

c = 1499. m3K 3/kg

One of the most complicated equations of state developed specifically for nitrogen was
that reported by Jacobsen in reference 3. He used a 32 term equation that describes both
liquid and gaseous phases of nitrogen. The form of Jacobsen's equation can be found in
reference 4 as well, which is an extremely valuable reference because it contains tabular
values of, or equations for, liquid properties such as thermal conductivity, viscosity,
and surface tension.

Because of the complexity and the wide range of applicability of Jacobsen's equation -
with pressures to 10,000 atm and temperatures from 65 K to 2,000 K - Langley Research
Center contracted with the National Bureau of Standards to construct an optimized virial
equation of state which would focus on pressures only up to 10 atm and temperatures only
up to 300 K. Furthermore, the equation of state was to calculate only gaseous phase
properties of nitrogen. Full details of this work are included in reference 5. The form
of this optimized virial equation of state is

p - RTp(l + Bp + Cp2) (7)

where

7 BI3-j)/2
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5 j (1- j ) / 2

i-i

and P is density. Values for the B and C. can be found in reference 5 and this

equation of state will be referred to as the NBS-NASA equation. This virial equation of
state is the last equation to be considered in the comparisons to follow.

To compare the predictions of the different equations of state for flow problems,
expressions for enthalpy, H, entropy, S, heat capacities, and sound speed, W, are
required. A very helpful article which discusses the calculation of these and other
thermodynamic properties is given in reference 6. The following equations are taken
from that reference with the exception of the expression for c , which contains a
typographical error in reference 6: p

p [p T Dp\ (p-PRT) ~T
H + 2 -do+ + c dT (8)T TO 2  2 \T/p + pTop

0 T c0 pp P

S = + !dT- Rln(pRT/p) + LR 1 - - jdp (9)
o To T 2T

+ 2 - dp (10)c v v - f o -2 d3T 2O

I !p)2 PF21Acp = c + T- (11)

c Iap\1
v T' L\OT

W = -- (12)
1 cvl\. aP ITJ

where H and S are reference values of enthalpy and entropy, p0  is a reference
T0 TO00

pressure, T0  is a reference temperature, and cp  and co represent zero-pressure
values of specific heats. While most gases approach ideal-gas behavior at zero pressure,
that is,

0 yR
cp M- (13)

Y - 1

o c 0 - R (14)cv  Cp

this should be verified for a gas of interest if high accuracy is desired. In reference 3,
an eight term expression is used to approximate c0  for nitrogen. Our experience at

p
Langley Research Center does not seem to warrant this for nitrogen but oxygen may be a
borderline case. Also, absolute values for the constants HTo and S are not

important for fluid mechanics problems because one is usually dealing only in terms of
differences in H or S, not absolute values.

In making comparisons between the performance of the different equations of state,
only nitrogen gas will be considered. The eight term expression for c0  is used in

0 . p
Jacobsen's formulation while the ideal value of co p 3.5R from Eq. (13) will be used
in the formulations for the BB, VDW, and NBS-NASA equations of state.

The comparisons of predicted nitrogen-gas thermodynamic properties for Z, y, and
Cp are shown respectively in figures 2, 3, and 4 for a value of pressure of 5 atm. In
all of the graphs there is good agreement between the Jacobsen, BB, and the NBS-NASA
equations, while the VDW equation does not seem to perform as well. In the United States,
Jacobsen's formulation has been accepted as the best general description for nitrogen so
it is labeled as the standard in the figures and is used for judging the other equations.
That VDW is inaccurate is not surprising because of its simplicityl however, it does a
good job of indicating the basic departures from the ideal values of Z = 1.0, y = 1.4,
and cp - 3.5R.
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While Jacobsen is usually considered L.4x103
the standard by which to compare othcr equa- F
tions, figures 2, 3, and 4 can be used to EQUATIO tOFSTATE
get an idea of the possible uncertainties I JACOBSEN. STANDARD
that may exist in the formulations of BB, ------- B

tha na exst n te frmuatins f B, --- NBS -NASA
NBS-NASA, and even Jacobsen by comparing the 1.30, NBS-NASA

predictions of these three equations. From VD
figure 4, for example, at saturation
temperature there appears to be a difference C.
of about 8 percent in the three predicted P 1.20 SATI
values of cp. The large uncertainty in Jlk9
heat capacities is addressed at some length
in reference 5 and the claim is made that
the heat capacities predicted by the NBS- 110
NASA equation will be accurate to within
2 percent and therefore must be more
accurate than the BB or Jacobsen equations. IDEALVALUE.
In the work at Langley we have not been able . .. R J 1
to determine which formulation does give the 50 10 150 20 250 30
most accurate heat capacities and generally TEMPERATURE. 7,K
consider the uncertainty in cp to be that
due to the total spread in values, or about Figure 4.- Specific heat at constant
8 percent for cp. pressure, cp, for nitrogen gas at

p = 5 atm. "SAT" denotes saturation
The remainder of the comparison between temperature. The Jacobsen line is

the equations of state will involve the taken to be the accepted value.
simulation of an isentropic expansion to a
Mach number, M, of 1.5. The data will be presented in a fashion similar to that used by
Adcock in his real-gas studies performed early in the Langley cryogenic wind tunnel
program (ref. 7), where the ratio of the real-gas prediction of an expansion quantity
such as P/Pt is divided by its ideal value predicted by a thermally (Z = 1.0) and
calorically (y = 1.4) perfect gas. The predictions of pressure, temperature, and density
are shown in figures 5(a), 5(b), and 5(c) for isentropic expansions with total pressure,
Pt, equal to 9.0 atm and for total temperatures, Tt, from 300 K down to saturation
temperature for nitrogen gas. Once again, the VDW equation does not agree very well
with the Jacobsen formulation. An interesting observation in all three of these
figures is the good agreement between the BB and the Jacobsen formulations. The maximum
differences over the temperature range between their respective real over ideal ratios
are summarized below for both the 9 atm example shown in figure 5 and for a I atm case
not shown-

Pt T p
Pt T t Pt

1 .0001 .0002 .0002

9 .0003 .0002 .0014

The only difference of any magnitude occurs at Pt - 9 atm for the density ratio, where
the difference is .0014, or 0.14 percent. Consequently, the BB formulation should be an
excellent approximation to the very complex Jacobsen formulation over the temperature and
pressure ranges of interest to cryogenic wind tunnels, which is a conclusion also reached
by Wagner and Schmidt in reference 8. The new NBS-NASA and Jacobsen equations, however,
do not compare as well. The maximum differences between their respective pressure,
temperature, and density ratios are summarized next:

P t "- " P e
Pt Tt Pt

1 .0006 .0007 .0002

9 .0011 .0041 .0013

The largest differences here are in the temperature ratio. The NBS-NASA equation predicts
noticeably smaller temperature deviations of up to 0.41 percent for the 9 atm example
seen in figure 5(b).

The 53 equation of state appears to be the best choice for an equation of state
because it is still relatively simple - it has only five arbitrary constants - and
compares very favorably with the complete Jacobsen formulation. An advantage of the B
equation over Jacobsen's in wind tunnel data reduction is that the BB equation is a gas-only
description of nitrogen. Consequently, no special arrangements are needed in data
reduction if local temperatures fall below the vapor-pressure temperature. The NBS-NASA
equation of state may prove to be a more accurate description of the gas than the
Jacobsen or BB equation, but this is not known yet. While it was derived using sound
speed data unavailable to either Beattie and Bridgeman or Jacobsen, it is not obvious
that the NBS-NASA equation actually fits this new sound speed data any better than the
previous formulations, as seen in reference 5. Because of this uncertainty and the added
complexity of the NBS-NASA equation, the BB equation is preferred. The VDW equation is
a big improvement over the ideal equation of state, but does not seem to warrant serious
attention because the BB equation can be employed just about as easily as the VDW equation.
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Figure 5.- Isentropic expansion ratios for nitrogen expai.ded to '4 = 1.5 at Pt = 9.0 atm.
Ratios normalized by those of an ideal, diatomic gas.

4. HYBRID REAL-IDEAL CALCULATIONS

Many different investigators have done quick analyses of real-gas effects by sub-
stituting real-gas values of some parameter such as y into equations derived on the
assumption of a constant value of y. While this is perhaps a natural first step in
understanding real-gas effects, it is incorrect because equations such as that for the
pressure ratio in an ideal isentropic expansion,

= (1 + -j- 2 M (15)
Pt

are derived by assuming that the gas is thermally and -alorically perfect. If the gas
is not calorically perfect and c cv, and y are inctions of temperature, then
Eq. (15) simply does not apply. in fact, any predictions of the magnitude of real-gas
effects using real-gas values of parameters substituted into ideal equations are not
simply incorrect but can be very misleading as seen in figure 6 taken from reference 7.
In the figure it is seen that substituting the real-gas value of y at 8 atm and 120 K,
y - 1.565, into Eq. (15) leads to a predicted pressure deviation of 6.2 percent at
M - 1.4 instead of the actual departure, which is in the opposite direction, of about
0.7 percent.

5. MAGNITUDE OF REAL-GAS EFFECTS FOR NITROGEN

With the knowledge that the Beattie-Bridgeman (BB) equation of state agrees very
well with the Jacobsen formulation, we will now focus on the magnitude of deviation of
nitrogen from the behavior of an ideal, diatomic gas with Z - 1.0 and y a 1.4. The
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calculations shown are done with either the 1.02REL-SSOTIONJacobsen formulation or with the BB equation, /

depending primarily on who did the cal- /
culations and when. The type of flow pro-
cesses examined include isentropic expan-
sions, normal shocks, boundary layers, and 2. .9
shock wave-boundary layer interactions. N

The examination of isentropic flow IEAL - =aAIM
expansions is carried out with the BB .94- Tt=10M K\

equation of state and assuming, as mentioned -Z - --
earlier, ideal values for the zero pressure
heat capacities, co and co. Three total .92 _

p v 0 .2 .4 .6 .8 1.0 1.2 14 1.6 1.8 2.0
pressure values are considered - 1, 5, and M
9 atm - and total temperatures are varied
from 300 K down to temperatures below
saturation temperature. The actual minimum Figure 6.- Pressure ratios for isentropic
temperatures shown are calculated based on flow in nitrogen as determined by various
the prediction of the onset of condensation methods, relative to ideal, diatomic gas
effects due to homogeneous nucleation as values with y = 1.4. (Adcock, ref. 7).
reported by Sivier in reference 9. These
minimum temperatures represent a lower temperature limit since the flow at any temperature
lower would be likely to have undergone spontaneous nucleation and would not be very
useful as a test gas. The entire subject of minimum operating temperature limits due
to the onset of condensation effects will be discussed in detail in the paper entitled
"Real-Gas Effects II - Influence of Condensation on Minimum Operating Temperatures of
Cryogenic Wind Tunnels."

As in the previous section, the real expansion ratios of pressure, temperature, and
density will be normalized by the comparable ideal expansion values. These three ratios
are shown in figure 7 as a function of total temperature at total pressures of 1, 5, and
9 atm for isentropic expansions to M = 1.5. The pressure ratios show that departures up
to 0.72 percent occur at 9 atm at the saturation temperature (labeled "SAT"), and can
approach 1 percent at the total temperature (labeled "ONSET") corresponding to the

ONSET

I.

%' ].00 ONST SAT =AT

N ITROGEN
IDEAL

1.000 SA

II I I I

so 100 150 200 2 300
T. K

(a) Pressure

pt = 1tm
1. 000 ONSET

'--".... ... t = 99tm

SAT 5 .... 5

T 9
.50 -SAT

NITREN ONSET NITROGENN1RGE DAL SA ST
.M s0 SAT ' S / o

SAT ONSET

.985 .91 I L_ I I -- 1l

50 i 150 200 250 300 50 1oo 150 200 250 0

it K Tt. K

(b) Temperature (c) Density

Figure 7.- Isentropic expansion ratios for nitrogen expanded to K - 1.5 using BB
equation of State. "SAT" marks saturation temperature and "ONSETN marks possible
onset of condensation effects.
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possible onset of homogeneous nucleation. The deviations at the lower pressures of 5 and
1 atm deviate at most 0.64 and 0.19 percent before the onset of nucleation. Very similar
magnitudes of deviations at low temperatures are shown for the temperature ratios in
figure 7(b); however, deviations at 300 K are up to 0.25 percent for the 9 atm case and
0.13 percent for the 5 atm case. The density expansion ratios are shown in figure 7(c)
and display somewhat different behavior than the pressure or temperature ratios. First,
deviations for the 9 and 5 atm ratios at 300 K are 0.50 and 0.29 percent, respectively,
and second, deviations at the low temperature boundary do not smoothly increase with
pressure. At the temperatures predicted for the onset of homogeneous nucleation,
density effects for the 1, 5, and 9 atm lines are respectively 0.29, 0.58, and
0.51 percent.

The deviations from the ideal, diatomic values for isentropic expansions do not
appear to be of a magnitude to be of concern except perhaps at the 9 atm case when
attempting to run below the saturation temperature. At these conditions pressure devia-
tions can run as high as 1 percent and a data correction procedure may be appropriate
in conjunction with a real-gas formulation. A more complete description of the isentropic
expansion process is included in reference 7 by Adcock. Since the Jacobsen formulation
gives liquid properties at supercooled values of pressure and temperature, Adcock's study
was limited to temperatures above those for saturation.

The next flow process to be discussed is that of real-gas nitrogen passing through
a normal shock. In this example, ratios of various quantities across the shock will be
given as normalized by the shock flow of an ideal, diatomic gas with Z = 1.0 and
y = 1.4. The figures are taken from reference 7 by Adcock and show effects down to the
appropriate saturation temperature. Adcock utilized the Jacobsen formulation to make
these normal shock calculations. Upstream and downstream quantities are subscripted
respectively by "l" and 02."

The differences in static pressure, temperature, and density ratios are shown in
figure 8 for an upstream total pressure of 8 atm, upstream total temperatures from 300 K
down to saturation temperature, and upstream Mach numbers, Ml, of 1.4, 1.7, and 2.0.
(While not shown here, Adcock includes further figures showing that the effects of
pressure are roughly proportional to the operating pressure. In other words, effects
at 4 atm would be approximately half of those shown in the present example of 8 atm.)
As seen in figure 8(a), Ml = 1.7 gives the greatest deviations in pressure ratio
between real and ideal flow - a value of 0.56 percent at saturation temperature. The
deviations in static temperature ratio are seen in figure 8(b) to reach 0.52 percent at
Ml = 2.0 while deviations in static density ratios reach a maximum of 0.38 percent at
250 K for M1 = 2.0.

1.002

2. 998 -- 7-- 2 Ile4

P1 .996 -T

NITRO N M 
=  NITROGEN .9.0

IDEAL I. DAL
. 9 . 2.0

ISO10 0 250 .990 L ~i
t 1 100150 200 25030T1 I, K

(a) Pressure
(b) Temperature

1.002-r
M 

= 1.4

NITROGEN qqslg
IDEAL .9

150 200 250 0
11 . K

(c) Density

Figure B.- Static ratios across a normal shock in nitrogen gas for various upstream
Mach numbers, M1 . Pt . 8 atm. (Adcock, ref. 7).

The ratios of total pressure, temperature, and density across the normal shock are
shown in figure 9 for the same upstream Mach numbers and total pressure of 8 atm. The
maximum deviation of 0.22 percent for total pressure ratio occurs at about 275 VC for the

14 . example. The maximum total temperature ratio departure is about 1.38 percent
astration temperature for Ml - 2.0. A maximum deviation in the total density ratio

occurs near room temperature for M, - 2.0 and is 0.33 percent.
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Figure 9.- Total ratios across a normal shock in nitrogen gas for various upstream
Mach numbers, M1 . Pt = 8 atm. (Adcock, ref. 7).

The last figure in this series is
figure 10 and shows the ratio of the real to
ideal values for downstream Mach number, M
M2, as a function of total temperature for 1.00
an upstream Mach number, Ml , of 2.0 and a NO 0 Z1 --
total pressure of 10 atm. The departure NITROGEN
from the ideal value is seen to be less than ID0AL 150 2 2 300
0.08 percent. 10 15 200 25 30X

Nitrogen gas appears to give a good 1.

simulation of normal shock flow. Deviations
in the static pressure ratio are seen in Figure 10.- Mach number downstream, M2 , Of
figure 8(a) to reach 0.58 percent at the normal shock in nitrogen gas. M1 = 2.0,

saturation temperature for a value of Pt = 8 atm. (Adcock, ref. 7).

total pressure equal to 8 atm. If operation
at 9 atm and at temperatures 10 K below saturation (corresponding to the predicted onset
of homogeneous nucleation) is desired, this deviation could go up to about 0.9 percent.
The departures in static temperature are of the same magnitude as pressure while
departures in static density appear to be less. The departures of the ratios of total
pressure and density are not significant, but there are relatively large differences in
the ratio of total temperatures. A difference in this quantity is not considered
significant for most data of interest. None of the above differences appear to influence
the downstream value of Mach number.

An additional comment should also be made before leaving normal shock flows. In
showing real-gas effects for shock flows, some have chosen to calculate

% Deviation real ideal (16)
02 ideal

for given static values of upstream pressure, p1. and temperature, T . The problem with
this approach is that by specifying Pl and T, for both the ideal aAd real cases, very
different values of P1 will be required because of the compressibility, Z, of nitrogen
shown in figure 2. For example, for an upstream static conditior, of 5 atm and 120 K,
figure 2 shows a difference in density, pi, of 6 percent between the ideal-gas value and
the Jacobsen value. Consequently, even if the p2 /Pl ratios for the ideal and real
shock flows were identical, Eq. (16) would still suggest a difference of 6 percent.
Instead of being an indicator of the real-gas behavior of nitrogen through a shock,
equations like number (16) may just be showing the influence of a parameter such as
compressibility.

The next major flow problem discussed is that of boundary layer simulation over a
flat plate. This section will draw from work by Adcock and Johnson in reference 10 that
utilizes the Jacobsen formulation. As Adcock and Johnson mention, in boundary layer
calculations not only is the equation of state important, but the expression for viscosity
is important also. The expression for the viscosity of nitrogen used at the Langley
Research Center comes from reference 4 and includes a total of nine constants in a low-
density term and seven additional constants in what is called a dense-fluid contribution.
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(The equation and accompanying constants are also described and discussed by Adcock in
reference 7.) The real-gas parameters summarized in this report include displacement
thickness, 6*, boundary layer thickness, 6, skin friction, cf, and boundary-layer
momentum thickness, 0, for laminar and turbulent adiabatic boundary layers. Also
shown will be the real to ideal ratios for static quantities such as T, H, and p.

The parameters 6*, 6, cf, and 8 for laminar, adiabatic boundary layers on a
flat plate are summarized in figure 11 and are shown normalized by values calculated for
an ideal, diatomic gas obeying Sutherland's formula for viscosity. Figure 11(a) shows
these parameters as a function of total pressure, and surprisingly, the maximum deviation
in 6* from the ideal case occurs at the lowest total pressure. This unexpected result
is explained in detail by Adcock and Johnson and is the result of compensating real-gas
effects between the thermal and caloric imperfections of the nitrogen gas and the change
with increasing pressure in the slope of viscosity as a function of temperature. (This
observation was made earlier by Wagner and Schmidt in reference 8.) The same four
parameters are shown as a function of M in figure 11(b). In this case, effects
generally grow with increasing M . The-deviation for 6* is seen to be 1.34 percent
for M = 2.0, Pt = 9.0 atm, and Tt = 150.0 K. Similar results are found in figure 12
for the turbulent, adiabatic boundary layer on a flat plate except that the magnitudes of
the deviations are generally less than those for the laminar boundary layer.
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(a) As a function of Pt, (b) As a function of M_,
M% = 0.85, Tt = 120 K. Pt = 9 atm. Tt = 150 K.

Figure 11.- Relative values of parameters for adiabatic, laminar boundary layers
on a flat plate for nitrogen gas. (Adcock and Johnson, ref. 10).
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Figure 12.- Relative values of parameters for adiabatic, turbulent boundary layers
on a flat plate for nitrogen gas. (Adcock and Johnson, ref. 10).

Next, ratios of static quantities will be summarized for both the laminar and
turbulent boundary layer profiles. The results for the laminar boundary layer are shown
in figure 13(a). The velocity ratios are not shown because the agreement is so good the
ratio does not differ from the value 1.0 to the scale of this plot. The only large
deviation, 2 percent, occurs for static temperature but does not appear to be of
consequence according to Adcock and Johnson. The similar plot for the turbulent
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Figure 13.- Relative adiabatic profiles for nitrogen gas flow over a flat plate.
M = 0.85, pt = 9 atm, Tt = 120 K, Rx = 140 x 106. (Adcock and Johnson, ref. 10).

boundary layer is shown in figure 13(b). The agreement here is generally better than in
the laminar case except for the temperature ratio. In this figure, velocity and total
enthalpy are not plotted because of their excellent agreement with ideal values. Again,
Adcock and Johnson found no significance to the temperature differences. None of the
differences described for the flat plate work seem significant enough for concern about
adequate boundary layer simulation.

The last analysis will consider the real-gas behavior of nitrogen in a shock wave-
laminar boundary layer interaction problem. The results to be presented have been
calculated by Wagner and Schmidt in reference 8 using the BB equation of state for
nitrogen gas and a numerical program with a fine mesh description of the boundary layer
region and a coarse mesh for the outer inviscid flow field. As a demonstration of the
accuracy of the program, results using an ideal equation of state are compared to
experimental data of Hakkinen and others (ref. 11) in figures 14 and 15 for an
incident shock angle, C, of 32.60. Real-gas calculations are made for upstream static
conditions of p = 1 bar and T = 78 K, where 1 bar = 0.987 atm. The static conditions
are at the saturation temperature for nitrogen and correspond to total conditions of
7.7 atm and 140 K. As shown in figure 14, the magnitude of differences between the ideal
and real values of p/p, is less than 0.4 percent and would seem to be quite acceptable
given the total conditions of 7.7 atm and 140 K. It is interesting to note, as Wagner
and Schmidt do, that the pressure deviations in the boundary layers (shown by the shaded
area) correspond to the deviations of static pressure in the outer, inviscid flow
(shown by the dotted line). The wall shear stress and the calculated differences are
shown in figure 15. The maximum differences in wall shear stress seem to be on the order
of 5 percent although it is not clear how much of that number is due to numerical scatter.
(Further work on skin friction to reduce the numerical scatter may be desirable.) Given
the good pressure agreement and fair agreement in skin friction, this flow process
should not pose a problem for cryogenic nitrogen.

The study of cryogenic nitrogen as a wind tunnel test gas has indicated the following
results. As shown by both the isentropic expansion analyses and the normal shock analyses,
the only condition at which pressure ratios depart by more than 0.5 percent are at pres-
sures greater than 5 atm combined with temperatures near or below saturation temperatures.
With a total pressure of 9 atm and total temperatures below saturation, the pressure
ratios may be in error by about a percent. If accuracies greater than this are required,
either the temperatures below saturation will have to be avoided at high pressures or
procedures will have to be devised to correct the data. The boundary layer analyses
also show effects in displacement thickness as large as 1.34 percent for p = 9 atm and
M = 2.0. At low temperatures and high pressures, the Reynolds number should be very
large and the size of boundary layers about test models should be small compared to the
thickness of the model. Consequently, the change in displacement thickness of
1.34 percent may not significantly affect the data because of the small size of the boundary
layer to begin with. The differences of 2 percent in temperature profile through the
boundary layer do not seem to affect other quantities and are not considered significant.
The shock wave - laminar boundary layer analysis of Wagner and Schmidt shows only small
pressure differences due to the real-gas nature of nitrogen. While they do show possible
differences in cf of about 5 percent, given the uncertainty in the magnitude of
numerical scatter in this calculation and given the uncertainty in measuring cf in the
wind tunnel, any differences in cf may never be apparent. Further analysis, nevertheless,
of the differences in cf may be worthwhile to verify the magnitude found by Wagner andI Schmidt.
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6. ALTERNATE CRYOGENIC GASES

Wlhile the greatest attention has been on nitrogen as a test gas for transonic
cryogenic tunnels, other gases are either being used or have been considered as
alternatives. Cryogenic blowdown facilities such as those of McDonnell-Douglas in
California cool dry air down to cryogenic temperatures by injecting an almost equal mass
of liquid nitrogen and, consequently, test with an air-nitrogen mixture. To get an idea
of the possible behavior of this mixture, an isentropic expansion will be modeled with a
Beattie-Bridgeman (BB) equation of state supplied with appropriate constants for air.
Further interest has also surfaced from time to time in using alternate gases that have
significantly lower liquefaction temperatures than nitrogen in order to be able to test
at larger unit Reynolds number. Helium and hydrogen are gases that come to mind because
at 1 atm helium boils at 4.3 K and hydrogen at 20.4 K. Helium will also be examined using

a BB equation of state, but because of some thermodynamic anomalies to be explained later,
the BB equation of state for hydrogen would probably not be appropriate for describing
cryogenic tunnel use of hydrogen. However, this report will draw upon work by Haut
reported in reference 1.2 to describe the simulation properties of hydrogen.

The first alternate gas to be discussed is air. since air is approximately 80 percent
nitrogen, the two gases would be expected to have very similar properties. To see whether
this is true or not, the isentropic expansion ratios of pressure, temperature and density
will be normalized to the ideal diatomic values (Z 1.0 and y 1.4) in a manner similar
to figure 7. The constants used in the BB equation of state for air are found in
reference 2 and are repeated below in SI units:
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Ao = 168.01 N-m4/kg
2

a = .0006893 m3 /kg

Bo = .001646 m
3 /kg

b = -.0003930 m3/kg

c = 1549. m3K3 /kg

The corresponding graphs for air are shown in figure 16, where the values are plotted
from 300 K down to saturation temperature. As seen by comparing figures 16 to 7, there
are only very small differences in pressure ratios between the real-gas performance of
nitrogen and air. In fact, for a total pressure of 9 atm and a total temperature of
135 K, air departs from an ideal gas by 0.74 percent while nitrogen departs by 0.65 per-
cent. Similarly when comparing the temperature or density ratios, there are again only
small differences between nitrogen and air. The air results are plotted only down to
saturation temperatures because, as explained in the companion report, air is not expected
to undergo much cooling below saturation before the predicted onset of condensation
effects. On the basis of this brief examination of isentropic expansions, air would
indeed be an acceptable cryogenic test gas although it does show slightly more deviation
than nitrogen at a given total temperature. Consequently, a tunnel using half air and
half evaporated liquid nitrogen should experience no difficulties because the real-gas
deviations should be somewhere between those predicted for pure nitrogen and those
predicted for air. (The reason nitrogen is preferred over air for continuous flow, fan-
driven tunnels injecting a liquid cryogen for cooling is the availability of liquid
nitrogen, the safety of using liquid nitrogen over using liquid air, and the lower
saturation temperatures associated with pure nitrogen.)
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Figure 16.- Isentropic expansion ratios for air expanded to M = 1.5 using
BB equation of state.
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As a first candidate for cryogenic operation at temperatures much colder than is
possible for nitrogen, helium is examined by using the following constants from
reference 2 in the BB equation:

AO = 2.79 N-m
4/kg2

a = 0.002136 m3/kg

B = 0.0004998 m3 /kg

b = 0.m3/kg

c = 1.43 m3K3 /kg

The specific gas constant is taken to be 2077.3 J/(kg*K). The results of the analysis are
shown in figure 17, which shows pressure, temperature, and density ratios as a function of
Mach number, M, for two sets of total conditions. The first set is for a total pressure
of 1 atm and a total temperature of 300 K, where helium acts like an ideal monatomic gas
with y = 1.67. The second set is for a total pressure of 9 atm and a total temperature
of 30 K and should be indicative of pressure and temperature effects. As is easily seen
in all three ratios, the differences in helium due to increased pressure or reduced
temperature are insignificant compared to the fundamental differences between monatomic
helium and an ideal, diatomic gas with y = 1.40. The pressure ratio differs from an ideal,
diatomic value by 6 percent at M = 2.0 after passing through a maximum deviation of about
10 percent at M = 1.4, while the temperature and density ratios are in error by about
23 percent at H = 2.0. These deviations are over an order of magnitude larger than those
calculated for nitrogen or air. In addition, since the pressure ratio is in error by more
than 1 percent at M = 0.3, the usefulness of using helium as a transonic test gas would
have to be seriously questioned. There may be applications for helium, nevertheless, in
very low speed flow that is sometimes appropriate for industrial aerodynamics.
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Figure 17.- Isentropic expansion ratios for helium as a function of M using
r'BB equation of state. Ratios normalized by those of an ideal, diatomic gas.
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Since helium does not appear to be useful as a transonic test gas, attention may be
turned to hydrogen because of its low boiling temperature compared to nitrogen and because
hydrogen, too, is diatomic. Unfortunately, the BB constants available in the literature
would probably give an incorrect description of hydrogen as used in cryogenic tunnels
because the constants as found in reference 2 are probably for orthohydrogen, which is the
equilibrium state for ambient temperature hydrogen gas. In most cryogenic concepts, the
test gas is formed by evaporation from the liquid state, which for hydrogen with its
nuclear spin anomaly corresponds to parahydrogen. Consequently, as used in wind tunnels,
hydrogen would be in the parahydrogen form with its antiparallel spins as explained in
detail by Haut in reference 12. The equation of state used by Haut was of a polynomial
interpolation form. Using this equation of state he simulated various flow processes,
of which the isentropic expansion results will be summarized herein. The pressure,
temperature, and density ratios for an expansion to M = 1,0 are shown in figure 18. As
is readily apparent, parahydrogen does not appear to give a good simulation of ideal,
diatomic flow. The deviations in pressure ratio are approximately 8 percent at low
temperatures, deviations in temperature ratio are about 10 percent, and deviations in
density are somewhat less with a value of about 4 percent. As in the case of helium,
there may be applications for hydrogen in industrial aerodynamics, but anyone interested
is urged to study reference 12, with particular attention to power requirements and
safety considerations.
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Figure 18.- Isentropic expansion ratios for parahydrogen expanded to M = 1.0.
(Haut, ref. 12).

In this brief discussion of alternative cryogenic gases other than nitrogen, it
appears that air (or an air-nitrogen mixture) will be a sotisfactory cryogenic test gas
on the basis of isentropic expansion analysis. Perhaps more analysis of air to include a
look at normal shocks and boundary layer behavior would put to rest any questions that may
remain about this test gas. It appears that both helium and parahydrogen will not be good
test gases for compressible flow. Both of these gases exhibit large deviations from the
isentropic flow of an ideal, diatomic gas with Z = 1.0 and y = 1.4.

7. CONCLUSIONS

It is necessary to be aware that nitrogen gas, as well as other possible test gases,
does depart from ideal values for thermodynamic properties such as compressibility, Z,
and ratio of specific heats, y, at low temperatures. However, as shown in this paper and
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the reports referenced, the deviations in Z and y do not necessarily impact on the
ability of nitrogen gas to simulate flow of an ideal, diatomic gas with Z = 1.0 and
y = 1.4. In order to examine the simulation qualities of nitrogen, it is necessary to
do a complete real-gas analysis. Substituting real values of Z or y into ideal
equations derived with the assumption that Z or y are constant is incorrect. When a
complete real-gas analysis is done for nitrogen gas, only small deviations are seen
between nitrogen gas and an ideal, diatomic gas for isentropic expansions, normal shocks,
boundary layers, and shock wave-boundary layer interactions. In fact, the only minimum
operating temperature restriction that these real-gas effects may impose occurs at operat-
ing total pressures of about 9 atm, where the pressure ratio deviations can go as large
as 1 percent if the total temperature is taken to be 10 K below the saturation temperature.
If this magnitude of deviation is too large, the total temperatures at pressures close to
9 atm may have to be restricted to be at or above the saturation temperature.

Alternate gases have also been briefly investigated. Air appears to be almost as
gcr-1 as nitrogen in simulating an ideal, diatomic gas; consequently, minimum operating
temperatures should not be limited by the behavior of gaseous air except, as in the case
of nitrogen, perhaps at total pressures approaching 9 atm and at saturation temperatures.
On the other hand, helium and parahydrogen do not satisfactorily simulate compressible
ideal, diatomic flow. They would not make good transonic test gases.
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Summary

The factors which influence the stiffness, strength and toughness of materials at
low temperatures are considered in terms of the overriding design requirement that a
load bearing structure must have adequate toughness at low temperatures and be com-
patible with its environment. The relative sensitivity of each major parameter to
changes in the structure and purity of a material is discussed in the context of the
degree of reliability that can be placed on data taken from the literature. Yield and
plastic deformation are highly structure sensitive and the effect of crystal structure
is discussed at length. Design data is given for copper-, nickel- and aluminium-based
alloys, which together with Invar and the autenite stainless steels all have face-
centred-cubic structures. The problems caused by the ductile-brittle transition in
metals with body-centred-cubic structures are outlined, and the use of low alloy and
nickel steels in the temperature range 300K - 70K is discussed. Fracture toughness is
considered in the context of its use in promoting fail-safe design techniques under
steady and alternating loads, and other relevant low temperature failure modes are also
discussed.

The properties and use of non-metallic materials at low temperatures are considered
with particular reference to their liability to embrittlement and thermal shock and
also to the incompatibility of most hydrocarbon-based polymers with liquid oxygen. The
use of polymers as adhesives, and in particular fluorocarbons such as P.T.F.E. for seals
and gaskets is outlined together with an indication of their roles in the form of fibres,
film and foams. Finally the properties of composites such as glass fibre reinforced
plastics are discussed with a view to exploiting the very high ratios of strength to
thermal conductivity that can be achieved from GRPs.

1. Introduction

One of the principal design requirements of any piece of equipment is that it should
have adequate stiffness, strength and toughness to withstand safely any load or stress
that may be applied to it. Operation at low temperatures effectively increases the
requirement for adequate toughness at the operating temperature,as virtually all
materials are both stiffer and stronger at low temperatures than an ambient. A load-
bearing structure must, therefore, be able to cope with not only the static and dynamic
stresses which can be predicted for normal operation, but also the thermal shocks it may
be subjected to on cool down, the thermal stresses induced by differential expansion
during warming and cooling cycles as well as the accidental overstresses or impact loads
that it may receive in the presence of thE scratches and dents it is liable to suffer
during service.

Most materials are designed to operate within their elastic limits and typical
stress and deflection formulae require the use of appropriate values for the elastic
constants such as the Youngs, Shear and Bulk modulii as well as on occasions, Poissons
ratio. Fortunately, the elastic constants are relatively insensitive to structure
variations such as changes in grain size, the degree of cold working, heat treatment
and small compositional variations etc., while decreasing the temperature in general
increases Youngs modulus by about 10% between 300K and 80K. Accuracies greater than
about 11 are rarely required in the calculations normally used to avoid buckling failure
(elastic instability) or excessive elastic deformation (jamming) and thus values taken
from the literature can be used with a reasonably high degree of confidence.

Yield and plastic deformation in metals are processes strongly influenced by their
structure and condition to such an extent that accurate predictions are difficult and
experimentally determined data invaluable. General classification of their properties
is best started by considering their crystal structures, most metals and alloys having
face-centred-cubic, body-centred-cubic or hexagonal-close-packed lattices. Of these
the face-centred-cubic metals are greatly to be preferred for low temperature use as
almost without exception their strengths, ductility and toughness all improve as the
temperature falls, thus making them ideal for cryogenic applications. F.c.c. copper-,
nickel-, and aluminium-based alloys, together with Invar and the austenitic stainless
steels are, in fact, the metals most widely used for the construction of equipment
operating below about 150K. Of the hexagonal-close-packed metals only magnesium and
titanium are used in significant quantities below room temperature, the high specific
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strengths offered by titanium alloys being particularly attractive for certain
specialised applications in the aerospace industry.

It is the body-centred-cubic group of metals that offer the greatest challenge but
which constitute the greatest risk as they almost all undergo a transition from ductile
to brittle behaviour at some temperature, usually below ambient. Furthermore, small
changes in their chemical composition, grain size, the degree of plastic constraint
brought about by a notch or flaw, and even the rate at which a load is applied, can all
have a marked effect on the delicate interrelationship between strength, toughness and
the temperature at which the ductile-to-brittle transformation occurs. As, however,
the economically irreplaceable ferritic steels have b.c.c. structures,their use at low
temperatures cannot be precluded and it is necessary to define the temperature and
stress limits to which a certain grade, thickness and condition of steel may be safely
used. These limitations are traditionally laid down by codes of practice issued by
independent bodies such as the American Society of Mechanical Engineers, government
agencies such as the British Standards Institution, local or national Insurance agencies
or even state regulator), authorities, and there are very few load bearing structures
which can be built without conforming to one or more such codes. There is also, however,
an increasing and very welcome tendency towards backing up these codes by a scienti-
fically rigorous failure analysis based on the concepts of fracture mechanics - a study
of the resistance offered by a material to the continued propagation of a crack nuc-
leating in the vicinity of a sharp crack. Such analyses are also applicable to high
strength alloys with f.c.c. and h.c.p. structures, as well as to the rate at which
cracks propagate during fatigue and so constitute a powerful analytical technique
which the aerospace industry in general was quick to develop and exploit.

Non-metallic materials have much more complex structures than metals and the
amorphous and mikrocrystalline structures typically found in glasses and ceramics
almost invariably make them brittle because they are unable to accommodate the plastic
deformation needed to relieve the high stress concentrations which build up around
small flaws. They are thus much stronger in compression than in tension but are
rarely used in the bulk form even under compressive loadings because their poor thermal
conductivities and consequent liability to thermal shock make them liable to shatter.
However, in the finely divided form of fibres, powders, films, foams and expanded
granules the), are widely used for thermal and electrical insulation at low temperatures.

Polymeric materials can be divided basically into two structural categories; the
thermoplastics and the thermosets. The long chain molecular structures of thermo-
plastics give them mechanical properties which are strongly dependent on the temperature
and rate at which the) are stressed. Furthermore, an increase in their intermolecular
forces over a temperature range known as the glass transition, which may be above or
below ambient, means that most thermoplastics undergo a reversible transition to a
glass-brittle state in which they are unable to deform plastically. As their glass
transition temperatures are all above 150 0 K there are no thermoplastics which exhibit
any really significant degree of ductility below this temperature. It is, therefore,
highly fortuitous that the molecular chain structure of polytetrafluoroethylene, and
to a lesser extent, its cousin polychlorotrifluoroethylene, is such as to reduce the
severity of their glass transitions and so give them a small, but nevertheless, usable
measure of ductility even down to liquid helium temperatures. Add to this the bonus
that these are among the few polymers to be fully compatible with liquid oxygen, it
can be appreciated that these polymers are invaluable for use as gaskets and seals in
cryogenic applications.

Thermosetting polymers have a network structure which renders them brittle and
they are thus rarely used in the unfilled state. However, when combined with suitable
tillers their toughness is greatly improved and phenolic-impregnated cloths and papers
(such as Tufnol and Paxolin) are particularly useful for the fabrication of load-
bearing, electrically-insulating fitments.

The remaining major group of materials of interest for low temperature applications
are the high performance composites formed by the incorporation of glass or carbon
fibres in matrices of thermosetting polymers. For most aerospace applications their
attraction lies in their high specific strengths and stiffnesses, and these character-
istics improve at low temperatures but not, perhaps, so markedly as those of metals.
The major interest in glass-reinforced plastics for low temperature applications comes,
as noted earlier, from their very high strength/thermal conductivity ratios which make
them ideal for use as load-bearing, thermally-insulating supports.

Finally, it must be noted that the construction of equipment for cryogenic opera-
tion is subject to the same economic constraints as any other project and thus when
selecting materials for low temperature use their total cost must be considered. For
example, the expense of forming, joining, inspecting and, if necessary, refinishing
must be added to basic material cost. Furthermore, cryogenic applications rarely
demand the repeated purchase of sizeable quantities of material and hence the required
sizes and sections of particular alloy grades are not always readily available, and the
luxury of being able to obtain exactly the ideal choice of material trom a technical
point of view is not always achievable.

2. Elastic Properties of Metals

As noted earlier, the elastic properties of most metals are remarkably insensitive
to changes in purity and structure and hence data taken from the literature can be used
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Table 1. Elastic properties of alloys used in the construction of cryogenic equipment

(E - Youngs Modulus, G - Shear Modulus, K = Bulk Modulus, v = Poissons Ratio)

Material Property Magnitude at indicated temperature, (K)
(Modulus
in GPa) 300 250 200 160 120 90 70

Aluminium E 71.6 73.7 75.8 77.5 78.9 79.9 80.3
type 5083-0 G 26.85 27.65 28.5 29.2 29.85 30.25 30.45
(annealed) K 71.5 72.2 72.9 73.38 73.8 74.05 74.2

v .3334 .3302 .3267 .3243 .3218 .3204 .3195

Aluminium E 70.2 71.8 72.5 74.8 76.1 76.8 77.3
type 6061-T6 G 26.35 27.2 27.9 28.4 28.7 29.0 29.1

K 72.15 72.85 73.5 73.95 74.3 74.55 74.7
v .3383 .3362 .3340 .3322 .3302 .3285 .3277

Invar E 152.5 146.7 142.7 140.1 139.6 140 140.6
G 55.8 54.7 53.35 52.35 51.5 51.0 50.7
K 110.9 110.5 111.2 112.0 113.2 114.2 114.8
V .2845 .2865 .2925 .2970 .3015 .3050 .3075

Stainless Steel E 203.8 208.0 212.0 215.1 217.8 219.3 220.1
type 316 G 78.5 80.3 81.9 83.2 84.5 85.1 85.5

K 167.6 168.7 169.6 170.2 170.5 170.3 170.1
v .2974 .2946 .2918 .2895 .2872 .2855 .2845

Stainless Steel E 183.7 187.0 190.3 192.9 195.5 196.9 197.9
type 310 G 70.2 71.6 73.0 74.1 75.2 75.8 76.3

K 159.2 160.3 161.2 162.0 162.5 162.6 162.6
v .3075 .3054 .3032 .3013 .2995 .2982 .2972

Stainless Steel E 189.3 193.7 197.2 200.3 202.8 204.0 204.6
type 304 G 73.5 75.2 76.7 78.0 79.0 79.6 80.2

K 150.6 151.9 152.9 153.6 153.9 153.9 153.3
v .2901 .2875 .2848 .2828 .2807 .2792 .2775

9% Nickel Steel E 195 197.5 200 201.9 203.5 204.5 205
G 73.8 74.8 75.9 76.7 77.3 77.8 78.1
K 154.8 155.8 156.7 157.3 158.0 158.3 158.5
v .2860 .2844 .2828 .2817 .2808 .2802 .2798

31% Nickel Steel E 203.7 206.4 209 211.1 212.9 214.1 214.6
G 79.1 80.2 81.4 82.2 83.0 83.5 83.8
K 159.8 161.0 162.1 162.9 163.7 164.2 164.4
v .2823 .2807 .2794 .2785 .2775 .2768 .2763

with a high degree of confidence. In the absence of any measured values for sub-
ambient temperatures,a useful rule of thumb is to allow an increase of about 0.04% per
K decrease in temperature for the elastic moduli of most metals and alloys. This rule

would give a 9% increase in modulus on cooling from 300K to 70K, which puts it near the
middle of the range of 5-15% found for most alloys. Furthermore, the change in modulus
is a smooth function of temperature except in those alloys which undergo a crystallo-
graphic or magnetic transformation in the range concerned. Some indication of the
validity of this rule of thumb may be gained by comparison with the data given in
Table 1 for the elastic constants of some of the alloys most commonly used for the
construction of low temperature equipment.

The design problems created at ordinary temperatures by the relatively low moduli
of aluminium alloys when compared to either austenitic or ferritic steels are also
encountered at low temperatures where stiffness is important. For example, where
shell bending is a significant design limitation, as in a column subjected to a
lateral air flow loading. In such cases, the higher modulii offered by, for example,
the austenitic stainless or 9% nickel steels would allow either stiffer structures forthe same section or thinner sections for the same thickness.

3. Yield and Plastic Deformation in Metals and Alloys with Face-Centred-Cubic

Crystal Structures

a) Copper and Nickel Based Alloys

These alloys were widely used in the early days of low temperature physics because
of a combination ot wide availability and ease of machining into the complex shapes
needed, but above all because of the reliability with which soft and hard soldertJ
leak-free joints could be made. In fact, in applications such as paired tube and high
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pressure heat exchangers where large numbers of joints have to be made, they are still
the preferred material. In most cases, however, aluminium alloys and the austenitic
stainless steels have replaced copper and nickel based alloys because of theirrelatively
high cost. Nevertheless, it is instructive to start by considering the properties of
copper because it demonstrates very clearly the basic characteristics of f.c.c. metals
which make them so useful at low temperatures. In Fig.l a series of engineering
stress-strain curves are shown for oxygen-free high-conductivity copper tested at and
below 300K. The following characteristic features should be noted.

i) Yield is a gradual process and the yield stress is relatively unaffected
by changes in temperature.

ii) The strain hardening rate (slope of the stress-strain curve after yield),
the ultimate tensile stress (maximum point in the curve) and the total plastic
elongation all increase as the temperature falls. Thus the metal becomes both
stronger and more ductile at low temperatures essentially because it i- able to
accommodate a greater degree of strain hardening before the onset of necking
(plastic instability).

iii) The large drop oft in measured stress between the onset of necking and final
failure is indicative of a large reduction in area and hence a very ductile
type of fracture at all temperatures.

In Fig.2 this data is cross-plotted to illustrate more clearly how the major
parameters vary with temperature. A band of values is given for the yield stress in
order to represent the effects of impurity concentrations and residual stress levels
normally found in commercially pure coppers, the purest samples having the lowest and
least temperature-dependent yield stresses. Also shown in Fig.2 are the trends for
samples which have been heavily cold worked and it can be seen that even in this condi-
tion the ultimate tensile stress increases more rapidly with decrease in temperature
than does the yield stress. It is this combination of increase in ductility and tcnslZe
strength, together with the relative temp-rrature-ineeneitivity of the yield stre ss, that
is the definititvcharacteristic of face-centred-cubic mctals and alloys which makes them
so eminantly suitable for use at low temperatures.

As noted above the yield strength of commercially pure copper may be increased by
work hardening but further gains can only be achieved by alloying. Copper-zinc alloys
containing less than 39% Zn have an f.c.c. structure and these a-brasses are widely
utilised for the construction of small cryogenic appliances, reference to the data
given in Table 2 showing that the strengths and the ductilities of these alloys increase
at low temperatures. Further improvements ii--trength can be achieved by cold working
but only at the expense ot a marked decrease in ductility at room temperature: even
in the cold-worked state the ductility may be seen to improve at lower temperatures.
Alloy concentrations in excess of 39% Zn give rise to a-e brass or Munrz metal which is
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Table 2. Typical mechanical properties of some copper and nickel alloys.

Material and Tempe- Yield Tensile Elong- Reduc- Impact Comments Source
condition rature strength strength ation tion in energy

(K) (MHP) (MPa) (1) area (J)

Oxygen-free, 300 75 222 54 86 70.5 NBS
high-conductivity 19S 80 270 53 85 77 Charpy V Monograpt
copper (annealed) 76 88 360 60 84 88 (1 size) 63

70 Cu-30 Zn 300 l197 359 50 - 88 NBS
cartridge brass 195 190 393 56 - 92 Izod Monograpt
(annealed) 76 207 531 76 - 108 13

70 Cu-30 Zn 300 427 656 14 58 21 NBS
cartridge brass 195 443 695 17 62 21 Charpy V Monograph
(I hard) 76 473 807 28 63 21 63

71 Cu-28 Zn-i Sn 300 72 307 86 81 152 NBS
Admiralty brass 195 86 341 91 79 153 Charpy V Monograp
(annealed) 76 128 445 97 73 155 101

97.7 Cu-2 Be 300 1007 1296 6 - 7 NBS
0.3 Co,Beryllium 195 1117 1313 7 8 Charpy V Monograph
copper (age-harden- 76 1207 1482 9 - 9 13
ed)

70 Cu-30 Ni 300 128 400 46 68 157 NBS
cupronickel 195 152 469 49 70 155 Charpy V Monograph
(annealed) 76 221 617 52 69.5 155 101

Nickel, 300 103 421 45 65 126 NBS
commercial purity 195 124 483 44 65 117 Charpy V Monograph
(annealed) 76 138 621 60 =75 117 (1-size) 13

Inconel 300 851 905 17 58 104 NBS
(20% cold drawn) 195 910 988 20 58 122 Charpy V Monograph

76 1038 1160 26 62 113 63

Monel 300 193 524 50 - 292 NBS
(annealed) 195 207 586 45 - 297 Charpy V Monograp

76 331 779 65 - 293 13

stronger but less ductile than a-brass and may be used with care down to liquid nitrogen
temperatures. Caution should be exercised if leaded free-cutting brasses are to be
employed, especially if they are hard-soldered as this can lead to porosity and the
liability to leakage.

Finally, it should be noted that the precipitation-hardened berylium coppers (and
berylium brass) can exhibit very high strength characteristics while still retaining
thermal conductivities not vastly inferior to that of some commercially pure coppers.
This combination of high strength and conductivity make berylium copper extremely
valuable for the construction of articles or inserts in which high heat fluxes are
involved or where thermal gradients have to be kept to a minimum.

Commercially pure nickel is rarely found in low temperature applications but two
of its alloys, Monel and inconel are used where their excellent corrosion resistance,
high strength and low thermal conductivities can justify their high costs. For example,
in the petrochemical industry Monel valves are employed in situations where corrosive
fluids are handled at high and low temperatures, but it is difficult to torsee such
applications in a cryogenic wind tunnel project. Nevertheless, data for these alloys
is included in Table 2 for completeness.

b) Aluminium and its Alloys

These now form a very important class of materials for low-temperature use and
their relatively stable price and good availability suggest that their importance is
likely to continue especially for shop-fabricated, volume-production applications.
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Pure aluminium has high electrical and thermal conductivities and it has replaced copper
in many instances where these characteristics are required. Its alloys are widely used
where moderately high strengths combined with high toughness and low density are neces-
sary, such as in road and rail transporters for liquid gases, as well as in static liquid
storage tanks. Aluminium alloys may conveniently be divided into two groups according to
the basic metallurgical strengthening mechanism involved: (1) the solution-hardened alloys,
which are very ductile but only moderately strong in the annealed state (although their
strengths can be improved by cold working), and (2) the precipitation-hardenable types,
which can be heat treated to give considerably higher strengths.

Of the solution-hardened types, those containing manganese as the ma6n alloying

addition (3000 series) have only moderate strengths, but they are very ductile and hence
easily formed. Type 3003 is used for tubes, bends, junctions, plate fin heat exchangers,
tube plates and trays, as well as in distillation columns and many other applications.
Their role in heat exchangers arises largely because they can be dip-brazed in molten
salt baths using aluminium-silicon eutectic alloys. They can also be extruded and cut
with roller cutters, characteristics which are advantageous for volume production. They
can be cold-worked for higher strengths, but, as they are so often used in the welded or
brazed condition where these advantages would be lost, it is more usual to use one of the
higher-strength alloys where necessary.

The aluminium-magnesium alloys (5000 series) have higher strengths than the 3000
series and they are widely used for the construction of land-based storage tanks, road
and rail transporters and for the primary containment of liquid natural gas in LNG ships.
Type 5083 alloy is, in fact, the largest-tonnage alloy in cryogenic service largely due
to its combination of moderately high strength with excellent weldability. Gas-metal-arc
and tungsten-metal-arc systems have been used to weld plates up to 175mm thick even in
the as-welded condition its full strength is retained thus giving it an advantage over
the higher strength 2000 and 7000 heat-treatable alloys if post-weld heat treatment is
not possible. Additional strength can be achieved in the 5000 series alloys by cold-
rolling but the consequent loss of ductility is not always acceptable.

Aluminium-magnesium-silicon alloys (6000 series) have the lowest strengths of the
heat-treatable types and, in general, they are the only ones used outside the aerospace
industry. Type 6061 in the T6 condition is stronger than the 3003 and 5083 alloys but
its strength in the as-welded condition drops below that of the solution hardened alloys.
It is generally available in the forms of pipe, pipe fittings, extruded tubing and other
shapes.

The aluminium-copper alloys (2000 series) have higher strengths than the Al-Mg-Si
types but their toughness, especially their notch toughness, begins to fall seriously at
low temperature and they are not widely used. Moreover, they are often considered to be
less easy to weld reliably. Nevertheless welded Type 2014-T6 was employed in the con-
struction of the liquid-oxygen and liquid-nitrogen fuel tanks for the Saturn V Rocket
where its high strength/weight ratio proved advantageous.

Finally, the very-high-strength
aluminium-zinc-magnesium alloys (7000
series) are rarely, if ever, used at low
temperatures, especially below 77K, where
they have very low notch toughness.
These alloys in fact provide a convenient
illustration of the fact that even though
they have f.c.c. structures and fail by
shear not cleavage, their strengths reach
such high values at low temperatures that 800
their toughness falls drastically. This Al-Zn-Mg alloy (heat-treated)
point will be reconsidered briefly later.

The general relationship between 600

temperature, alloy strength and ductility
is summarized by the three families of 40 Al-Zn-Mg alloy (untreated
stress-strain curves illustrated in Fig.3.
As can be seen pure aluminium has low -
yield and tensile strengths but a high 200 pure aluminium
ductility at all temperatures. In the
unhardened form its alloy has a mod- 'V'
erately high yield stress and reasonable 0
ductility, both of which increase at low
temperatures. In the heat-treated form 0 10 20 30 40 50
the yield strengths have increased enor- Strain, 7
mously but the ductility has dropped to a Fig.3 Stress-strain curves for pure alminium
low value at room temperature and is and an AI-Zn-Mg aluminium alloy tested
almost non-existent at 4K. Toughness at i) 300K, ii) 78K and iii) 41Z.
tests would almost certainly reveal that
in its heat-treated state this alloy would
be unsuitable for use below room tempe-
rature.

Aluminium and its alloys have a few
drawbacks when compatibility is being
considered. They are not suitable for use
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Table 3. Typical mechanical properties of aluminium and some of its alloys.

Material and Tempe- Yield Tensile Elong- Reduc- Impact Comments Source
condition rature strength strength ation tion in Energy

(K) (MPa) (MPa) (s) area (3)
(1)

Commercially annealed, 0
pure aluminium
3S1470-77 300 48 93 46 88 31 NBS

IC 195 50 114 50 86 38 Charpy V Monograph
AAA 1100 76 62 190 56 81 47 (1-size) 63

half hard, H 14

300 110 124 20 - 98 NBS
195 121 134 23 - 119 Charpy V Monograph
76 124 193 42 - 144 13

Al-l.S% Mn max. annealed, 0
BS1470-77 300 41 108 43 81 - NBS
N3 195 50 131 45 80 - Monograph
AAA 3003 76 S9 223 49 76 - 13

full hard, H 18

300 184 210 9 34 - NBS
195 202 230 11 44 - Monograph
76 230 295 23 46 - 13

Al-2.8 Mg max. annealed, 0
BS1470-77N4 300 99 201 33 72 136 Charpy V NBS
AAA 5052 195 99 211 41 76 102 (material Monograph

76 116 309 50 69 75 in F. as- 13

rolled, condition)

half hard, H 34
300 183 238 10 - - NBS
195 183 245 18 - Monograph
76 207 345 38 - 13

Al-3.9i Mg max. annealed, 0
BS1470-77 300 118 243 29 66 133 NBS
N5S 195 119 252 35 73 113 Charpy V Monograph

76 135 353 42 60 71 13

quarter hard, H 32
300 231 303 12 - NBS
195 231 296 16 - Monograph
76 269 400 33 13

Al-4.9% Mg max. annealed, 0
BS1470-77 300 150 313 23 35 - NBS
N8 195 146 324 27 47 Monograph
AAA 5083 76 164 434 33 38 - 13

strain hardened, H 113

300 281 343 15.5 29 - NBS
195 291 359 19 40 - Monograph
76 334 467 25 36 - 13

A1-1.2 Mg-0.8 Si solution treated and artificially aged
BS1470-77 300 270 306 18 56 22 NBS
H 20 195 290 335 19.5 54 22 Charpy V Monograph
AAA 6061-T6 76 330 412 24.5 51 22 63

if alkalis may be present either as contaminants in the process fluids or for cleaning as in
synthetic ammonia plants. Indeed, cross contamination by heavily polluted industrial or
marine atmospheres has been shown to cause the premature failure of air separation equipment
made from aluminium. Aluminium alloys have been safely used in conjunction with liquid oxy-
gen (LOX) for many years, and it may be assumed that they are generally LOX compatible.

. . . .. . .a
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Table 4. The stability of some 300-series stainless steels (Data from International
Nickel Co.)

Type Intrinsic permeability at 300K Composition Tensile strength
(w = 1)(H = 200 gauss) Ni Cr Other major after cold rolling

After cold rolling After thermal (M) (%) additions (MPa)
at 300 K cycling to 77 K (%)

310 0.005 (64% c.r.) 0.005 20.7 24.3 - 1328

316 0.01 (84% c.r.) 0.004-0.01 13.4 17.5 2.4 Mo 1338

347 3.12 (90% c.r.) 0.004-0.01 10.7 18.4 0.95 Nb 1493

321 8.4 (70% c.r.) 0.004-0.01 10.3 18.3 0.68 Ti 1388

304* 3.7 (84% c.r.) 1 10.7 19.0 - 2088

301 18.0 (55% c.r.) large 7.8 17.6 1533

* The nickel content of this sample of 304 is higher than normal for the alloy.

even though laboratory tests show that under extreme conditions ignition can occur. The

mechanical properties of a few selected aluminium alloys are given in Table 3.

c) Invar

We have already noted the unique thermal expansion characteristics of Invar, an iron
- 36% nickel alloy sometimes known as Nilo 36: it is also relevant in this context as
the presence of 36% nickel ensures that the alloy has a stable free-centred-cubic struc-
ture. It combines a moderately high strength with good ductility and toughness and it is
readily welded using gas- and tungsten-metal-arc methods, if filler rods which prevent
contamination by sulphur and selenium are utilised. The resultant welds have thermal and
mechanical properties which match those of the parent metal. Invar is available in the
product forms of plate, sheet, strip, bar and tube, as well as billets and forgings: for
low-temperature applications it is normally used in the annealed condition. A brief
summary of its mechanical properties is given in Table s.

d) Austenitic Stainless Steels

This is one of the most important class of materials used in the construction of
equipment for operation at low temperatures: examples cover a wide variety of applica-
tions including; small laboratory scale experiments and cryostats where thin walled tubes
are used to minimise heat in-leaks, precision components such as shafts and rotors for
pumps and turbines, large static and transportable vessels for the storage of cryogenic
fluids such as helium, hydrogen, nitrogen and oxygen and the very high strength/weight
fuel tanks used to contain liquified hydrogen and oxygen for space rockets. The face-
centred-cubic gamma phase of iron is normally only stable at high temperatures, but the
addition of alloying elements such as nickel, manganese, carbon and nitrogen suppresses
the y-a transformation and enables the austenitic y phase to be retained to room tempera-
ture and below. The y structure is, however, only metastable and under certain conditions
of stressing and/or cooling a partial transformation to martensite can take place in some
of the less highly alloyed steels such as type 304. Two martensitic phases are formed
having h.c.p. and b.c.c. structures respectively, and it is the b.c.c. form which leads
to an increase in strength but loss of toughness in the transformed state. Furthermore,
b.c.c. martensite is ferromagnetic and its presence is a severe disadvantage in applica-
tions where magnetic fields are present. Finally, to make matters even worse, the trans-
formation is accompanied by a volume expansion which can spoil the fit of accurately
machined components such as shafts and flanges.

In general, the most stable steels are those with the highest nickel contents such
as the 25-Cr 20-Ni type 310 wrought alloy and the analagous casting alloys CK20 and
Kromarc-55 which have been used to cast large components for cryogenic bubble chambers.
Typical mechanical properties for type 310 are given in Table 5 and it may be seen that
its main disadvantage lies in its rather low yield strength of about 200 MPa at room
temperature. If some loss of ductility can be tolerated this may, however, be raised to
about 500 MPa by cold working without either a significant drop in toughness or trans-
formation to martensite. Because of its high nickel content type 310 is more expensive
than other 300 series stainless steels and it is somewhat more difficult to obtain in a
wide range of product forms than the more popular alloys.

In most other 300 series austenitic stainless steels some degree of martensitic
transformation may be induced by stressing or thermal cycling. The ferromagnetic nature
of b.c.c. martensite allows its existence to be established very simply by the use of a
small pocket magnet, while a somewhat more sophisticated, and hence expensive, variation
on this theme uses a calibrated spring balance to measure the force required to remove a
magnet from the surface of the sample. Some models even have the scale directly cali-
brated in I martensite and thus save the user the need to do any calculations!
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In a series of experiments carried out by the International Nickel Company the
magnetic permeability of a series of austenitic stainless steels was measured before
and after cold rolling at 3000 K and also after thermally cycling between 300K and
77K. The results of these experiments are shown in Table 4 and it can be seen that type
310 shows no transformation while type 301 is strongly effected by both treatments. The
samples of 316, 321 and 347 show an increasing tendency to transform during cold rolling
but they are relatively unaffected by thermal cycling. Type 304, one of the most widely
available of all the austenitic stainless steels, has the greatest variability in its
behaviour and Gunter and Read (14 ) have shown that small decreases in the carbon and
nitrogen contents can be very harmful as both elements are strong austenite stabilisers.
It is, therefore, worth noting that the recently developed Hi-proof grades of 304, 316
and 347 which contain 0.2% nitrogen to increase their yield strengths by about 7OMPa,
will also be very much more resistant to martensite transformation than the normal
grades. In contrast the low carbon grades of 304 used to prevent weld decay will be
least resistant to martensitic transformation! When the nitrogen bearing grades 304N,
316N and 347N become more readily available in the product forms required, they will
offer probably the best combination of properties available for low temperature appli-
cations from any austenitic stainless steel and their use should be encouraged. Regret- L
tably they are, at present, very difficult to obtain in small quantities and in forms

other than sheet and plate.

A further point worth noting from the results of these experiments concerns the
effect of thermal cycling. If the ferromagnetic nature of a partially martensitic 300
series steel is not a drawback for a particular application which demands good dimen-
sional stability, it is possible to ensure that transformation is complete before final
machining. This may be achieved by cycling repeatedly between 300K and 77K, if neces-
sary taking measurements after each few cycles, until no further significant dimensional
changes occur.

One problem often associated with austenitic stainless steels is weld decay, a
tendency to intergranular cracking in a band situated about 5-10mm on either side of the
weld zone. It is caused by the diffusion, at temperatures between 650 and 85OOC, of
uncombined carbon to form chromium carbides which deposit in the grain boundaries,
"sensitise" them and seriously lower the impact resistance of the material at low tempe-
ratures. Furthermore, the chromium which forms the carbides has been taken from the
region of the grains next to the grain boundaries, thus locally decreasing the chromium
concentration to below the level necessary to provide a self repairing oxide film. Rela-
tively mildly corrosive service conditions can then induce intergranular corrosion and
failure sometime after the welded component has entered service. One traditional method
of avoiding weld decay is to reduce the carbon content to less than 0.021 as in the L
grades of 304 and 316 but, as noted earlier, this will make them more liable to marten-
sitic transformation unless the nitrogen content is increased correspondingly. One other
way of preventing weld decay is to add strong carbide formers such as niobium and titan-
ium which combine preferentially with the excess carbon and thus stop it from depleting
the chromium. There are, however, some disadvantages to this technique. The titanium
stabilised type 321 steels can suffer from a problem known as "titanium streaking" if
the titanium does not disperse evenly throughout the steel but instead concentrates in
discrete particles. If these particles are of a size comparable to the thickness of the
material, as may happen in the case of the thin walled tubes often used in cryostats,
then porosity can develop. It is, therefore, prudent to inspect thin wall tubing using
dye penetrant or other techniques before accepting delivery. Care has also to be taken
when these steels are welded in order to ensure that the titanium is not oxidised and
thereby rendered ineffective. Niobium is thus widely used to stabilise the welding
consumables as it is less readily oxidised than titanium, and in the type 347 steels
niobium is used as the stabilising agent itself. Apart from possible problems of "hot
shortness" in thick sections of this material, it is entirely satisfactory for low
temperature applications.

Thus to summarise briefly, the 300 series austenitic stainless steels offer a com-
bination of reasonable strength and high toughness and the) are readily available in a
wide range of product forms. (Representative mechanical properties for some of the more
important grades are given in Table 5). For applications such as valve bodies and pump
casings, Alloy Casting Institute (ACI) types CF8 and CF8M are equivalent to the wrought
alloy types 304 and 316 respectively.

e) Metals and alloys with hexagonal-close-packed crystal structures

The mechanical properties of these metals vary considerably at low temperatures:
zinc is completely embrittled just below room temperature, while cadmium and indium
retain their very high ductilities even at 4K (pure indium wire is sometimes used as a
gasket to seal flanged and bolted joints at low temperatures).

The low density and good strength/weight ratio of magnesium alloys
has led to their use at moderately low temperatures in aircraft components, but they are
really only suitable for use as constructional materials at lower temperatures in appli-
cations where their notch sensitivity, low ductility, and poor impact strength can be
tolerated. Typical mechanical properties for some magnesium a1loys are given in Table 6.
It is, however, titanium and its alloys with their very high strength/weight ratios that
have excited the most interest for very low-temperature aerospace applications. Both
yield and tensile stresses of titanium alloys rise rapidly at low temperatures, while
their ductilities are strongly dependent on the concentration of interstitial impurities
present. Oxygen in particular causes severe loss of ductility and toughness if present
in concentrations in excess of approximately 0.12% and special ELI (extra low intersti-
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Table S. Typical mechanical properties of some austenitic stainless steels.

Material Tempe- Yield Tensile Elong- Reduc- Impact Comments Source
and condition rature strength strength ation tion Energy

(K) (MPa) (MPa) (S) in area (J)

()

Invar, Nilo 36 300 290 510 27 - 300 LNG
(annealed) 195 435 675 31 - 215 Charpy V Materials

77 650 935 30 - -& Fluids

Invar, Nilo 36 300 630 650 21 62 37 NBS
12-15% (cold 195 725 790 29 60 33 Charpy V Monograph
drawn) 77 920 1080 27 61 31 63

Stainless steel 300 220 580 59 71 95 NBS
Type 310 195 300 740 72 68 92 Charpy V Monograph
(annealed) 77 525 1080 68 50 68 (1 size) 63

Stainless steel 300 470 650 35 - - NBS
Type 310 195 550 780 50 - Monograph
(cold drawn) 77 800 1210 56 - - 13

Stainless steel 300 241 641 65 83 217 NBS
Type 304 195 324 1089 55 77 163 Charpy V Monograph
(annealed) 77 427 1600 46 71 163 13.RSCf-.

is t

Stainless steel 300 315 590 51 75 61 BSCt
Type 304 N 195 459 1002 66 75 - Charpy V USS1
(high proof) 77 700 1557 47 63 27

Stainless steel 300 241 586 74 - 168 NBS
Type 316 195 345 841 66 - 185 Monograph
(annealed) 77 517 1269 58 - 166 Charpy V 13

.. .. __ iBSCt

Stainless steel 300 340 620 - - 54 Charpy V BSCt
Type 316 N 77 - - - 27
(high proof)

Stainless steel 300 255 606 64 - 212
Type 321 (0.4S Tio 195 289 999 43 - 190 Charpy V BSC
annealed) 77 289 1517 36 - 133 USS

Stainless steel 300 248 627 50 74 -
Type 347 (0.9% Nb, 195 260 931 51 70 - USSt
annealed) 77 295 1310 43 63 -

Stainless steel 300 1515 1660 15 35 -NBS

Type 301 195 1520 1850 17 35 - Monograph
(extra hard) 77 1870 2250 19 34 -13

t British Steel Corporation

t United States Steel Inc.

Note: Data for some of the steels in Table S have been obtained from more than one source
in an attempt to give as complete a picture as possible: they should therefore be
treated with caution.

tial) grades which guarantee oxygen contents below this figure are now available for cryo-
genic applications. However, when welding these alloys, care must be taken to ensure
that they do not become recontaminated and thereby embrittled.

There are basically three main types of titanium alloy. The a-stabilised h.c.p.
grades such as Ti-SI Al-2.51 Sn are the safest for use down to 4K; one such alloy was
in fact employed in the construction of the liquid-helium pressure vessels used in the
Apollo spacecraft. The O-stabilised b.c.c. grades such as Ti-13% V-i% Cr-31 Al are
rarely used below room temperature because they are too brittle, while the duplex a-0
types such as Ti-6% Al-4% V are only considered safe down to 77K because of insufficient
notch toughness below this temperature.
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Table 6. The mechanical properties of some titanium and magnesium alloys.

Material and Tempe- Yield Tensile Elong- Reduc- Impact Comments Source
condition rature strength strength ation tion Energy

(K) (MPa) (MPa) (S) in area (J)
(M)

ELI grade 300 441 538 22 - 24 NBS
pure titanium 195 579 676 18 - 19 Charpy V Monograph
(annealed) 77 807 993 42 - is 13

Ti-5% A1-2.5 Sn 300 875 925 19 44 24 NBS
a-stabilised h.c.p. 195 1038 1104 13.6 38.5 20 Charpy V Monograph
(annealed) 77 1380 1437 13.8 29.5 40 63

Ti-61 Al-4% V 300 951 1024 16.6 47 37 NBS
duplex a-$ 195 1132 1199 13.9 42 31 Charpy V Monograph
(annealed) 77 1576 1642 10.2 41 21 63

Ti-13% V-11% Cr-3%1 300 946 946 26.5 5b 26 NBS
O-stabilised b.c.c. 195 1261 1264 16.7 47 14 Charpy V Monograph
(solution treated) 77 1885 1927 6.7 21 5 63

Mg-3% Al-li Zn 300 145 248 26.0 - 7.6 ; NBS
ASTM B90 AZ31B 195 174 297 22.5 - 5.7 !Charpy V Monograph
wrought sheet 77 192 371 10.0 - 4.2 13
(annealed, 0)

Mg-3.2% Th-0.6% Zr 300 124 197 36.5 - 5.7 NBS
ASTM B90 HK 31A 195 162 277 24.5 - 5.0 Charpy V Monograph
wrought sheet 77 170 343 23.0 - 4.5 13
(annealed, 0)

f) Metals and alloys with body-centred-cubic crystal structures

As a general rule metals with b.c.c. crystal structures undergo a ductile brittle
transition, this occurring at some temperature which may be above or below room temperature.
There are a few exceptions, for example the alkali metals and b-brass remain ductile down
to 4K, but for practical purposes the potentially brittle nature of b.c.c. metals at low
temperatures puts a severe limitation on their use. However, they cannot be disregarded
as they include the whole range of plain carbon, and low- and medium-alloy, steels which
are economically irreplaceable for the construction of equipment operating at moderately
low temperatures. The basic philosophy behind their successful application lies in en-
suring that they have adequate toughness at their minimum operating temperature for them
to withstand not only their design stresses but also accidental impact and other overloads
without failing in a brittle and catastrophic manner.

In Fig.4 a series of stress-strain curves for a plain carbon steel tensile tested
at a range of temperatures is shown, while in Fig.5 this data is cross-plotted to show
how the yield stress, tensile stress, and elongation vary with temperature. From these
figures it can be seen that the yield stress rises more rapidly than the tensile stress
as the temperature drops. The stress-strain curves also show that the material loses its
ability to work-harden and in consequence the elongation also decreases, slowly at first
but much more rapidly over the temperature range where the yield and tensile stresses
start to coincide. Thus the material undergoes a ductile-brittle transition over this
temperature range, below about 75K for this sample.

The uniaxial tensile test is, however, not severe enough to simulate the more
extreme conditions that the material may be subjected to in service. A better indication
is given by impact tests such as the Charpy V-notch test which combines a high strain
rate with the stress-raising effect of its sharp notch. Fig.6 shows the energy absorbed
in a series of Charpy tests carried out on the same material as that used for the tensile
tests whose results were shown in Figs. 4 and 5, together with the elongation values
obtained from these tests. Although not measuring the same property characteristic as
the tensile test, the increased severity of the impact test is immediately apparent in
the shift of the tough-brittle transition to a temperature of the order of 200K higher
than that of the ductile-brittle transition shown in the tensile test. It can be seen
that this steel is in fact already undergoing its tough-brittle transformation at room
temperature. The scatter shown in the value of the energy absorbed is characteristic of
these tests and is due to the influence of small changes in composition, grain size,
residual stress, notch-root sharpness, etc.

There are many factors which influence the toughness and the impact transition of
a steel, the more important of which are its composition, structure, strength and thick-
ness. From Figs. 5 and 6 it can be seen that the toughness transition coincides with an
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Fig.4 Stress-strain curves for 0.2% carbon Fig.5 Data from Fig.4 cross-plotted to show
steel at indicated test temperatures. variation of mechanical properties

with temperature.

increase in yield strength caused by the fall
120 , in temperature. In general most metallurgi-

Impact energy .i . cal and other factors which strengthen the
material, e.g. cold-work, increased alloy
additions, precipitation hardening, etc.,

100 . 100 also lower its toughness. The only excep-
tion to this rule is the action of grain

40 - -refinement as this increases both the
strength and toughness. Indeed grain

80 30 - 80 refinement is one of the most important
, methods of obtaining toughness in ferritic

3steels at low temperatures, and this is
3 achieved principally by increasing the

manganese concentration relative to that of60 60 the carbon, high Mn/C ratios giving finer
4*. Crystal-k,\ o grained structures. The degree to which

r_ linity n the steel is deoxidised, or killed, by the
0 addition of silicon and aluminium is also

40 40 important, fully-killed steels being tougher,
> but more expensive, than semi-killed steels.

20 Niobium and vanadium are also added to high
MPgrade steels to produce additional grain

0 20 refinement, while careful control of the
.. .aluminium, nitrogen, and vanadium concen-

trations can lead not only to enhanced grain
, -a" * refinement but also to precipitation harden-

0 ing by their resultant nitrides and carbides.
-180 -120 -60 0 60 120 It is, however, the nickel-alloy steels

Temperature, C that are most widely used at and below 220K,
Fig.6 Impact energy, percentage crystallinity the beneficial effect of nickel being illus-and elongation for a 0.2% carbon steel trated in the series of Charpy curves shown

in Fig.7 for a range of nickel steels. In

Britain 21, 31, and 9% Ni steels are readily
available and these grades adequately span

80 _ 2 most required temperature ranges. 21 per
-cent Ni steel is used down to 210K, parti-

/31 /-0 cularly for equipment handling liquid pro-
68 pane at 230K, while 31% Ni steel can be used

60 -- ~down to 170K and is commonly specified for
I, tanks, pipes, and other applications invol-

4 _13 ving liquid ethylene, ethane, acetylene and
40 carbon dioxide. It is, in fact, also often

"/ employed for higher-temperature applications
/ because the additional safety margins given

U20 / by its higher toughness compensate for its
,' / costing marginally more than 21% Ni steel.

A 5% Ni steel is also used quite widely in
0 --. Europe at temperatures down to 150K, par-

-200 -100 0 +100 ticularly in the fabrication of welded
Temperature, C vessels for the handling and storage of

Fig.7 Impact energy transition curves for liquid ethylene.

iron-nickel illoys of compositions The use of 9S Ni steel in thicknesses
shown up to 50mm and at temperatures down to 73K

4,
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without post-weld heat treatment has been allowed since 1962 under ASME code case 1308.
This steel is available in both (1) the quenched and tempered, and (2) the double nor-
malized and tempered conditions, (1) having a marginally higher yield stress and lower
ductility at room temperature: it is unusual in that post-weld heat treatment actually
lowers its toughness and this treatment is therefore not recommended. It is the only
ferritic steel permitted for use at liquid-nitrogen temperatures and it is economically
competitive for the construction of large storage tanks for liquid nitrogen, oxygen,
argon, and methane. Its high proof-stress/tensile-stress ratio gives it a distinct
advantage if design on the basis of proof-stress codes such as BS5500 is permissible,
but even when designing to tensile-stress codes it is still a very economical material.
It is readily welded, but fillers with the same composition as the parent metal must
not be used as such welds lack adequate toughness. Austenitic 25% Cr-20% Ni consum-
ables give tough welds with expansion coefficients that match those of the parent metal,
but whose strengths are lower, whereas the higher-strength Inconel types have mis-
matching expansion coefficients and this can cause high contraction stresses to be set
up during thermal cycling. Thus neither type of electrode is ideal and furthermore
their high cost detracts somewhat from the favourable economics offered by the parent
metal. It should be noted that 9% Ni steel, like other high-tensile steels, is parti-
cularly prone to hydrogen embrittlement and thus precautions have to be taken to pre-
vent hydrogen pick-up during welding or in service. Representative data for the pro-
perties of low alloy and nickel steels used at low temperatures are given in Table 7.

In our discussions of the toughness transition in b.c.c. metals and alloys we have
used the change in energy absorbed in a Charpy impact test to illustrate the temperature
range over which the transition occurs. It is, however, important to realise that,
although impact testing is a valuable quality control technique, it does not give data
that has any intrinsic meaning and which could be used for design calculations. In order
to establish the temperature and stress limits at which any particular grade and thickness
of material may safely be used, it is necessary to carry out an extensive series of
large-scale tests in the as-received, as-welded and stress-relieved conditions on full-
thickness plates. Once valid correlations have been established between the toughness
transitions shown by these tests and those obtained from Charpy specimens cut from the
full-thickness plates, it is then possible to specify the appropriate values of test
temperature and absorbed Charpy energy to be used for quality control purposes. It must
be emphasised that these criteria are only valid for this particular grade of steel and
that different energies and temperatures will be needed for other grades of steel.

Thus, for example, the pioneering work of Pellini and his co-workers on brittle
failure of the ship-plate steel used in the construction of the all-welded liberty ships
made during the 1940's showed that if the plates absorbed a minimum of 15 ft.lb.(20J)
at the operating temperature, failure in service was extremely unlikely and therefore
this was an acceptable quality control for this material. Unfortunately, this led to
the misconception that any steel that absorbed 15 ft.lb. at its operating temperature
would be safe from brittle fracture in service. This is untrue and it is now usual to
specify higher impact energy requirements for the stronger grades of steel. Thus BS.5500,
Appendix D, calls for an energy of 40J for steels with tensile strengths above 45OMPa,
but only 27J for the lower strength grades. The effect of thickness is taken into
account by requiring that specimens taken from thicker sections, where triaxial stresses
will be greater and the toughness lower, should absorb the required energy at lower test
temperatures than that used for thinner sections. Furthermore, as post-weld stress
relief is so beneficial for most steels, impact test requirements are considerably less
demanding for structures that have been heat-treated.

It is worth noting at this stage that examination of the fracture surface of a
specimen broken in the tough-brittle transition range will show that it exhibits both
crystalline (shiny) and shear (dull, fibrous) regions, the crystalline region being at
the centre of the fracture surface. The relative proportions of these two areas change
from 100% crystalline at low temperatures to 100% shear at high temperatures, this
variation also being shown in Fig.6 together with a diagrammatic representation of the
percentage crystallinity at five temperatures over the transition range. A fracture
appearance transition temperature (FATT), defined on the basis of, say, 70 per cent
crystallinity on the fracture surface of a Charpy V-notch test piece, is sometimes used
as a guide to the likelihood of cleavage failure under service conditions, but for
design purposes this criterion would need to be correlated with the results obtained
using full-thickness plates. Care has to be taken to ensure that specimens prepared for
Charpy tests are fully representative of the material. For example, the notches are
always cut in the through-thickness direction for plates as this gives a more reliable
result than would be obtained if the notches were cut in the (tougher) surface of the
plate. Similarly, separate tests are normally carried out for samples cut both parallel
to, and across, the rolling direction.

6. Fracture Toughness

In virtually all materials the presence of a notch or flaw has an embrittling
effect due to a stress concentrating effect at the crack tip. Historically it was
Griffith who first demonstrated the basic relationship between fracture stress and
crack length in glass, but the modern techniques of Linear Elastic Fracture Mechanics
owe their origins to the work of Irwin. It is possible to indicate in this lecture
only the barest of outlines of this subject, in particular the influence of cryogenic
temperatures on the basic parameter K , the Fracture Toughness. Thus the fundamental
relationship of interest to us is:
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= Kc/Iwa + I(Kc/oy)Z1i

where OF is the fracture stress, Kc the fracture toughness, ay is the yield stress and
a the crack length. Note particularly the term (Kc/oy)2 . This gives an indication of the
amount of plastic deformation that takes place in the material ahead of the advancing
crack. If ay is small, (Kc/ay)2 is large and there is a large plastic zone ahead of the
crack tip. Relatively large amounts of energy are absorbed in tearing through this zone
and crack propagation is therefore made more difficult. In contrast, if ay is large
(Kc/oy)2 is relatively small, the plastic zone size is small and little energy isabsorbed by shear deformation.

We have already seen that lowering the temperature causes the yield stress, oy, of
many alloys to increase rapidly and thus if Kc does not increase correspondingly, less
energy will be involved in crack propagation and the material will be embrittled.

The elastic modulus of a material has a strong influence on its fracture mode and
it is possible to divide materials roughly into high-medium- and low-strength types
depending on their ratio of modulus/yield strength. This is shown in Table 8 together
with the resultant strength ranges for steels, aluminium - and titanium alloys.

Table 8. Approximate classification of materials into high-, medium-, and low-strength
types.

Classification Approximate Steels Stress (MPa) Ti alloys
relationships Al alloys

High strength oy>E/150 oy>1250 oy>420 ay>760
Medium strength E/150>ay>E/300 1250>ay>625 420>ay>210 760>ay>380

Low strength oy<E/300 ay<625 oy<210 oy<380

High-strength materials fail in a low energy mode at all temperatures either by shear
rupture or cleavage. Fracture toughness analyses are rigorously applicable for these
materials and they provide the only reliable basis for fail-safe design. To use them
safely the operating stress must at all times be kept below the fracture stress as
determined by the size of the largest flaw that can remain undetected by the non-destruc-
tive testing technique being used.

Medium-strength materials usually have adequate fracture toughness at room tempera-
ture and fail in a shear mode which absorbs a reasonable amount of energy. However some
grades of aluminium, titanium and steel show large increases in yield stress at low
temperatures which can take them into the range covered by the definition of high-
strength materials. Furthermore, their fracture toughness usually drops as an increasing
proportion of their fracture mode changes over to a low-energy-absorbing shear mechanism
and they become "notch-brittle". Fracture mechanics analyses should be used in these
cases to check that serious embrittlement does not take place at the lower operating
temperatures.

The only low strength materials liable to fail in a brittle mode are those, such as
the ferritic steels, which undergo a shear to cleavage failure mode transition at low
temperatures and these we have already discussed. The degree to which they are embrittled
is determined by a combination of many factors which include the composition, plate thick-
ness, strain rate, extent of crack like defects present, the level to which local stresses
are increased at the crack tips and the application of post-weld stress relief. Linear
elastic fracture mechanics does not apply strictly to low strength materials but General
Yield Fracture Mechanics analyses have been developed to the level at which valid
relationships have been established between critical Crack Opening Displacement (COD), 6c,
yield strain, cy, and the critical flaw size, amax. Thus, at failure, amax = constant x
( 6 c/Ey)-constant x (Kc/oy) 1 .

One apparent drawback with fracture mechanics analyses is the variation of fracture
toughness, Kc, with plate thickness, which means that a unique value of fracture toughness
cannot be quoted for a given material. Kc falls off with increase in plate thickness
becausethe triaxial stresses at the centre of the plate become relatively more
important in thicker plates. For an infinitely thick plate it reaches a constant value,
Kic, known as the plane strain fracture toughness, and it is this value which is usually
found in data compilations. Its use for design calculations is therefore a conservative
approach as thinner sections will have higher fracture toughnesses. However, a note of
caution must be sounded here as the fracture toughness of a material can be altered
significantly by the treatment it receives. In particular, welding has a strong adverse
affect especially if post-weld heat-treatments are unsuitable or impracticable.

There are two particular aspects of the cryogenic wind tunnel project which I
believe could benefit from a fracture mechanics approach to their design; the pressure
shell and the model sting/balance system. COD tests have already been used to assess
the toughness of welds made in 9% nickel steel for fabricating cryogenic storage tanks.
Furthermore, it is possible to apply the concepts of fracture mechanics to whole structures

----- M O S
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such as the pressure shell. For example it is possible to relate the sizes of the
largest cracks present in a structure that has been proof loaded to a value higher than
its operating stress, to the value of the proof load. Furthermore, it is possible to
use crack growth data obtained on small scale laboratory specimens to predict the rate
of crack growth in a periodically loaded structure such as the pressure shell, thereby
enabling a value of proof test load to be chosen so as to eliminate the possibility of
crack growth to a critical value during the service life of the vessel. A similar
approach to fail-safe design relies on the so-called "leak-before-break" concept. If
the shell has a wall thickness, t, choice of a material with a critical flaw size signi-
ficantly in excess of the shell thickness, say acrit > 3t, should ensure that an un-
detected flaw grows in a stable manner Zo become an easily-observed, through-thickness
leak before it reaches the critical value for unstable propagation.

It is apparent from a study of the proceedings of the First International Symposium
on Cryogenic Wind Tunnels, that the fracture toughness of materials used for sting
construction is already under investigation. Table 9 includes data from a paper by
Ferris (15) and comparison with Table 8 shows that the yield stresses of most of the
candidate sting materials are high enough to rate them as high-strength materials. The
data given in Table 9 is deliberately limited in extent and included only to illustrate
the correct magnitude of the yield and toughness parameters for some of the materials
likely to be used in the wind tunnel project. A number of reviews giving fracture tough-
ness data at cryogenic temperatures are referenced at the end of this paper.

The significance of these values may be appreciated by recalling from the basi5
fracture mechanics relationship that the citical flaw size is a function of (Kc/oy)
Thus a four-fold increase in fracture toughness is required from the stronger material
to maintain the same critical crack size when comparing materials, one of which has a
yield stress twice that of the other. If the yield stress of the stronger is three
times that of the weaker its fracture toughness would have to increase by a factor of
nine! Looked at in this light the apparently low values for the aluminium alloy are in
fact more than adequate, while the figures for the highest strength steels are somewhat
marginal.

Table 9. Toughness and strength data on some materials of construction.

Material Strength at 300K (C Pa) Fracture toughness (MPa mi) Charpy V (J)

Yield Tensile 300K 77K 300 77

Maraging steel, 1.46 1.49 143 - 49 38
type 200

Maraging steel, 1.79 1.86 121 - 27 18
type 250

Maraging steel, 2.01 2.06 110 - 34 15
type 300

HP 9-4-25 1.28 2.06 162 - 57 34

17-4 PH 1.21 1.31 - - 27 4

9% Ni steel 0.52 0.69 155 155 - -

Stainless, 316 0.24 0.59 370 570 168 166
annealed

Aluminium, 5083-0 0.15 0.31 30 44 - -

7) Time-dependent failure

As has been shown, the fracture stress of a material is strongly influenced by the
presence of cracks and flaws. There are three principal mechanisms by which such cracks
may form or intensify during service: (1) fatigue, (2) corrosion (especially stress
corrosion and corrosion-fatigue), and (3) hydrogen embrittlement. None of these is a
specifically low-temperature phenomenon-indeed the fatigue lives of many metals increase
considerably at low temperatures, while the rates at which most corrosion reactions take
place drop rapidly as the temperature falls - rather they increase the probability of
unstable failure under service conditions which would normally be considered satisfactory.
Their effect is the result of one or more of the following factors:

(1) they lower the toughness of the material;

(2) they provide a mechanism whereby a crack may sharpen and thus increase the
degree of stress concentration: and

(3) they allow a subcritical crack to grow at stresses below the gross yield stress
until it reaches the critical length required for unstable propagation.

Fatigue

Fatigue failure occurs in materials subjected to cyclic or fluctuating stresses which
may or may not be superimposed on static applied stresses. Failure under such loading
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conditions can take place at stresses which are very much 'ower than the tensile or yield
stresseF en in materials which are normally considered to be tough and ductile. Fatigue
must tli.i. ore be considered as a possible mode of failure in any piece of low-tempera-
ture equipment subjected to cyclic loading or vibration (for example pumps, motors, and
turbines), or to periodic changes in pressure (transfer lines, storage vessels, and other
process plant). The severity of the problem may be indicated by the estimate that about
half the failures encountered in general engineering practice are caused by fatigue.

Thermal fatigue is of particular relevance to cryogenic plant, such failures having
occurred in regenerators after a large number of temperature reversals, and in heat
exchangers and other components after a relatively small number of warming and cooling
cycles caused by plant shut-down. The basic cause of this type of fatigue is the high
stresses and strains that can be set up during thermal cycling if temperature gradients
are non-linear or if free expansion and contraction are restricted by external constraints.
In this type of low-cycle, high-strain fatigue, small amounts of plastic deformation take
place during each loading cycle and cumulatively lead to failure.

Fatigue tests carried out at low temperatures have shown that fatigue lives of most
metals rise considerably as the temperature falls. It has already been stated that the
tensile stresses of most metals increase as the temperature is lowered and it has been
found that there is a strong correlation between fatigue strength and tensile strength;
indeed experiments have shown that in some metals the ratio of the endurance limit at
10S cycles to the tensile stress is virtually independent of testing temperature.

Pre-existing flaws, notches, cracks, badly radiused corners and other surface defects
have a strong influence on fatigue lives, causing them to drop sharply at all temperatures
even in materials which are not normally considered to be notch sensitive. This is usually
a result of the increase in stress intensity brought about by the sharp fatigue cracks and
it is particularly severe in high-strength aluminium alloys, titanium, and stainless steels
which are known to be notch sensitive.

As noted earlier, it is possible to apply the concepts of fracture toughness to
crack growth under cyclicly applied stresses and many data compilations (e.g. i ) show
the relationship between crack growth rate da/dN as a function of stress intensity
factor range AK. Predicted component lives are then obtained by calculating how many
cycles are required to increase the flaw size from its initial to critical value. In
general, fatigue crack growth rates decrease at low temperatures for most metals normally
used for the construction of cryogenic equipment. In contrast they increase for ferritic
steels at temperatures below the ductile-brittle transition.

Corrosion fatigue can be a problem with some low temperature equipment particularly
if it is frequently cycled between low and ambient temperatures. In the presence of even
mildly corrosive environments large reductions in the endurance limits can occur even
though the amount of metal corroded is negligible. Some aluminium alloys are especially
prone to corrosion-fatigue, ordinary moist air causing some deterioration, while salt-
laden atmospheres are particularly harmful. Premature failure has been known to occur in
air separation plants located by the sea or near chemical plants and if such conditions
are liable to be encountered it is necessary to apply a protective coating to the metal
or to specify a material such as stainless steel, which is less susceptible to this type
of failure.

Corrosion and embrittlement

These are two mechanisms by which failure can occur without warning long after the
initial application of the stress and they can cause failure at low temperatures even
though the actual corrosion or embrittlement is more likely to have taken place at or
above room temperature. Stress-corrosion resulting from internal residual stresses is
liable to occur in brass, aluminium, magnesium, titanium, and steel as well as some non-
metals. It is usually prevented by annealing at a temperature high enough to remove the
residual stresses without weakening the material. Hydrogen embrittlement is a particular
probiem in high-strength steels such as 9% Ni steel. The hydrogen is usually absorbed
during pickling and plating processes or during welding, and, although the hydrogen can
sometimes be removed from steels by baking at 350/°C, it is better to prevent its initial
pick-up where possible.

8) The effect of temperature on the mechanical properties of ceramics and glasses

As noted earlier these materials typically have amorphous structures and they are
unable to deform plastically and relieve stress concentrations caused by microcracks in
their surfaces. They fail in tension at relatively low stresses at all temperatures and
their use in bulk form at low temperatures is limited. Glass Dewar flasks are however
still used for storing small quantities of cryogenic fluids and large plate glass windows
are employed as viewing ports in cryogenic bubble chambers. Careful thermal annealing to
remove surface cracks and residual stresses is essential for these applications, while
thick sections have to be cooled extremely slowly to avoid failure due to differential
contraction or thermal shock. Ceramics and glasses are stronger in compression than in
tension because the microcracks are propagated by tensile stresses and residual compres-
sive stresses are often induced in the surfaces of glass plates to toughen them. In a
similar manner concrete structures, which are also brittle in tension, can operate satis-
factorily at low temperatures if kept in compression and large liquid-natural-gas storage
tanks have been constructed in which the concrete is maintained in compression by steel
reinforcing rods placed in tension around the warmer outside of the tank. For smaller
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Table 10. Glass transition and LOX compatibility of some common polymers.

Common name Synonyms or State Glass LOX Comments
trade names at transi- compati-

roomt tion bility
tempe- tempera-
rature ture, Tg(K)

Natural rubber Cis-l, 4-poly- E 203 No Crystallizes rapidly below
isoprene, NR room temperature

Butadiene rubber 'High-cis' poly- E 173-203 No Low temperature resilience
butadiene, BR of solution and emulsion

polymerized BR better than
NR

Styrene/butadiene Buna S, SBR E 215-235 No Low temperature resilience
rubber falls off with increase in

styrene content, not as
good as NR

Nitrile rubbers Acrylonitrile/ E 221-248 No Low temperature resilience
butadiene copolymer, falls off with increase in
Buna N, NBR acrylonitrile content, not

as good as NR
Carboxylated Hycar E <173 No Terpolymer with improved
nitrile latex low temperature properties
Chloroprene Neoprene E 230-243 No Excellent resistance to
rubbers most oils, greases and

halogenated hydrocarbon
refrigerants; cloth-
inserted sheeting best for
gaskets

Ethylene/propylene E 215-221 No GQod low temperature flexi-
rubber bility and abrasion resis-

tance
Butyl rubber Isobutylene/iso- E 210 No Low temperature resilience

prene copolymer inferior to NR; cloth-
inserted sheeting best for
gaskets

Polysulphide Thiokol ST E 223 Moderate Outstanding solvent and
rubber oil resistance but poor

strength
Polyurethane E 203-238 Moderate Can be formulated as an
rubber elastomer, coating, or

adhesive
Silicone Polydimethyl- E 150-160 Moderate Good chemical and oxidation
rubbers siloxane resistance but high cost;

most suitable true elasto-
mer for low temperature use

Fluoro-rubbers Fluorel E 220-250 Good Oil resistant, chemically
(i) vinylidene Viton A inert, good oxidation
fluoride/hexafluo- resistance
ropropylene copolymers
(ii) Nitroso rubber E 222 Good Incombustible in gaseous

oxygen

Polytetrafluo- PTFE, TFE, TP 400(Tg) Complete Expensive but irreplaceable
roethylene Teflon 160(tgg) for low-temperature service;

fabricated by cold pressing
and sintering

Fluorinated FEP TP - Complete Can be moulded and extruded,
ethylene/propy- better impact strength than
lene copolymers PTFE

Polychlorotri- PCTFE, Kel-F TP 490(approx)Complete Less ductile but tougher
fluoroethylene than PTFE at very low

temperatures
Polyvinylidene PVDF, Kynar TP 230(approx) Good Stronger and tougher than
fluoride PTFE or PCTFE at low tempe-

ratures; allows thinner and
more flexible seals

Polyvinyl PVF, Tedlar TP - Good Widely used as barrier
fluoride layer film; good flexibility

Continued at low temperatures
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Common name Synonyms or State Glass LOX Comments
trade names at . transi- compati-

room tion bility
tempe- tempera-
rature ture, Tg(K)

Polyethylene tere- Mylar,Terylene TP 340 Moderate Widely used as film or
phthalate fibre, strong and tough

down to very low tempera-
tures

Polyimide H film, Kapton TP - Moderate Originally developed for
superior high-temperature
performance; good flexi-
bility at low temperatures

Polyamide Nylons, (hexa- TP 323 No Widely used as engineering
methylene adipa- plastics ap room tempera-
mide - Nylon 6.6) ture; embrittles at lower

temperatures

Polyethylene (low-density TP 153-173 No Retains excellent toughness
LDPE) to below 200K but very high

thermal contraction

Ethylene/vinyl- EVA TP <200 No Retain flexibility and
acetate copolymers toughness down to approx.
lonomers Surlyn A TP <180 No 200K. Crosslinked by ionic

bonds to increase toughness
flexible down to <200K.

Polypropylene PP TP 255 No Stronger than polyethylene
at room temperature but
embrittles at moderately
low temperatures

Polyvinylch- PVC TP 360(approx) No Rigid PVC embrittles at
loride approx. 240K but plasti-

cized PVC flexible down to
220K

fEielastomer; TP=thermoplastic

scale applications such as the floors of loading bays for cryogenic liquid road tankers
it has been found that high-aluminous cements such as Ciment Fondue are much more resis-
tant to shattering by thermal shock than is ordinary Portland cement.

9) The effect of temperature on the structure and properties of thermoplastics

and thermosetting polymers
characteristic time (log 1/frequency)

The mechanical properties of thermoplastics I t (to I/freq"ency)
are very dependent on the temperature and rate at -glassy itrangition rubbery
which they are loaded, these characteristics being region
a direct consequence of the long-chain molecular
structure of thermoplastics and elastomers.
(Elastomers are basically lightly cross-linked
thermoplastics which are able to undergo large modulhs
amounts of reversible deformation at room 0
temperature because their molecular chains =
vibrate and move freely). As the temperature0
falls the interchain bonding forces effectively
strengthen, and chain movement becomes more -da pin
difficult until at the glass transition, Tg, fficient

it ceases. As can be seen from Fig.8 there is a V
large increase in the elastic modulus during this I
transition, which occurs over a temperature range ,.

of about 10-50 oC somewhere between I and 2/3
of the melting point. Below this transition the
material is effectively an organic glass; it is
very brittle and it is no longer able to respond
to dynamic stresses. Indeed, as may also be seen
from Fig.8, an increase in the frequency of a Temperature (00K intervals)
cyclicly applied load can alsc cause a change Fig.8 Shear modulus and damping coefficient
from rubbery to glassy behaviour in a thermo- of a typical polymer as a function of
plastics material, a tenfold increase in fre- tpa podyfequenc
quency (or strain rate) being equivalent to a temperature and frequency.
tO K drop in temperature. Furthermore, the
damping capacity of the material is at a maximum
midway through the glass-rubber transition and hence for critical applications the damping
capacity of a component could be optimized by the choice of a thermoplastics material with
the appropriate glass-transition temperature.
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Any polymer which is solid at room a) :b) 0-ring compressed
temperature (300 K) will be below its glass into groovetransition at 150 K and hence it will be followerioroincapable of forming a seal capable of unco-pres-

responding to a dynamic load. (Seal sed 0-rinl
designs suitable for carrying static loads groove_
at low temperatures will be considered
further later). Depending on the type of
loading cycle, the lowest useable working
temperature of an elastomeric material is
about 10-30 K above its glass-transition
temperature, and in Table 10 values of T
are given for several elastomers and thefmo- c) stainless steel
plastics of interest for cryogenic appli- flange
cations.

The problem becomes even more compli-
cated if these materials are needed in
applications where liquid oxygen (LOX) is
present, as virtually all hydrocarbon-
based polymers are incompatible with LOX
and burn violently in its presence. The
polysulphides, silicones and fluorosili- indium
cones are more LOX compatible, but it is sa
only the fluorocarbons that are completely
satisfactory in this respect. The LOX Be bronze bolt
compatibility of selected polymers is
given in Table 10. Fig.9 Two designs of demountable cryogenic seal

Temperature, strain rate and the a) a b) after Weitzel et al (29)
degree of stress concentration are to-
gether responsible for determining whether c) after Solyanko et &l (30)
or not a given thermoplastics material
will be tough or brittle when stressed.
If conditions are such that the polymer
chains are able to flow past each other and allow deformation, the material will tend
to be tough; if chain movement is severely restricted it will be more likely to fail
in a brittle manner. Brittle failure will, in general, occur more frequently at low
temperatures, high strain rates, and large stress concentrations caused either by the
applied loading system or set up during manufacture. In this context low temperatures
and high strain rates are essentially those which cause the working range of the material
to lie in the glass-rubber transition as discussed above.

Fabrication techniques can have a strong influence on the toughness of thermo-
plastics components, particularly their sensitivity to notches and flaws. For example,
considerable preferred orientation occurs during injection moulding or extrusion, with
the polymer chains tending to lie along the flow direction. In consequence the material
is usually much tougher when a notch lies perpendicular, and the applied stress is
parallel to the flow direction than it is when the notch is parallel, and the applied
stress is perpendicular to the preferred orientation. Furthermore the toughness falls
markedly if the processing temperature drops below, or rises above, the optimum working
range; also, the rate at which a component cools affects its degree of crystallinity,
lower cooling rates giving increased crystallinity and in general decreased toughness.
Batch to batch variation in the average molecular weight of the polymer can also affect
the toughness of the resultant mouldings.

Good design also plays an important role in ensuring toughness, as thin sections of
a component have better impact resistance than thick sections and thermal shock is more
of a problem in thicker regions. Abrupt changes in section and sharp corners should also
be avoided as they lead to unnecessarily high stress concentrations; better designs
would have gradually varying thickness and generously radiused corners.

Fluorocarbons and their use as seals.

The fluorocarbon family of polymers, polytetrafluoroethylene (PTFE, TFE, Teflon),
the fluorinated ethylene/propylene copolymers (FEP), and polychlorotrifluoroethylene
(PCTFE, Kel-F), are excellent electrical insulators almost completely inert to most
chemicals and solvents, useable for long periods at high temperatures, and also possess-
ing valuable non-stick and low-friction characteristics. Furthermore, they are the only
materials which retain any measureable ductility (= 1%) down to 4 K. This is a result
of their unique molecular structure in which crystallites are formed having a tight
spiral formation of fluorine and chlol ne groups which are unable to pack closely to-
gether, thus preventing the material from having a strong glass transition. Although
these materials are not elastomers, their ability to undergo enough pla.tic deformation
to form a satisfactory seal makes them invaluable for use at temperatures down to 4K.
They do however suffer from a tendency to cold flow under continuous load, and seals are
thus liable to leak unless the load can be increased to compensate for the cold flow.
Filled-PTFE compositions have been developed to overcome this problem, glass-fibre being
most commonly used for 0-rings and gaskets, while graphite, bronze and other powders are
also used for bearing applications. Glass fibre improves the tensile and compressive
properties of the materials while the PTFE gives it sufficient ductility to accommodate
plastically the strains developed. Furthermore, the thermal contraction of the compo-
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site is reduced from the high value characteristic of unfilled PTFE so that the expan-
sion of the composite is more compatible with that of metals, thus making joint design
easier. Two possible designs of flanged joint are shown in Fig.9.

Correctly designed fittings are important if leak-tight joints are to be made at
low temperatures. As long as no dynamic stresses are involved, satisfactory seals can
be ontained from elastomers, although they are below their glass transition. In order
to achieve this aim, very large compressive strains are imposed at room temperature so
that the elastomer is able to exert sufficient force to offset the decrease in load
which accompanies the contraction taking place as it goes through its glass transition.
The most satisfactory results are obtained using confined compression designs in which
a follower on one flange squeezes the 0-ring into the bottom of a matching groove in
the face of the other flange, as well as into the clearance space between groove and
follower. O-rings are typically compressed by about 80% of their original diameter
and are not normally reuseable. Confined compression designs are also to be preferred
with fluorocarbon seals because they minimise the deleterious effects of cold flow.

Polymeric materials of particular interest for cryogenic applications.

There are many applications in which metal-metal, metal-plastics or plastic-plastics
adhesive joints are advantageous. For example brackets, clips, and other attachments can
be bonded to pressure vessels without creating the stress raisers that would otherwise be
caused by welding or other conventional techniques, while corrosion-free joints between
dissimilar metals can be obtained if their surfaces are kept apart by the non-conducting
adhesive. At room temperature, adhesives are usually able to deform sufficiently for any
stress concentrations to be relieved, but at low temperatures their higher moduli make
this much less likely and contraction and other stresses have to be minimized. The key
to the successful development of structural adhesives lies in the use of fillers that
match the expansion coefficients of the adhesives as closely as possible to those of the
substrate and the adherant, as well as redistributing thermal stresses throughout the
adhesive instead of concentrating them at the adhesive-substrate interface. Even so the
thermal conductivities of most adhesives are low, and temperature differentials between
them and metal substrates can cause failure from thermal shock if the glue line is not
kept as thin as possible. One way of achieving this is to use a 'structure' or 'carrier'
between adherant and substrate. This is usually a thin layer of glass-fibre mat which
allows the adhesive to penetrate and wet the filaments, thus forming an even bond line
as well as reducing the differential contraction between adhesive and adherant. It also
has the further advantage of reducing creep at ambient temperature in adhesives such as
the polyurethane pastes, which in other respects are among the most successful adhesives
for low-temperature applications. Other types include the epoxy-nylons, nitrile modified
phenolics, epoxy-phenolics, and fluorocarbon-epoxy-polyamides.

Particularly valuable for the electrical insulation of wires and the thermal insula-
tion of flexible cryogenic pipelines and other non-rigid applications are fibres and
thin films of polymers such as Terylene (Mylar), whose extreme thinness allows them to be
bent around very small radii without exceeding their elastic limit in spite of the fact
that they are potentially brittle from being below their glass transition. This charac-
teristic was exploited in the construction of the positive-expulsion bladders used in
the fuel tanks of the Saturn rocket which were made of multilayers of Mylar segments
glued together to form flexible, gas-tight enclosures which could be inflated and de-
flated through many cycles. Mylar films have also been used to form vapour barriers for
filament-wound glass-fibre fuel tanks, and foam insulation, while when aluminized they
also form the basis of the superinsulation systems used to lag liquid helium and hydro-
gen storage vessels. Such film is often crinkled to reduce interlayer contact to a
minimum by alternating crinkled and plane sheets, or alternatively they may be separated
by woven Terylene or nylon netting.

Motors, turbines, pumps, and other machines are often required to operate at low
temperatures, sometimes while totally immersed in a cryogenic fluid such as liquid
oxygen, nitrogen, or natural gas. Organic fluid lubricants are normally unsuitable
because they freeze, contaminate the fluid, or are LOX incompatible, while graphite and
molybdenum disulphide solid lubricants fail to work satisfactorily in the absence of the
moisture and oxygen which give the films their self-repairing characteristics. PTFE
composites filled with graphite, bronze, or glass fibre are the only materials satisfac-
tory for these applications, PTFE filled with a minority of graphite and bronze powder
(Glacier DQ) being particularly suitable. Furthermore, it is essential to ensure good
heat dissipation from a low-temperature bearing: in some designs it is possible to
accomplish this by circulating the process fluid through the bearing itself, in others
the use of bronze rather than steel shafts leads to lower wear rates due to the higher
thermal conductivity of bronze.

It is important in this context to reiterate the warning given in lecture 1, that
fits and clearances can vary on cooling due to differential expansion between the
various materials used in constructing a bearing. For example the clearances necessary
for correct operation at low temperatures may be insufficient at higher temperatures and
rapid wear could occur if the machine were operated before they had fully cooled to their
design temperature.

Thermosetting rZas tics

Thermosetting resins are typically small molecular units which are extensively
crosslinked by primary bonds to form a three-dimensional molecular network. 1his struc-
ture gives rigid and strong, but inherently brittle, materials whose properties are not
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so noticeably time- or temperature-dependent once they are fully cured. The), are effec-
tively organic glasses, like thermo-plastics well below their glass-transition tempera-
ture. Furthermore, as a result of a combination of their high coefficients of thermal
expansion and their low thermal conductivities they have poor resistance to thermal
shock and they are liable to craze if cooled rapidly to low temperatures. These factors
impose severe limitations on their use in the unmodified state and they are almost in-
variably used in conjunction with suitable fillers such as powders or fibres. Most
fillers have low expansion coefficients and so help to lower those of the resins to match
them to common metals and alloys. Graphite and metallic flakes can improve the thermal
and electrical conductivities of resins, while most fibrous fillers significantly increase
their toughness. Cloth fabrics, paper, and other fibrous materials can be impregnated
with resin and cured to form composites such as Tufnol, which are strong, tough, dimen- V
sionally stable, easily machined by conventional techniques, and available in the form
of bar, rod, tube, and sheet. Furthermore, the good electrical-insulating characteris-
tics of this material are not adversely affected by low temperatures as long as conden-
sation is avoided during warm-up and cool-down.

10) Composite materials

Glass fibres are the most widely used reinforcement for load-bearing composites and,
despite the inherently brittle natures of both fibres and thero-setting resin, the
resultant composites are strong and tough and remain so at low temperatures. Their
toughness results from their heterogeneous structure which ensures that a crack nucleated
in one fibre is slowed down or deflected by the matrix so that it does not lead directly
to failure in adjacent fibres, thus ensuring that failure is progressive and energy
absorbing and not brittle as in the bulk material.

As the reinforcing fibres are stronger and stiffer than the matrix, they support
the greater part of the applied load and the strength of the composite is determined by
the length, orientation, and concentration of the fibres, 50-60 per cent of fibres by
volume being typical maximum concentrations unless filament-winding techniques are used.
Tensile strengths of 270-420 MPa are typical of room-temperature values and these in-
crease gradually to about 480-700 MPa at 77 K but then remain more or less constant down
to 4 K. Their moduli are less temperature dependent, increasing by about 10-20 per cent
on cooling from 300 K to 20 K, while their toughness as measured by impact or notched
tensile tests shows little significant variation over this temperature range. These are
quite high strengths by most standards, and when the low density of glass-fibre-rein-
forced plastics (GRP) is taken into consideration it can be seen that their specific
strengths are extremely high - hence the interest in their use for fuel tanks and other
structures in aerospace applications. Representative values of the mechanical properties
of some fibre-reinforced composites are given in Table 11.

Glass-fibre reinforced composites do, however, have several drawbacks. Static
fatigue, which is a characteristic failure mode in bulk glass and unreinforced thermo-
plastics, can also occur in GRPs if moisture is able to penetrate the fibre matrix inter-
face, although this failure mechanism does not operate if the composite is maintained at
low temperatures. A more serious difficulty lies in the highly anisotropic nature of
their mechanical properties, reinforcement being much more efficient in a direction
parallel to the fibres than perpendicular to them. Cross-plying the laminations allows
two-dimensional reinforcement, but strengths and moduli are reduced to one-third of
those attainable parallel to the fibres, while three-dimensional reinforcement lowers
strengths and modulii to one sixth of their parallel value.

Tensile tests carried out on cross-ply laminated sheet specimens show a change from
a high initial modulus to a lower secondary modulus at a load equivalent to about 13-15
per cent of their respective ultimate load-carrying capacities. If the specimens are
examined at this stage they can be seen to be full of microcracks and the material is
now porous and unable to retain vapour or liquids. The root of this difficulty lies in
the failure of the bond at the fibre-matrix interface in those fibres that have a large
stress component resolved perpendicular to the fibres, as this bond has a strength of
about 12-15 per cent of that parallel to the fibres. Hence the material has become
porous long before it has developed its full potential strength and this is a serious
drawback for applications such as filament-wound GRP fuel tanks. Attempts have been made
to line such vessels with thin plastic films such as Mylar, but severe problems are
encountered as a result of differential expansion between the liner and the GRP, which
usually causes decohesion. More success has been achieved by electroplating a thin layer
of nickel inside the tanks as this is sufficiently ductile to yield and deform to remain
adherent to the GRP wall. This technique has also the added benefit that the liner can
be applied after all the side tubes and flanges have been bonded to the tank. Vacuum-
tight joints between GRPs and metals are not easy to achieve and some of the earlier
attempts at using GRP for the inner vessel of vacuum-insulated liquid-nitrogen storage
vessels were unsuccessful because of the failure of the metal-GRP bond at the neck.
Nevertheless once this problem was overcome the use of GRP neck tubes allowed very
efficient storage Dewar flasts to be made because of the extremely low thermal conducti-
vity of GRPs. As noted in lecture 4 , GRPs have the highest ratio of strength/thermal
conductivity of any material used in cryogenic equipment and their use for load-bearing,
thermally insulating supports is increasing both for tensile and compressive-loading
configurations.

Finally, the recently developed carbon-fibre-reinforced plastics (CFRPs) are also
suitable for use at low temperatures, although neither their strengths nor modulii
increase by more than a few per cent on cooling from room temperature to 77 K and below.
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They have much higher thermal and electrical conductivities than GRPs, which makes them
less useful as materials for insulating supports, and it is only where their much higher
modulii are advantageous that they are likely to be employed. For example, their higher
moduli enable them to develop higher working stresses at low strains with the result that,
although liable to failure of the fibre-matrix interface perpendicular to the applied
stress when cross plied, highly stressed fuel tanks having much lower working strains
can be made, thus minimizing the vapour-barrier problem.

Composites reinforced with glass, carbon, boron, and other fibres have been reviewed
by Kasen (17) while many aspects of the properties of "non-metallic materials and com-
posites at low temperatures" are covered in the proceedings of an I.C.M.C. Symposium of
the same title (10).

Further sources of data and references (see also references at end of paper 4)

1. American Society for Testing and Materials (ASTM), Philadelphia, Pa., U.S.A. publishes
Special Technical Publications, occasional issues such as those listed below being
of cryogenic interest.

2. STP 302 Metallic materials for low temperature service (1961).
3. STP 381 Fracture toughness testing (1965).
4. STP 387 Behaviour of materials at cryogenic temperatures (1966).
S. STP 410 Plane strain crack toughness testing of high strength metallic materials (1966).
6. STP 544 Heat transmission measurements in thermal insulation (1974).
7. STP 556 Fatigue and fracture toughness - cryogenic behaviour (1974).
8. STP 576 Properties of materials for liquid natural gas tankage (1975).
9. Thermophysical properties of materials, Plenum, New York, Vol.1. Thermal Conductivity

(1970), Vol.12 Thermal Expansion (1975).
10. Clark, A.F., Reed, R.P., and Hartwig, G., Eds. Nonmetallic materials and composites

at low temperatures, Proc. ICMC Symp. (Munich, Germany, Jul.10,1978) Plenum,
New York, (1979).

11. Low temperature and cryogenic steels, U.S. Steel International, Pittsburg, Pa. (1966).
12. Materials for cryogenic service; engineering properties of 32, 5 and 9% nickel steels

and 36% nickel-iron alloys, International Nickel Ltd., London, (1972).
13. Engineering properties of stainless steels. International Nickel Ltd., London,

(1974).
14. Gunter, C.S. and Reed, R.P. in Timmerhaus, K.D. (Ed.) Advances in Cryogenic Engineering,

6, 565, (1961).
15. Ferfis, J., Cryogenic Wind Tunnel Force Instrumentation, Proc. 1st Int. Symp. on

Cryogenic Wind Tunnels, Southampton, England (1979).
16. LNG Materials and fluids users manual (1977 and supplements) NBS, Boulder.
17. Kasen, M.B., Cryogenics, 15, 327 and 701 (1975).
18. Vance, R.W., Ed. Advances-in Cryogenic Technology, 4, (1972).
19. Proceedings of Gastech. 78, Gastech. Ltd., Rickmansorth, fierts., England. (1979).
20. Wigley, D.A., Materials for Low Temperature Use, Engineering Design Guide No.26,

Design Council/Oxford University Press, (1978).
21. Haselden, G.G. (Ed.) Cryogenic Fundamentals, Academic Press, London, (1971).
22. Scott, R.B., Cryogenic Engineering, Van Nostrand, New York (1959).
Z3. Serafini, T.S., and Koenig, J.L. Cryogenic properties of polymers,Marcel Dekker,

New York, (1968).
24. Vance, R.W. and Duke, W.M. Applied cryogenic engineering, Wiley, New York, (1962).
25. Conte, R.R. Elements de cryogenie, Masson et Cie, Paris (1970).
26. Codlin, E.M. Cryogenics and refrigeration; a bibliographical guide, Plenum Press,

New York, (1968).
27. Barron, R. Cryogenic systems, McGraw-Hill, New 'ork, (1966).
28. Landrock, A.1. Properties of plastics and relatd materials at cryogenic tempera-

tures. PLASTEC Report No.20, CDC Accession Nc AD469126 (1965).
29. Weitzel, D.H., Robbins, R.F. and Bjorkland, W.R. Advances in cryogenic engineering,

6, 219, (1961).
30. Solyanko, V.F., Boiko, T.P. and Kudrgavtseva, K.A. Cryogenics, I , 113, Feb.1979.
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REAL GAS EFFECTS II - INFLUENCE OF CONDENSATION ON MINIMUM OPERATING
TEMPERATURES OF CRYOGENIC WIND TUNNELS

Robert M. Hall
Aeronautical Research Scientist

NASA Langley Research Center
Hampton, Virginia 23665, USA

SUMMARY

Minimum operating temperatures of cryogenic wind tunnels are limited by real-gas
effects. In particular, condensation effects are responsible for the minimum operating
temperatures at total pressures up to about 9 atmospheres. The present paper reviews
the two primary modes of condensation - homogeneous nucleation and heterogeneous nucle-
ation - and the conditions with which either may limit minimum operating temperatures.
Previous hypersonic and supersonic condensation data are reviewed as are data taken in
the nitrogen-gas, Langley 0.3-Meter Transonic Cryogenic Tunnel. Analysis of data in the
0.3-m tunnel suggests that the onset of homogeneous nucleation may be approximated by an
analysis by Sivier and that the onset of heterogeneous nucleation is only apparent just
below free-stream saturation. Extension of the results from the 0.3-m tunnel to other
nitrogen-gas cryogenic tunnels is discussed and is shown to depend on length scales, purity
of the liquid nitrogen injected for cooling, number of particulates in the flow, and the
extent to which the injected liquid nitrogen is evaporated. On the basis of previous
data, hybrid air-nitrogen tunnels are expected to realize little, if any, supercooling.

1. INTRODUCTION

Cryogenic wind tunnels under normal conditions should be operated at the lowest possible
total temperature in order to maximize Reynolds number capability for a given tunnel total
pressure or to minimize costs for operating
at a fixed Reynolds number. This important
realization is readily seen in figure 1, 8
which shows for nitrogen gas both unit
Reynolds number and drive power required 6 -REYNOLDS NUMBERrelative to their values at a total temper- VALUES -

ature of 322 K as a function of total RELATIVE
temperature for a constant total pressure. TO 322K 4Not only is Reynolds number increasing as
the temperature decreases, but its rate of 2-
increase is growing as well. Obviously, if
one wants to maximize Reynolds number capa- POWER
bility and is limited by total pressure 0 i 2 )
capability, then it is desirable to operate TOTALTEMPERATURE, T,1K
as cold as possible to move up the steep
portion of the curve. For operation at
some Reynolds number below the maximum Figure i.- Effect of temperature reduction
capability of the tunnel, being able to test on unit Reynolds number and drive power
as cold as possible maximizes the amount of for M = 1.0 and Pt = 1.0 atm.
Reynolds number gained by temperature reduc-
tion and minimizes the use of pressure to achieve the desired test Reynolds number. If
pressure can be minimized, drive power--which is proportional to pressure--will be minimized
as a result of both the reduced pressure and the trend of power reduction at the lower
temperatures seen in figure 1. Operation at a reduced pressure also, of course, reduces
the model loads and eases the balance, sting, and model stress problems.

The minimum operating temperatures, however, are limited by the low-temperature behav-
ior of the test gas. At some temperature, either the test gas begins to experience con-
densation effects or its equation of state will be such that the gas ceases to simulate
the nearly ideal-gas behavior of air encountered in flight. The present report examines
the condensation aspects of minimum operating temperatures associated with cryogenic wind
tunnels, while the companion report entitled "Real Gas Effects I - Simulation of Ideal-Gas
Flow by Cryogenic Nitrogen and Other Selected Gases" examines the real-gas behavior of
nitrogen gas and other alternative cryogenic gases. As is reported in the companion report,
nitrogen gas will adequately simulate the flow of an ideal, diatomic gas except possibly
when attempting to run at or below saturation temperatures for total pressures approaching
9 atm. Consequently, it appears that for total pressures below 9 atm the onset of con-
densation effects will be the limiting factor with regard to the minimum operating temper-
atures.

The present report will review the two modes of condensation that can affect the mini-
mum operating temperatures of cryogenic wind tunnels, review pertinent experimental evidence
relevant to both types of condensation including data taken in the Langley 0.3-Meter Tran-
sonic Cryogenic Tunnel (TCT), and discuss the factors involved in predicting minimum
operating temperatures in cryogenic tunnels other than the 0.3-m TCT. The main focus ot
this paper will be on pure nitrogen as the test gas, although some comments will be directed
to tunnels that use an air-nitrogen mixture.
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2. CONDENSATION CONCERNS IN WIND TUNNELS - PAST AND PRESENT

That condensation plays an important role in determining the wind-tunnel operating
envelope is not unique to cryogenic wind tunnels. Interplay between wind-tunnel develop-
ment and condensation phenomena first began in 1935 at the Volta conference (see refer-
ence 1). A schlieren photograph of a so-called "X" shock was shown at that conference
by Prandtl and the resulting investigation determined that the phenomenon was associated
with condensation of water vapor and led to the installation of dryers in supersonic wind-
tunnel circuits. Again, during the development of hypersonic tunnels in the late 1940's
and 1950's, condensation was a key concern as it established the minimum temperature to
which the stagnation chamber would have to be heated in order to avoid condensation of the
test gas itself in the test section. Once again during the 1970's, these same condensation
considerations reappeared when nitrogen-gas cryogenic wind tunnels were being designed
and built.

While condensation in nitrogen gas was examined during the studies concerning hyper-
sonic wind tunnels, several differences exist between the situation in hypersonic tunnels
and the present situation in transonic cryogenic wind tunnels. First, in the hypersonic
tunnels, onset would typically occur in a static pressure range below 0.01 atm, whereas
in transonic cryogenic tunnels onset may occur at static pressures on the order of 1 atm
or more. At the higher static pressures of the transonic cryogenic tunnels, the rate of
growth of droplets can be significantly higher than at the lower pressures. Furthermore,
the residence times in the test section of transonic cryogenic tunnels are much longer

than in the hypersonic tunnels because of both the reduced test-section velocities and,
for many cryogenic tunnels, increased test-section sizes. For example, test-section
residence time in the National Transonic Facility (NTF), described in reference 2, may be
on the order of 0.05 sec, whereas a typical residence time in hypersonic tunnels is on the
order of 10-4 or 10- 3 sec. The longer residence times may allow sufficient condensation
to occur on impurities in the cryogenic tunnels to affect the flow, whereas the small
amount of growth that could take place during the short time in hypersonic tunnels would
render the presence of an equal number of impurities unimportant. Because of these dif-
ferences between the cryogenic and hypersonic tunnels, the necessity for a new investigation
of condensation effects soon became apparent.

3. FORMATION OF HOMOGENEOUS NUCLEATION IN REGIONS OF HIGH LOCAL MACH NUMBER

An investigation of condensation in cryogenic wind tunnels must examine effects result-
ing both from the gas forming its own nucleation sites - homogeneous nucleation - and from
droplet growth occurring on pre-existing seed particles - heterogeneoas nucleation. The
probability of homogeneous nucleation will be greatest for test situations in which high
maximum local Mach numbers, MLmax, occur over the model. To understand homogeneous nucle-
ation, the insights of classical liquid droplet theory will be discussed as well as the
shortcomings of the theory. As an example of classical liquid droplet theory, the work of
Sivier in reference 3 will then be highlighted and used for comparison during the rest of
this report.

If homogeneous nucleation could take
place as soon as the flow became saturated, R[SERVOIR SATURA1ION.
the minimum operating temperatures 

would be 9UM=O"""UN

determined by the saturation temperatures SATURATIO.
corresponding to ML max over the model. MLmax 1.0

The saturation temperatures for values of
ML,max of 1.0, 1.5, and 2.0 are shown in
figure 2 for nitrogen as a function of Pt.

The M = 0, or reservoir, saturation line is
also shown for reference. This line repre- 6

sents the lowest possible operating temper-
ature useful in cryogenic tunnels cooled by ATM SATURATION.
injecting liquid nitrogen, because at lower ML a1.5
temperatures the injected liquid would be Lux

unable to evaporate and would fill the tun-
nel with liquid. Given the dramatic 3 SATURATIO.
increase in Reynolds number, R, at the low ML .0
temperatures in figure 1, being able to 2
operate below saturation temperatures would 21
result in significant increases in R,
particularly at the higher values of ML,max. 75 85 95 105 115 125 135 145

T1. K

Before explaining why operation below
saturation temperatures should be possible
prior to the onset of homogeneous nuclea- Figure 2.- Minimum operating temperatures
tion, it is convenient to define two mea- for various values of MLma if con-
sures of how far the flow has progressed densation effects occurre at nitrogen
beyond saturation, which occurs when the saturation temperatures.
flow isentrope reaches the vapor-pressure
curve. One measure is called the supersaturation ratio, S, defined by

p
s -(I)
p. (T)
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where p,(T) is the saturated vapor pressure for a plane surface of liquid at the gas
static temperature, T. Another measure of how far below the vapor-pressure curve the
flow has progressed is the supercooling, AT, defined as

AT = Ts - T (2)

where Ts is the saturation temperature at which the expansion isentrope crosses the
vapor-pressure curve. Figure 3 illustrates such an expansion beyond the vapor-pressure
curve and shows both S and AT for point 1 along the isentrope.

3.1 Classical Liquid Droplet Theory

The reason that it is usually safe to assume that homogeneous nucleation will
not necessarily occur before the flow is supersaturated (S > 1) is that an energy barrier
does exist to the formation of liquid droplets by the gas, which is the key mechanism
of homogeneous nucleation. As explained in reference 4, the "classical" energy of forma-
tion of a drop has a maximum at some critical droplet radius, rc , as seen in figure 4.

TOTALS. rDROPLETS DROPLETS
PNTAS, p1) EVAPORATE GROW

(TI, P I SATURATION.
POTS. PSI

P OF
AT POINT I FORMATION

l (TIl) S = ,

(T AT=T -T

VAPOR-PRESSURE S
CURVE, PiT)

T

Figure 3.- Supersaturation ratio, S, and Figure 4.- Energy of formation of a
supercooling, 6T, at a point 1 along classical liquid droplet.
an expansion isentrope beginning at
Tt and pt.

All droplets wit. radius, r, less than rc will tend to evaporate while all droplets with
r > rc will be stable and will grow. The value of rc will depend on the flow super-
saturation ratio and is given in reference 5 in a form convenient for SI units as

2atp
rc = i (3)

P~p ln S

where p and p are the vapor density and pressure, and where a and pt are the liquid
values of surface tension and density. At saturation S = 1 and rc = _, however, rc
decreases as S increases, and the more likely it becomes that random collisions of gas
molecules will result in a growing droplet with r > rc.

At some value of S, r. will become small enough that random collisions of the
molecules will result in a finite rate of production of stable, growing droplets. Again
referring to reference 5, this rate of droplet formation, I, in units of droplets formed
per second per kilogram of the gas, can be expressed as

where m is the mass of one molecule, k is the Boltzmann constant, and T is the gas
temperature. Substituting Eq. (3) into Eq. (4) gives

p a ~ l6Irat 3 32
Patl~~~ expl
Pt m (3kTpt 2p ln S/ 5

The dominant exponential term is proportional to at 3 as well as the inverse of ln2 S.
The value of at is uncertain because the critical droplet sizes often correspond to
clusters of 20 molecules or less. It is questionable if the planar value of macroscopic
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surface tension even applies to such small clusters. Several researchers have proposed
corrections to at, one of which was reported by Tolman in reference 6. The value of S
is extremely important in Eq. (5) because it is responsible, to a large extent, for the
dramatic increase in I as the gas proceeds along a supersaturated isentrope, which can
be seen in Table I for an isentropic expansion from reservoir conditions of pt = 4.76 atm

and Tt = 109.0 K to a Mach number of 1.7. For this example, the flow crosses the
saturation curve at M = 1.26.

TABLE I.- DROPLET FORMATION RATE ALONG AN ISENTROPE

M, Mach I, Droplet Formation/(kg.sec)

1.50 3 x 10
- 28

1.60 3 x 10
-5

1.70 4 x 105

3.2 Difficulties with the Classical Theory

There are, however, some theoretical problems with the classical liquid droplet
theory. First, there is the uncertainty in the value of at to be used for the small
droplets. The method of Tolman to correct for this small radius takes the form

a
a + DT (6)

1+-

r

where a_ is the macroscopic value of surface tension for an infinite plane surface and
DT is a dimension closely related to the intermolecular distance in the liquid droplet.
Consequently, the value of at from Eq. (6) would be used in Eqs. (4) and (5) instead of
the macroscopic, planar values. The next problem with the classical value of I for
application to cryogenic wind tunnels, in which the test gas itself condenses, is that the
droplets will not be at the same temperature as the surrounding gas because there is no
carrier gas present which can carry the latent heat away from the growing droplets. Thus,
a further correction can be made to I for cryogenic tunnels and can be expressed, as
in reference 7, as

Inoniso mrnoniso iso

where the subscript "noniso" denotes nonisothermal temperature conditions (cryogenic
tunnels) and "iso" denotes isothermal conditions (carrier gas present). The factor
rnonisg is the correction for Iiso , the isothermal rate of production of droplets as
given in Eq. (5). Details of rnoniso may be found in reference 7.

Theorists also disagree on how to incorporate into I the fact that the small
droplets themselves behave like large molecules and have translational and rotational
energy states, which are disregarded in the classical liquid droplet theory. In general,
this further correction may also take the form (ref. 7)

I =r 1 (8)stat = stat class (8

.. ,- *he subscript "stat" denotes the statistical mechanics expression necessary to incor-
• -h -nwrqi .,sates of the droplet and "class" derotes the classical formulation as
-- ' ", ' r (5). l

-- .- .i,;, in the condensation field, such as Wegener at Yale University, advo-
and "stat together into a single remp and then adjusting remp

a-.-hpi ippropriate data, as was done, for example, in reference 8.
- a, ...rr.'d planar value of at in his equations for I and allows

0 -r that term also. Further calculations then proceed

-.- rj t. sivier

.r,i ; thp -1as cal nucleation theory, it
•.............. . I wrL. . Durinq an investigation in

-,,. ,, .- .4rablo to Eq. (4) for I to

,- W-, ho- lid not incorporate
-. -nt, his expression

'. -. 4 -r--.. for a
*~. #hov hP.u'ave also

-. -. , .*,,~ -u~n~ii
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Figure 5.- Onset band of homogeneous
nucleation as predicted for nitrogen
by Sivier in reference 3. Experi-
mental comparisons shown are examples
used by Sivier.

between the two curves encompassing Sivier's parametric study is not large compared to the
magnitude of the distance to the vapor-pressure curve. Thus, to a good approximation in
the 50 to 90 K temperature range, his onset values have been approximated in the Langley
study by a single curve fit,

1 0.01461 - 0.004962 logl0 p + 0.0001959 (log1 0p)
2  

(9)T- e

where Te is the predicted static temperature at which homogeneous nucleation effects will
be detected for a given value of static pressure, p. Equation (9) is compared to Sivier's
onset band in figure 6 for static temperatures from 50 to 90 K. During this report, Eq. (9)
will be used in conjunction with the isentropic flow equations to calculate the total con-
ditions, Pt and Tt, correspond.ng to homogeneous nucleation effects at values of p and
Te when the flow has been expanded isentropically to some Mach number, M, usually ML,max -

As shown in figure 5, Sivier compares his computational predictions to data from ref-
erences 9, 10, 11 and 12. Nitrogen data are presented by references 10, 11 and 12 and are
shown to agree quite well with his predicted onset conditions. (Isentropic expansions cross
the vapor-pressure curve from right to left as seen in figure 3.) The air data presented
by reference 9 are also of interest because cryogenic blowdown tunnels using a mixture
of air an nitrogen may experience similar amounts of supercooling. At static pressures
below 10-q atm, air undergoes onset at conditions similar to nitrogen; however, as seen by
the line labelled "Onset curve for air" in figure 5, the amount of supercooling to be
expected above 10- 3 atm begins to decrease until it is negligible above 10- atm. As
explained by Daum and Gyarmathy in reference 13, at pressures above 10- 3 atm the carbon
dioxide and water vapor components condense out at higher temperature and form very large
numbers of clusters t..t- serve as seed nuclei for both nitrogen and oxygen. These large
numbers of seed particles permit condensation to occur almost as soon as the flow is satu-
rated and lead to the conclusion that the hybrid air-nitrogen cryogenic tunnels may not
realize supercooling of any significant extent.

Nitrogen data in addition to those used by Sivier in his comparisons are available.
In 1979 Koppenwallner and Dankert published nitrogen condensation data in reference 14,
and a figure from that report is reproduced here as figure 7, which shows their onset con-
ditions for free-jet expansions with a total pressure of 3 atm and a range of total temper-
atures. Taking their reported values for the onset of condensation for the examples in
figure 7, their experimental values for onset are compared to Sivier's lines in figure 6.
Koppenwallner and Dankert show significantly more supercooling before the onset of effects
in their free jet than predicted by Sivier. On the other hand, in 1959 Goglia reported in
reference 15 results taken with 95 percent pure nitrogen. His results are compared to
Eq. (9) in figure 8, and as is seen, he found less supercooling in his nozzle flow than
predicted by Sivier. It is logical to suspect that his low value of supercooling may have
been due to the low purity of his nitrogen. However, this possibility was recognized by
Goglia, and consequently he conducted a few tests with high-purity nitrogen (>99.995 percent)
and found no difference from the data for 95 percent nitrogen. While neither reference 14
nor reference 15 agrees exactly with Sivier's predictions, they both at least follow his
trend with pressure.
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Figure 7.- Effects of homogeneous
nucleation on static pressures
along a free jet for Pt = 3 atm.
D is orifice diameter. Subscript
"s" is for conditions at saturation
and "w" is for conditions at onset
(Koppenwallner and Dankert, ref. 14).

3.4 Predicted Onset of Homogeneous Nucleation Effects

Because of the agreement between Sivier's calculations for the predicted onset of
homogeneous nucleation effects and at least the trends of the existing data, Sivier's onset
of effects as represented by Eq. (9) will be used to give an estimate of operating temper-
tures that would mark the onset of homo-
geneous nucleation. At the beginning of
this section, saturation curves were shown
in figure 2 that would designate minimum 9M =1.0
operating temperatures in nitrogen-gas, L. max
cryogenic wind tunnels if no supersaturation RESERVOIR

RESRVItook place before the onset of homogeneous SATURATION
nucleation. The comparable operating 7 M O
temperatures are redrawn in figure 9 assum-
ing that the curve fit to Sivier's onset 6
conditions, Eq. (9), adequately represents
those static temperatures at which the onset P1

'
ATM

of homogeneous nucleation will occur. Com-
paring figures 2 and 9, it is obvious that 4 \Ma 2.0

the lower operating temperatures predicted Max
before the onset of homogeneous nucleation 31
would lead to significant increases in
Reynolds number capability at a given total
pressure. In fact, typical percentage ML m1.5
increases in R obtained by running with ImIx
M_ = 1.0 at the operating temperatures as 75 85 95 105 115 125 135 145
predicted using Eq. (9) over the values of T, K
R at the same Pt but at the higher
saturation temperature are listed in the Figure 9.- Operating temperatures at the
following Table II. predicted onset of homogeneous nucleation

according to Eq. (9) for various values
of MLmax. Nitrogen gas.
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TABLE II.- PERCENTAGE INCREASES IN R OVER VALUES AT SATURATION WHEN
RUNNING WITH TEMPERATURES AT WHICH HOMOGENEOUS NUCLEATION

IS PREDICTED TO OCCUR BY EQ. (9). M. = 1.0.

PERCENTAGE INCREASES IN R FOR VALUES OF ML,max OF

Pt' atm 1.0 1.5 2 I

1 - 27 32

5 14 18 23

9 8 14 19

Again, the M = 0 saturation line is shown in figure 9 as the absolute minimum operating
temperature for cryogenic tunnels because of the method of injecting liquid for cooling,
even if the analysis predicted lower total temperatures before the onset of homogeneous
nucleation. For this reason the percentage increase in R in Table II for Pt = 1 atm
and ML,max = 1.0 is not given.

The operating temperatures at which homogeneous nucleation is predicted to occur, as
shown in figure 9, do not necessarily form the minimum operating temperature limits for
cryogenic wind tunnels. If, for example, the local Mach number over the airfoil is not
very high (ML,max < 1.5), then effects due to heterogeneous nucleation upstream of the model
on pre-existing seed particles may affect the test-section flow at a higher temperature
than that at which homogeneous nucleation is predicted over the airfoil. It is even pos-
sible that in situations when large numbers of pre-existing seed particles are present or
large-chord airfoils are being tested, condensate growth on pre-existing seed particles
in the region of high local Mach number flow over an airfoil may locally affect the data
at temperatures above those corresponding to homogeneous nucleation. Consequently, the
lines in figure 9 only apply to prediction of the onset of homogeneous nucleation; there
may be condensation effects at higher temperatures due to pre-existing seed particles in
the flow.

4. SOURCES OF SEED PARTICLES IN CRYOGENIC TUNNELS

As seen in the previous section, there is usually a significant amount of supercooling
possible before the onset of homogeneous nucleation. The other mode of condensation,
heterogeneous nucleation, can take place when there are pre-existing seed particles -
perhaps liquid or solid - in the flow. With existing seed particles available as surfaces
on which the nitrogen gas can condense, there is no energy barrier to overcome before phase
transition can take place because there are already particles on which growth can occur.
Consequently, the condensation process can proceed as soon as the saturation line is
crossed. Fortunately for the user of cryogenic tunnels, either a large number of impurity
sites or a long residence time is usually required for heterogeneous nucleation to influence
the flow. The number of nucleating sites in fan-driven cryogenic wind tunnels due to dust
or dirt is not expected to be unusually large compared to conventional tunnels. In fact,
the tunnels are being continuously purged by evaporated liquid nitrogen and are expected
to be as free of solid or liquid impurities as the injected liquid nitrogen is itself.
However, at some low tunnel temperatures, the liquid nitrogen injected to cool the tunnel
will not evaporate completely before being convected to the test section. At whatever
temperature this ozcurs, there can be a very large increase in the number of seed particles
in the test section on which condensation can occur.

4.1 Seed Particles Generated at the Liquid Nitrogen Injection Station

The first step in understanding the liquid nitrogen injection problem is to
characterize the distribution of droplet sizes immediately downstream of the injection
station. Many different theories are available to describe this process and some are
reported in references 16 to 18. The distribution that has been used in calculations at
Langley is a modified version of the Nukiyama--Tanasawa distribution.

Nukiyama and Tanasawa published a series of reports (ref. 18) on droplet atomization
in 1938. By analyzing empirical results, they were able to formulate expressions to predict
the volume to surface mean droplet diameter, D3 2 , and a size distribution about that mean.
Their formula for D3 2 in their system of units is given by

50.4
585 ra ( /45 1.5

D_32  + 597 000 (10)

where D3 2 is in micrometers; wr is the relative velocity between the liquid and the
gas in meters per second; o, pt, and p6 are the liquid values of surface tension,
density, and viscosity in cgs units; and £/Q is the ratio of volume of liquid injected
to volume of gas flowing. For the droplet size distribution function they arrived at the
following equation:
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dn 3 0 bD 2  1n 0.5b3D exp(-bD) dD (11)n

where n is the total number of droplets per second and dn is the number of droplets
in the size range dD per second. The constant b is empirically found to be

5
b= - (12)

D3 2

In reference 16, Ingebo and Foster suggest a refinement to Eq. (11) by placing an empiri-
cally determined upper limit to the droplet size. Ingebo and Foster use the following
expression for the maximum droplet diameter:

[ £u£ 0 . 2 9

Dma x = 22.3 d o 0 dj (13)

where do is the diameter of the injection
orifice. A typical example of a droplet size x10
distribution calculated for the Langley
0.3-m TCT using Eqs. (10) through (13) is 24
shown in figure 10 for the following con- 22 M 0 .s5
ditions: M. = 0.35, Pt = 4.0 atm, Minj 0.20

Tt = 96 K, Tj = 80 K, a percent of liquid 8 Pt4.0 ATM
mass injected to mass of gas flow of 1.57, Tt %K
and a Mach number at the injection point, 16
Min j , of 0.20. The actual numbers in each 14
size category, An, are based on a test- An 132"54 x1-m
section cross-sectional area of about 0.1 in?. D129 10-6~lm
The liquid temperature, TX, is taken to be 10 ax
80 K during injection because that is the 8
temperature at which the liquid nitrogen is 6
normally stored and pumped into the tunnel.
For this example D3 2 = 54 pm and
Dmax = 94 pm. Both of these values are very 2
large diameters when compared to typical I
diameters of 0.1 pm or 0.01 pm for droplets 0 1 2 3 A 5 6 7 8 9 10 o10
resulting from homogeneous nucleation. DROPLE DIAM[ER. D. m

The attractiveness of the Nukiyama- Figure 10.- Droplet distribution as
Tanasawa formulation is that it models both F re 1. Dptist nasthe rocss heren te lquidnitoge ispredicted by Nukiyama-Tanasawa for con-
the process wherein the liquid nitrogen is ditions in the 0.3-m TCT. Percent of
shattered by the aerodynamic forces resultng liquid injected to test-section mass
from the difference in velocity between the flow is 1.57 percent.
liquid and the gas, and the process of
recombination of the atomized droplets due
to random collisions when a large amount of
liquid is being injected. Atomization is
represented by the first term on the right side of Eq. (10) and recombination is represented
by the second term. The recombination term does not represent a significant increase in
D32 for a continuous-flow, fan-driven tunnel, in which the percentage of liquid mass
injected is only about 1.5 percent of the total mass flow. On the other hand, for blowdown
tunnels that add nearly an equal mass of liquid to the gas flowing past the injection
station, recombination can be an important term. Another observation from Eq. (10) is that
to minimize the size of D32 , it is desirable to inject the liquid at a station in the
tunnel where the value of relative velocity, wr, between the injected liquid and the gas
is as large as practical.

4.2 Interaction of the Liquid Nitrogen Seed Particles with the Tunnel Circuit

Once the initial droplet size distribution can be calculated, the progress of the
droplets as they proceed in the tunnel circuit can be described. This progress is related
to the type and location of flow obstacles in the circuit, and the Langley 0.3-m TCT will
be used as an example for the present discussion. The TCT is shown in schematic form in
figure 11 and presents a series of obstacles to droplets: corne's with turning vanes,
a drive fan, and anti-turbulence screens. Droplets being convected by the gas past these
obstacles may impact on them and then may return to the flow with different sizes. In
other words, each obstacle has the potential of changing the droplet size distribution.
Consequently, to adequately describe the flow of gas and droplets past a flow obstacle such
as a set of turning vanes, two questions must be answered. First, it must be possible to
predict what percentage of the incoming droplets actually impact on the obstacle. The
percentage will, of course, vary with the size of the droplet - the larger droplets in the
distribution will not be able to avoid an obstacle as easily as the smaller droplets. An
excellent review of determining these percentages for a variety of obstacles is found in
reference 19. Second, it must be possible to determine what happens to the liquid from the
droplets that do impact on these surfaces. In applications such as steam turbines, drop-
lets are found to wet the surface of the obstacles (turbine blades, for example) and then
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Figure 11.- Schematic of Langley 0.3-Meter Transonic Cryogenic Tunnel (TCT).

stream to the trailing edge, at which point they are sheared off the obstacle by aero-
dynamic forces and broken up again. The size at which these droplets come off appears to
be related to the Weber number, We, which is defined in reference 20 to bepw D

We= D (14)

where wr is again the relative velocity between the droplets and the gas, D is the
droplet diameter, and p is the gas density. By substituting a "critical" value of Weber
number, Wecr, into Eq. (14), a value of the maximum stable droplet size can be calculated.
Any droplets larger will be broken up by the aerodynamic forces as they are sheared off the
obstacle. The value of Wecr = 20 is given in reference 20 as a good approximat-on in
steam turbines and may also apply to cryogenic application within the uncertainties in
characterizing wr around these obstacles. Reference 21 deals with Wecr in detail.

In cryogenic wind tunnels, however, the temperature of the flow near the surfaces of
the obstacles will be above the boiling temperature of the droplets because the total
temperature of the tunnel must always be kept above the reservoir saturation, or boiling,
temperature to avoid filling the tunnel with liquid nitrogen. Because of the temperature
recovery in the boundary layer, all wall surfaces in the tunnel will initially see gas
temperatures above the droplet boiling temperature. When droplets begin impacting on the
obstacles, they may either boil on these "hot" surfaces or they may wet the surfaces and
not actively boil. In the former case the re-entrained droplets may have a significantly
smaller diameter than predicted by Eq. (14) with Wecr = 20, whereas in the latter case
Wecr = 20 may adequately predict the droplet sizes being shed off the obstacles. Further
work needs to be done in this area to properly predict the interaction between the droplets
and the flow obstacles so that correct mathematical modelling of the droplet progress
around the tunnel can be assured.

Aside from questions of whether obstacles will boil the droplets, two aspects of
Eq. (14) can be very important in determining whether the shed droplets will be small or
large. First, while the pressure of the tunnel has very little effect on D3 2 , as seen in
Eq. (10), the tunnel pressure does affect the size of droplets being shed off the flow
obstacles as predicted by Eq. (14). Since for a given T, the value of P for the gas is
proportional to p, the predicted mean diameter of the droplet being generated by liquid
shedding off an obstacle will be inversely proportional to pressure. Consequently, droplets
being generated from the flow past an obstacle should be smaller for high-pressure operation
than for low-pressure operation. Second, the relative velocity of the gas past the obstacle
is also very important in determining the re-entraii.ed droplet size. In slow portions of
the tunnel such as the settling chamber, very large droplets may be shed off the screens
because of the small values of wr.

4.3 Seed Particles from the Injected Liquid Itself

A further source of seed particles in the test section in addition to possible
unevaporated droplats may be particulates in the liquid nitrogen itself. With the specifi-
cations used in NASA procurement, the liquid nitrogen is allowed to have I mg of partic-
ulates per liter of liquid. These particulates may be dust in the air being liquefied
or may be added inadvertently to the liquid nitrogen during some stage of the manufacturing
process. While gas samples taken from the 0.3-m TCT have not shown any particulates, the
tests were not designed to detect particles of 1 lim in diameter.

4.4 Summary

To summarize, several different sources of seed particles do exist for cryogenic
tunnels. There may be dirt or debris left after model changes, there may be particulates in
the liquid nitrogen injected into the tunnel for cooling, and there may be a large number
of unevaporated liquid droplets from the liquid nitrogen injection process reaching the test
section. As of this time, the droplet evaporation problem is not well characterized because
of the uncertainties in the interaction between the droplets and the flow obstacles.
Nevertheless, as will be discussed in a following section, it has been experimentally
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determined that unevaporated injected liquid does not reach the test section of the 0.3-m
TCT in sufficient numbers at temperatures above free-stream saturation to cause con-
densation effects.

5. LIQUID DROPLETS - EFFECTS, GROWTH, AND DETECTION

Now that the two primary modes of condensation - homogeneous and heterogeneous nucle-
ation - have been described, it is appropriate to discuss how liquid droplets disturb
the thermodynamics of the flow and how to detect their presence. The primary effect of
droplets growing (or evaporating) is the addition (or removal) of heat. For example, while
the static pressure is slightly decreased during condensation because of the transfer of
gas molecules to the denser liquid state, this is a small effect compared to the latent
heat being released into the flow by the phase change. The extent to which condensation
influences the flow depends on the amount of mass condensed and the resulting amount of
latent heat released.

Describing droplet growth depends on a variety of flow circumstances. First, if the
droplet is small compared to the mean-free path of the gas molecules, the droplet is con-
sidered to be in free-molecular flow and the growth equation must reflect this. If the
droplet is large compared to the mean-free path, then the equation must reflect continuum
processes. Whether the condensing gas is pure or mixed with a "carrier" gas can determine
whether heat transfer or mass transfer limits the rate of droplet growth. Also, if the
droplet is at a different velocity than the gas, the growth equations must be modified to
take into consideration the movement of the droplet. Droplet growth is discussed in refer-
ences 5, 22, and 23 for the range of conditions but will be specialized in the following
discussion to the case of continuum flow with a one-component gas, which is appropriate
for evaporating the droplets resulting from injected liquid nitrogen in both nitrogen
and air-nitrogen cryogenic tunnels.

An equation for droplet growth in a continuum environment with no carrier gas is given
in reference 22 along with expressions for droplet acceleration. The expression given for
the droplet growth rate is

dr -Am(T - TE)Nu_ _ = -( 
5

dt 2PZLr (15)

where r is droplet radius, Am is the mean value of thermal conductivity of the gas at
the saturation (droplet) temperature and at the gas temperature, L is the latent heat,
and Nu is Nusselt number, which is defined as

Nu = 2(1 + 0.28 Rdl/ 2 pr1 / 3) In (I + B)
d B

with

2pw r
Rd= -

Pr = P
A

c p(T - T
B=-~-

L

In the above equations, p is vapor density, wr is the difference in velocity between the
droplet and the gas, vi is the gas viscosity, A is the gas thermal conductivity, Rd is
droplet Reynolds number, Pr is Prandtl number, and cp is the gas specific heat at con-
stant pressure. (In reference 22, there is a typographical error in the equation corre-
sponding to Eq. (15).) Equation (15) shows that growth rate in continuum flow is inversely
proportional to size.

To detect the presence of condensation or unevaporated liquid droplets, one may examine
either indirect evidence such as static or total pressure measurements or direct evidence
such as that provided by light scattering systems. Pressure instrumentation has tradition-
ally been available to the experimentalist in the form of static pressure orifices either
in the tunnel sidewalls or model and in the form of total pressure probes. Both methods
have been used to detect condensation in conventional tunnels, as reported in reference 1,
and in cryogenic tunnels, as reported in references 24 and 25. Two notes of caution are
appropriate for total pressure probes. First, in supersonic flow the detached bow shock
may re-evaporate condensate and give a misleading measurement. Second, if large droplets
with diameters greater than about 50 jm are in the flow, their presence in the flow will not
be detected by total pressure probes constructed with tubing less than 0.01 i in diameter
because the droplets will not be brought to rest in front of the probe even for flow velov-
ities as low as 10 m/sec.
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Light scattering can be used as a means of looking directly for condensation and has
been used in this capacity since the earliest condensation experiments in the late 1800's.
Many references can be cited as giving examples of detecting onset by light scattering,
but reference 26 is particularly useful because in that report onset of condensation
detected by light scattering is compared to onset detected by pressure measurements and
both methods are found to be equally sensitive in determining the onset. Both pressure
measurements and a simple light scattering system have been used in experiments in the
0.3-m TCT at Langley.

6. RESULTS OF EXPERIMENTS IN THE LANGLEY 0.3-METER TRANSONIC CRYOGENIC TUNNEL

With the need to verify Sivier's analysis and to provide more information about droplet
evaporation, Langley has been in a unique position to gather experimental data with the
availability of the fan-driven, 0.3-Meter Transonic Cryogenic Tunnel (TCT). The condensa-
tion studies in the 0.3-m TCT have primarily involved a 0.137-m chord NACA 0012-64 airfoil
mounted in the octagonal, three-dimensional test section; total pressure probes mounted at
different longitudinal positions along the same octagonal test section; and a 0.152-m chord
British NPL-9510 airfoil mounted in the two-dimensional test section. The first two studies
utilized pressure data while visual detection was used in the NPL-9510 studies.

6.1 NACA 0012-64 Airfoil Studies

The NACA 0012-64 airfoil studies involved taking static pressure data along the
airfoil surface, as reported in reference 24. The cross section of the airfoil is shown in
figure 12, and a typical pressure coefficient, C,, distribution is seen in figure 13 for
M = 0.85 and a chord Reynolds number, Rc, equal to 38 x 106. The airfoil was fixed at
a zero angle of attack, a, for the entire test program. The method of determining the
onset of condensation effects was to control the tunnel so that M and Rc were held
constant while the total temperature was decreased below the saturation temperatures cor-
responding to MLmax and M . Because both M and Rc were held constant, any dif-
ference in pressure coefficient could be attributed to low-temperature effects, which were
assumed to be due to condensation. The procedure of following a "path" of constant M
and R. could be repeated at various values of Rc to span the operating envelope as was
done for the M = 0.85 test. This is seen in figure 14, which also shows the appropriate
saturation temperatures for MLmax and M_. Along each path of constant Rc, graphs show-
ing differences in pressure coefficient as a function of total temperature were analyzed for

*each pressure orifice over the airfoil and used in the determination of the onset of conden-
sation effects. Total temperatures and pressures at which effects were first detected for
the M = 0.85 test are shown in figure 15. Similar tests were also made for M_ = 0.75
and 0.45.
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Figure 12.- Two-dimensional NACA 0012-64 .4
airfoil with orifices spaced at 5 per-
cent-chord intervals.
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Figure 14.- Paths of constant Rc for the
test of the NACA 0012-64 airfoil at
M4 - 0.85.
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Supercooling is a traditional manner of
presenting data on the onset of condensa-
tion and is used in figures 16(a) and 16(b)
to analyze the onset of pressure effects
for the NACA 0012-64 airfoil test, assuming SATUAY|0K
that either the local or free-stream con- 4-M = °

ditions are the important parameter. In/ SAL.A Ix=ON,

other words, for the calculation of super- j. ML max 1.2

cooling in figure 16(a), the maximum local
Mach number over the airfoil is assumed to ~ T
be the relevant velocity with which to solve .0

for T and then AT in Eq. (2). For SATURATION.
figure 16(b), M is assumed to be the 2 M. =0.85
pertinent velocity for determining super-
cooling. A comparison of figures 16(a)
and 16(b) shows that the results correlate I -

much more closely with supercooling based 75 8 9 105 115 125
on M_. Thus, the onset of effects in the K
pressure distribution would appear to be Figure IS.- Onset of condensation effects
originating in the free-stream and not f re 1 t of condEaon efs
necessarily over the model. Furthermore, as forctes tperime0.85.error
reported in reference 24, effects over the indicate possible experimental error.
airfoil do not necessarily occur first in NACA 0012-64 airfoil.
the region of high local Mach number over
the airfoil, where homogeneous nucleation
would be expected to occur first. Con-
sequently, heterogeneous nucleation seems
to be the most likely cause.

6
16 O

14 3

6 } AT.K K

-2 C 0.75

A 8 -
0.95

I [ 0

6- 1t AIM

aM. (b) Supercooling based on M4,

2poss ilepeietler.

& 0.95

0 1 2 3 4 5

P.ATM

(a) Supercooling based on ML'max

Figure 16.- Supercooling for NACA 0012-64 airfoil tests. Error bars indicate
possible experimental error.

6.2 Total Pressure Probe Studies

That the onset of effects for the NACA 0012-64 airfoil were the result of hetero-
geneous nucleation on some existing seed particles present in the test section was sub-
stantiated by the total pressure results reported in reference 25. During these experiments
a similar test procedure was followed except that the airfoil was removed from the tunnel
and total pressure probes were installed along the length of the octagonal test section, as
seen in figure 17. Without the airfoil present, the probes could only measure what was
occurring in the free-stream flow itself. Supercooling calculated by using M as the
relevant velocity in Eq. (2) is given for the probes in figure 18, which shows-results
similar to those for the airfoil in figure 16(b). Again, the evidence of heterogeneous
nucleation occurring on seed particles in the free stream seems clear.

6.3 Need for Higher Local Mach Numbers

Since heterogeneous nucleation effects were the apparent cause of the onset of
condensation in the tests with the NACA 0012-64 airfoil, heterogeneous effects form the
minimum operating temperature limits for those test conditions. Consequently, the operating
temperatures at which homogeneous effects would have occurred over the airfoil must hay. beei
lower than those at which heterogeneous nucleation occurred on seed particles upstream of
the model. Sivier's predicted operating temperatures, as described by Eq. (9), at which
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Figure 17.- Description and placement of Figure 18.- Supercooling for total
total pressure probes in the three- pressure probes based on M .
dimensional, octagonal test section.

homogeneous nucleation would have occurred
for the NACA 0012-64 airfoil at M = 0.855
and ML,max = 1.20 are shown in f'gure 19. to 9
Indeed, as seen in the figure, the predicted
onset of homogeneous nucleation would have 41 SAIURATIO.
occurred at lower temperatures than those M=T SATURATIN.

particles was detected. In other words, for pt ATM ML. =12

these conditions of relatively low maximum
local Mach number, MLma = 1.20, the
supercooling over the airfoil was not suf- SATURATION.
ficient to trigger homogeneous nucleation 21 0.85
at the temperatures corresponding 

to the

onset of effects due to heterogeneous
nucleation. While figure 19 is not a
quantitative check of Eq. (9), it does 75 85 1V 105 115 125
appear that Sivier's calculations 

are con-

sistent with the experimental results. In i t
order to check Eq. (9) quantitatively, tests Figure 19.- Comparison between prediction
were required that would incorporate much of homogeneous nucleation, Eq. (9), and
higher local Mach numbers than free-stream effects attributed to heterogeNeousMachnumbrs n orer o moe te MLmaxnucleation for the test of the NACA

Mach numbers in order to move the ML max 0012-64 airfoil at M. = 0.85.
saturation curve to higher temperatures and
to move the predicted onset of homogeneous
nucleation to temperatures higher than free-stream saturation, where growth can occur on
pre-existing seed particles in the test-section flow itself.

6.4 NPL-9510 Airfoil Studies

To satisfy this need for higher local Mach numbers over an airfoil, a recent
series of experiments was completed on a 0.152-m British airfoil, the NPL-9510. While no
pressure data have been studied yet for condensation effects, one of the methods of detect-
ing condensation during the experiment was
a simple light scattering system which could
visually detect condensation in the form of
fog either over the airfoil or in the test-
section flow itself. A 25-watt arc lamp
was placed outside the field of view in EDGE O WINDO
one of the schlieren boxes mounted on the
two-dimensional test section of the 0.3-m ID
TCT and a video camera was placed at the
exit pupil of the opposite schlieren box. VIEW
The schlieren system was not operating and
the knife edge was removed. The airfoil _______

was mounted in a set of D-window turn- .O12m
tables, as shown in figure 20. It is
important to notice that the view of the
flow over the top of the airfoil was limited TURNTABLE IW M
by the 0.012-m placement of the airfoil
chord line below the field of vision. The
airfoil was tested at angles of attack, a,
of o20, 00, and 60 for , - 0.75; at Fignre2.- Fiel o ne on the

~00 and 40 for 1H, - 0.55; and at Fgr 0-Fedo iwoe h
o*00 for P, a 0.85. Video recordings WPL-9510 airfoil mounted in the

were made which showed whether any fog was D-window turntables.
apparent locally over the airfoil and
whether any fog Wa present upstream of the
airfoil in the test section. Static

' _ __ __ _ _
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pressure measurements were taken over the airfoil to determine the maximum local Mach
number, ML,max, so that the corresponding saturation temperatures would be known.

The use of visual means to detect the appearance of fog permitted distinguishing
between fog occurring locally over the airfoil and fog occurring in the free stream
itself. Furthermore, an additional distinction was made in the appearance of fog in the
test-section flow. When fog first appeared, it was very light and intermittent in nature.
At total temperatures 1 or 2 K lower, the test-section fog became brighter and steadier in
nature.

6.4.1 Detection of Fog Locally Over NPL-9510 Airfoil

The results for the test with M = 0.75 and a = 60 are shown in
figure 21(a). For these conditions, ML,max is equal to 1.70. Also shown in this figure
is the predicted onset of homogeneous nucleation as calculated by using Eq. (9) and assuming
that ML m = 1.70 is the Mach number at which condensation is detected. Equation (9)
predicts' e onset of homogeneous nucleation at temperatures far above free-stream satu-
ration, and the agreement between Eq. (9) and the detection of local fog over the airfoil
(represented by circles in figure 21) appears good in both magnitude and trend. However,
as seen in figure 20, the field of view above the airfoil does not extend down to the air-
foil surface and it is not known, therefore, if the experimental setup is really able to
detect condensation at M max. If, for example, only velocity regions of M = 1.50 are
visible in the field of view, then a new predicted onset of effects would have to be drawn
using Eq. (9) and M = 1.50. This new line would be displaced to the left of the present
line shown in figure 21(a), and this new prediction for the onset of homogeneous nucleation
might suggest that homogeneous nucleation is occurring at higher temperatures than predicted
by the Sivier analysis.

6 6-

AS,, 0.?5 ATURAT|O,.

S ISATURATIO. SATURASlO.

M = 0. 0 M L m ax = 0.

K UK

(a) HM, = 0.75, ci = 6° , and ML,max = 1.70 (b) M=, = 0.55, e = 4
° , and ML ,max = 1.30

Figure 21.- Onset of nucleation effects for the NPL-9510 airfoil shown as follows: i
local by circles, intermittent by squares, and steady by triangles. Predicted
onset of homogeneous nucleation effects is given by Eq. (9) for the respective
values of ML, max .

The results for M = 0.55 and ci 40 are summarized in figure 21(b). In this case

M.L,mlax = 1.30 and the agreement between the predicted onset of homogeneous nucleation and
the data for local onset is not as good as shown in figure 21(a). It appears that more
supercooling occurs locally than is predicted by Eq. (9). In fact, during the 2-atm run,
fog was detected in the free-stream flow before any could be seen locally over the airfoil.
This extra supercooling may again b the result of the limited view of the model. The high
local Mach number region in the pressure distribution for M,= 0.55 and c = 40 is
limited to a small region near the leading edge of the airfoil, as seen in figure 22(a).
It is just this region that is 0.012 m below the field of view of the 0-windows. The high
local Mach number region in the distribution for M, = 0.75 and ci = 60 shown in
figure 22(b) is not as limited chordwise and is not as close to the leading edge. One
would expect a larger reglion of high Mach numbers over the airfoil for M. = 0.75 than for
14, - 0.55 and consequently more visibility of the high local Mach numbers through the
D-windows. This would explain the better agreement between Eq. (9) and the data for
MI,,, 0.75 than for M = 0.55. Nevertheless, because of the limited field of view in the
tests at both M,, = 0. 5 and 0.75, the actual temperatures at which local onset occurs are
uncertain and may possibly be above the temperatures corresponding to IEq. (9) in
figure 21.

Additional data beyond the present visual detection in a limited field of view over
i the airfoil are required for conclusive verification of the predicted onset of homogeneous

nucleation according to Eq. (9,. If effects are occurring at temperatures above those
predicted by Eq. (9), either the $ivier analysis may be predicting too much supercooling
before homogeneous nucleation or heterogeneous nucleation may be occurring locally over the

.. airfoil at temperatures above those corresponding to homogeneous nucleation. At the present
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Figure 22.- Pressure distributions near the leading edge of the NPL-9510 airfoil.

time, however, because of the general agreement between the detection of local fog over the
NPL-9510 airfoil and both the trend and magnitude of effects as predicted by Eq. (9),
it will be assumed that the effects were the result of homogeneous nucleation and that
Eq. (9) is at least a rough approximation to the onset of homogeneous nucleation effects.

6.4.2 Detection of Fog in Test Section

It is interesting to notice in figure 21 that the temperatures correspond-
ing to intermittent fog in the test section (represented by squares) coincide with free-
stream saturation temperatures, while the temperatures at which the steady, more dense fog
is observed (triangles) are lower by 1 or 2 K. A closer look at intermittent fog onsets
for all the data taken in the NPL-9510 tests is given in figure 23, which shows the super-
cooling below free-stream saturation at the detection of intermittent fog. The agreement
between temperatures for detection of thir intermittent fog in the test section and free-
stream saturation temperature (AT = 0) is surprisingly good. Apparertly, there are seed
particles in the flow that are ready to serve as nucleating sites fi soon as the free-stream
saturation temperature is reached. Supercooling below free-streru, saturation at the onset
of steady, denser fog is seen in figure 24. Similarity betwee. the supercooling for the
NACA 0012-64 airfoil, for the total pressure experiments, and for the steady fog tests with
the NPL-9510 airfoil is apparent when comparing figures 16(b), 18, and 24. The onset of
measurable pressure effects seems to correspond to the steady fog seen in the test section
in the NPL-9510 experiment, as might be expected. What makes this correspondence surpris-
ing is that the NACA 0012-64 airfoil and total pressure data were taken in the 0.3-m tunnel
with the three-dimensional, octagonal test-section leg in place, while the NPL-9510 airfoil
was tested with the two-dimensional test-section leg in place. The three-dimensional test
section had about 25 percent less cross-sectional area and required correspondingly smaller
amounts of power and rates of liquid nitrogen injection.
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Figure 23.- Supercooling based on M_ Figure 24.- Supercooling based on t,
at the onset of intermittent fog in at the onset of steady fog in the test
the test section during the NPL-9510 section during the NPL-9510 airfoil
airfoil tests, tests.

6.5 Source of the Seed Particles

For two reasons, it would seem that unevaporated droplets resulting from the
liquid nitrogen injection process were not the cause of the onset of heterogeneous
nucleation observed in any of the three studies. First, if unevaporated droplets were the
cause, total pressure would influence the amount of supercooling from the free-stream
because droplets injected into the tunnel are expected to strike one or more of the various
flow obstacles and lead to new droplets being generated by the flow obstacles. These new
droplets should be significantly smaller at the higher pressures, according to Eq. (14),

and should evaporate much more readily. Even without obstacles in the flow, droplets



7-16

would evaporate more quickly at the higher pressures because latent heat, Y. decreases
with increasing pressure (see Eq. (15)). Thus, it would be expected that mn e super-
cooling would be realized with increasing pressure if the liquid injection we, the source
of seeds for heterogeneous nucleation. However, no more supercooling was observed at the
higher pressures than at the lower pressures. Second, if unevaporated droplets were the
cause of effects, a more likely candidate for onset correlation would be some temperature
increment above the reservoir (M = 0) saturation temperature rather than correlation with
free-stream saturation temperature. The flow in the return portion of the tunnel,
where the geometric area is large compared to the area in the test section, is not very
sensitive to M_; therefore, more reason exists for the droplets being swept around the
tunnel to correlate with reservoir rather than free-stream saturation temperature. Any
correlation with the free-stream saturation temperature must be either very coincidental or
very complex, indeed, if unevaporated droplets are causing the onset of effects.

If the seed particles do not result from unevaporated liquid nitrogen droplets from the
injection process, then dust or some other particulates must be the source of the nucleating
sites. These particulates may come from the liquid nitrogen itself, as mentioned in the
section on sources of seed particles. A note of caution, however, is appropriate. While
the liquid nitrogen injection process does not appear to be the source of seed particles in
the above experiments in the 0.3-m TCT, it should always be considered as a possibly large
source of seeds. At some temperature approaching the reservoir (M = 0) saturation temper-
ature, there simply will not be enough temperature difference between the gas and the liquid
to evaporate the droplets formed during injection. During the tests in the 0.3-m TCT, this
temperature was apparently below the temperature at which particulates cculd serve as
nucleating sites in the free stream itself.

6.6 Summary

To summarize the experimental results in the 0.3-m TCT, growth on pre-existing
seed particles in the test-section flow upstream of the airfoil triggered the onset of
condensation effects during the NACA 0012-64 airfoil tests, a result substantiated by later
total pressure measurements. Homogeneous nucleation did not occur because not enough
supercooling was present in the regions of maximum local Mach number over the airfoil at the
temperatures corresponding to the detection of heterogeneous effects. With the relatively
high local Mach numbers during the experiments with the NPL-9510 airfoil, fog was detected
locally over the airfoil at temperatures higher than the free-stream saturation temperature.
While the experiment did not permit visual detection of fog close to the airfoil surface,
the agreement between the data and Eq. (9) seems to imply that homogeneous nucleation was
the source of condensation effects over the airfoil. Consequently, the minimum operating
temperatures corresponding to the onset of condensation effects in the 0.3-m TCT appear to
be determined by either homogeneous effects occurring locally over the test model (dependent
on the magnitude of ML max) or by heterogeneous effects occurring upstream of the model in
the free stream itself (dependent on M.).

7. MINIMUM OPERATING TEMPERATURE LIMITATIONS DUE TO ONSET OF CONDENSATION EFFECTS

While the minimum operating temperatures at which condensation effects would occur
in the 0.3-m TCT are predictable, there are a number of tunnel factors that may influence
the onset of either homogeneous or heterogeneous nucleation in other cryogenic wind tunnels.
These factors include length effects, purity of the injected liquid nitrogen, number of
particulates in the flow, and number of unevaporated liquid nitrogen droplets reaching the
test section. The present section will first outline the brief procedure for determining
minimum operating temperatures in the 0.3-m TCT and will then discuss how these minimum
operating temperatures may be influenced by differences in tunnels.

7.1 Minimum Operating Temperatures in the 0.3-m TCT

The 0.3-m TCT operating temperature should be kept high enough to avoid the onset
of condensation from either homogeneous or heterojeneous nucleation. As described in the
previous section, condensation effects detected locally over the NPL-9510 airfoil (see
fig. 21) seem to follow the trend and general location of Sivier's predicted onset 0i
homogeneous nucleation, as characterized by Eq. (9). For this reason the effects are
tentatively assumed to be the result of homogeneous nucleation and not the result of heter-
ogeneous nucleation. The NPL-9510 results, however, are not a conclusive check on Eq. (9)
because of an experimental limitation which did not allow detection of effects close to the
airfoil surface. Nevertheless, until further data are available, Eq. (9) seems to be the
best estimate for the operating temperatures at which the onset of homogeneous nucleation
can be expected.

A second operating temperature boundary in the 0.3-m TCT may be imposed by hetero-
geneous nucleation. During the tests of the NPL-9510 airfoil, the NACA 0012-64 airfoil, and
the total pressure probes, condensation from heterogeneous nucleation in the free stream was
detected at temperatures corresponding to free-stream saturation or just helow. Conse-
quently, a prudent lower limit to operating temperatures before the onset of heterogeneous
effects would be the free-stream saturation temperature for the test under consideration.
Thus, to predict the minimum operating temperature for tests in the 0.3-m TCT, one must
compare the temperature predictions of Eq. (9) for an assumed value of MLmax to the
free-stream saturation temperature. Whichever is higher should be taken as the minimum
operating temperature. To predict the minimum operating temperatures in other tunnels, it
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it is necessary to review the influences of various factors on both homogeneous and
heterogeneous nucleation.

7.2 Influence of Length Effects

The first factor to be considered is the effect of increased tunnel size compared
to the 0.3-m TCT. The onset of homogeneous nucleation should not change appreciably even
if models in the larger tu..nel have characteristic lengths larger than the 0.137-m and
0.152-m airfoils of the present study. For comparable supercooling before the onset of
homogeneous effects, doubling the length of the 0.152-m NPL-9510 airfoil should require a
reduction of droplet formation rate, I, to compensate for the increased residence time
over the airfoil during which droplets can form and grow. Suppose, as a first guess, that
I must be halved in value to compensate for doubling the length. The magnitude of I,
however, is so sensitive to supersaturation ratio, S, that only a small increase in Tt
can halve I. For the example given in Table I, where Pt = 4.76 atm and Tt = 109.0 K,
at the expansion Mach number of 1.70, I = 4 x 105 droplets/(kg-sec). By increasing
Tt to just 109.1 K, I drops tc 2 x 105 at M = 1.70. While the onset of homogeneous
nucleation effects involves growth in addition to just I and a larger reduction in I
than a factor of 2 may be necessary, it does not appear that doubling the length scale
should impact noticeably on the total temperatures at which the onset of homogeneous
nucleation occurs.

The influence of increasing length scale on the onset of heterogeneous effects, how-
ever, may potentially be more detrimental. The effect of doubling the length scale on
heterogeneous nucleation can be determined by examining the droplet growth equation,
Eq. (15), and remembering that T is gas static temperature and Tj is droplet tempera-
ture, which will be very close to saturation temperature for the gas static pressure, p.
Separating variables and integrating over the time interval from to to tI , during which
time r has gone from ro to rl, gives

2  2  X=m
(T 

- TZ)Nu(t1 - t0 )

PZ£L

Assuming that the onset of heterogeneous effects in both tunnels occurs when the presumed
equal number of droplets in each has grown from ro to the same value of rl, then the
right side of Eq. (16) would have to be equal in value for the two cases. Assuming the
parameters such as Xm, Nu, P£, L to be the same, then equal growth on the seed particles
will occur in the two cases if

(T - Tt)(t- to)I = (T - T )(t I - to)I (17)
A B

where conditions at A represent the 0.3-m TCT and conditions at B represent the larger
tunnel. Since the residence time (tl - to)B in the larger tunnel will be twice that in the
0.3-m TCT, (T - T%)B may be only half the value in the 0.3-m TCT. While (T - T£)
is not strictly the same as supercooling, it is a similar measure of how far below the
vapor-pressure curve the flow has progressed. For effects being generated in the test-
section flow upstream of the model, Eq. (17) is not a serious limitation. For example,
instead of pressure instrumentation detecting the onset of heterogeneous nucleation at a
value of supercooling 2 K below free-stream saturation, only a supercooling of 1 K would
be expected. Since operation just above free-stream saturation is recommended anyway to
avoid heterogeneous effects in the free stream itself, this would not impact on predicted
minimum operating temperatures.

However, heterogeneous nucleation may impose severe restrictions in areas of high local
Mach number over the test model when doubling length scales. It must be remembered that
growth on seed particles occurs as soon as the flow is saturated. For flows in regions of
high local Mach number, it is simply a question of whether enough seed particles exist and
have enough time to grow sufficiently to affect the flow. While it is assumed that durlng
the NPL-9510 tests the local fog was the result of homogeneous nucleation effects, suppose
the local onset temperatures may have been close to the temperatures at which heterogeneous
effects could have occurred locally. Then, Eq. (17) would suggest that only about half the
supercooling over the 0.152-m NPL-9510 airfoil might be realized if the length of the airfoil
were doubled while holding all other parameters constant. Thus, the local onset of effects
for the larger airfoil could possibly be halfway between the present data for local onset of
effects and the saturation curve corresponding to M L max = 1.70 in figure 21(a). Con-
sequently, the greatest danger of increased heterogeneous nucleation is not in increased
effects upstream of the models but in the regions of high local Mach numbers over the test
models. In these regions, the amounts of supercooling observed during the 0.3-m TCT tests
before the onset of homogeneous nucleation could be appreciably reduced if heterogeneous
effects increased enough, by virtue of increased length scales, to cause effects in these
regions at temperatures above those predicted for the onset of homogeneous nucleation.

7.3 Influence of the Purity of the Injected Liiuid Nitro_e

The next influence to be discussed is the purity of the injected liquid nitrocen.
AS reported by Arthur and Naqamatsu in reference 27, ceitain impurities in nitrr,;en can
significantly reduce the amount of supercoolinq realized before the onset of (-ondensAtion
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effects. Water vapor and carbon dioxide, in particular, are detrimental because these
impurities may pre-condense and create nucleating sites for heterogeneous nucleation of
the nitrogen. In other words, while not necessarily affecting homogeneous nucleation,
these impurities may permit an early onset of heterogeneous nucleation because of the
additional nucleating sites they create. In fact, Arthur and Nagamatsu report decreases
in the supercooling before the onset of condensation in their nozzle with gaseous impurity
levels as small as 0.0095 percent by volume for water vapor and 0.033 percent by volume
for carbon dioxide.

7.4 Influence of the Number of Particulates

A third possible difference in tunnels may be in the number density of particu-
lates in the flow resulting from either dirt or debris left in the tunnel or from solid or
liquid impurities in the injected liquid nitrogen itself. The onset of homogeneous
nucleation should not be affected by an increased number of particulates; however, increased
effects of heterogeneous nucleation may preempt the occurrence of homogeneous nucleation,
as in the increased-length situation. To correlate the onset of heterogeneous effects
both in the 0.3-m TCT, case A, and in the second tunnel with a larger number of particu-
lates, case B, it will be assumed that the total growth of condensate mass, Am, is the same
for similar operating conditions, since the resulting equal amounts of latent heat released
into the flow would have caused equal changes in the thermodynamics. Thus, at onset,

AmA = m (18)

but

AmA = nA 4rA p14wr
2dr (19)

and

AmB - n. 1rB P4wr2dr (20)
ro0

where rA and rB  are the respective radii at onset of effects and nA and na are
the respective number densities of particulates. It is also assumed that the growth begins
on particles of equal radius, ro . Equations (18) to (20) can be solved to give

r 3 _ nArA3 + (ri- nA)ro3 (21)

Equation (21) in conjunction with Eq. (16) can be used to estimate the differences in
(T - Tj) to be expected at onset between case B and case A, which is assumed to be the
0.3-m TCT. Suppose the number density in case B, nB, is twice that of case A, nA.
Equation (21) becomes

rB3 .rA3 + ro3  (2rB = r r(22)

2

As can be seen with Eq. (22), the greatest difference between rA and r3 occurs when ro
is small compared to rA. Assuming ro - 0, then rB - 0.79rA, and Eq. (16) becomes

r 2  -m(T - T )Nu(tl - to)

where rl is either rA or rB. Since the residence time, (t1 - to ), is the same for
cases A and B and all the other parameters are the same except for (T - TI),

2
(T -T)A r 2

(T T Td A r A 2
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or for the present example,

(T - T )B - 0.62 (T - TE)A

Consequently, it would be expected that only around 60 percent of the supercooling seen in
the 0.3-m TCT tests before the onset of heterogeneous nucleation would be possible if the
number density of particulates were doubled. Again, the greatest limitations due to
increased heterogeneous effects could occur in regions of high local Mach number over the
test model.

7.5 Influence of the Liquid Nitrogen Evaporation

The last difference between tunnels to be considered is the efficiency at which
the injected liquid nitrogen is evaporated. Suppose another tunnel is not able to evaporate
its injected liquid nitrogen as efficiently as the 0.3-M TCT. Then it is quite possible to
have a sufficient number of seed particles in the test section to trigger the onset of
heterogeneous effects both upstream of the model and locally over the model at temperatures
above free-stream saturation. One distinction between seeds due to particulates, as
described in the previous paragraph, and seeds due to unevaporated liquid nitrogen is that
the number density of seeds due to unevaporated liquid nitrogen will be a strong function of
tunnel temperature, whereas the number density of particulate seeds is expected to be
relatively constant over the temperature range.

7.6 S ary

To summarize, an approximate procedure is available, on the basis of analysis
and experiment, to predict minimum operating temperatures in the 0.3-m TCT. In predicting
the onset of condensation effects in other tunnels, a number of factors can influence the
minimum operating temperatures; these factors include length effects, purity of the injected
liquid nitrogen, number of particulates in the flow, and the evaporation efficiency of the
liquid nitrogen injection process. None of these factors are expected to impact very much
on the temperatures at which the onset of homogeneous nucleation may occur. However,
nearly all these influences can intensify heterogeneous nucleation effects in the free
stream and can possibly trigger the onset of heterogeneous nucleation effects in regions
of high local Mach numbers at temperatures higher than those corresponding to the predicted
onset of homogeneous nucleation.

8. CONCLUDING REMARKS

Minimum operating temperatures of cryogenic wind tunnels are limited by real-gas
effects. Either the test gas ceases to simulate the nearly ideal, diatomic behavior of the
atmosphere or condensation effects begin to disturb the flow in the test section. As
seen in the companion report in this lecture series, nitrogen or air as test gases will very
adequately simulate ideal-gas behavior for temperatures well below saturation at operating
total pressures up to about 9 atmospheres. Consequently, minimum operating temperatures
over most tunnel operating envelopes will be fixed by condensation effects, which may result
from either of two condensation processes.

The first process is homogeneous nucleation and will typically be responsible for
minimum operating temperature limitations during tests in which the local Mach numbers over
a model are high compared to the free-stream Mach numbers. From preliminary observations,
an analysis by Sivier seems to approximate the onset of homogeneous nucleation in the
Langley 0.3-Meter Transonic Cryogenic Tunnel. Since the differences in the onset of homo-
geneous nucleation effects are expected to be minimal in going from one tunnel to another,
whether the same magnitude of supercooling in regions of high local Mach number will be
seen in other tunnels will depend more on the second condensation process.

Heterogeneous nucleation, the second process, occurs when droplet growth takes place
on pre-existing seed particles. These seed particles are generally the result of either
particulates in the flow or unevaporated liquid nitrogen droplets from the injection process
reaching the test section. During tests in the 0.3-m tunnel, heterogeneous nucleation in
the test-section flow was observed at or below free-stream saturation temperature. Hetero-
geneous nucleation effects were not detected locally in regions of high local Mach number
over the airfoils at temperatures higher than those predicted for the onset of homogeneous
nucleation. Whether other tunnels will be able to test without the onset of heterogeneous
effects in regions of high local Mach number will depend on length scales, purity of the
injected liquid nitrogen, the number of particulates in the flow, and whether the injected
liquid nitrogen used for cooling is adequately atomized and evaporated.

While no new experimental data are reported concerning minimum operating temperatures
in hybrid air-nitrogen blowdown tunnels, previous air condensation data in hypersonic
tunnels suggest that relatively little, if any, supercooling will be possible.
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CRYOGENIC ENGINEERING III

by Dr. R.G. Scurlock, Institute of Cryogenics, University of Southampton. U.K.

Abstract Handling and transfer of LIN. Cooldown and thermal cycling problems. Safety,
including asphyxia, cold burns, explosion and fire hazards.

3.1 General points on liquid nitrogen

For adiabatic flow, with no heat in-leak, the behaviour of single phase liquid nitrogen is
well-defined in terms of viscosity, density, mass velocity, etc., just like ambient temperature
fluids. Conventional correlations via dimensionless parameters, such as Nusselt and Reynolds
numbers, friction factors, etc., can be used.

However, the behaviour is not well-defined under a number of conditions which lead to 2-phase
flow as a result of partial vaporisation of the liquid. Whenever possible, 2-phase flow
should be avoided for a number of reasons:

(a) the mass flow capacity of a transfer line is severely reduced;

(b) pumps may cavitate with a fall-off in throughput, or fail to prime and overheat;

(c) transient or continuous oscillations may cause mechanical damage.

The liquid will generally be close to saturation when partial vaporisation and 2-phase conditions
will arise from two basic causes: (i) pressure reduction; and (ii) heating.

Figure 1 A
"' ~ VD P6 V~o,

This is illustrated in Figure 1, where the liquid has a thermodynamic state A close to the
saturation vapour pressure line XY. The liquid is in a slightly under-cooled or sub-cooled
state, and its state can cross XY by two paths:

(i) along AB (or strictly AB
1
) by a reduction in pressure;

(ii) along AC by the addition of heat.

In practice, both paths should be avoided- at the same time, adequate under-cooling of the liquid
must be provided by pressurising along AA

1
.

There are two particular difficulties which may occur. Firstly, the density of LIN varies
considerably with temperature, and it is possible for stratification to occur with saturated
liquid above sub-cooled liquid in a storage tank. Mixing of the two layers is almost non-
existent.

Secondly, during reuoval of liquid from a tank, the pressure above the liquid will NOT be
maintained by evaporation of the liquid. It is necessary to back-fill the ullage space with
nitrogen gas, not only to maintain pressure, but also to prevent a negative, collapsing pressure
differential being produced when the tank is insulated by gas purged insulation at 1 atm.

3.2 Transfer Techniques

A positive NP is needed for transfer, and can be created in a number of ways:

(1) Pressurising by external use of a non-condensing gas. For example, helium is used for
pressurising oxygen and hydrogen space rocket tanks.

(2) Pressurising by external use of same gas. The introduction of warm nitrogen gas into the
ullage space will rapidly raise the pressure. Some condensation at the liquid surface
takes place so as to form a thin layer of saturated liquid. Stratification prevents this
layer mixing with the rest, and little further condensation of the inlet gas will take
place. This technique is convenient for laboratory systems, but not for larger scales.
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(3) Beating by: (a) normal heat flux through the insulation;

(b) the use of a pressure raising coil or vaporizer mounted in a pipe between
bottom and top of the tank (VI vessels only).

(4) Mechanical pumps, which can be submerged for LIN, but definitely not for LOX. Like any
liquid pump, the Net Positive Suction Head (NPSH) of the pump is an additional requirement
to be met by the thermodynamic state of the sub-cooled LIN. Clearly, the fluid state
must not cross the saturation line, particularly in the pump inlet passages. If it does,
then cavitation will cause the pump to stall. The problem can be countered by the use of
an inducer - an Archimedean screw on the suction side of the pump impellor.

3.3 Cryogenic Pumps

Pumps for use with LIN are very similar to those used in other industries, and most of the
hydraulic design details are based on water. In 1955, the National Bureau of Standards
investigated the characteristics of a number of pumps used for LOX and LIN. Basically, it was
found that, providing the liquid was undercooled, the pump performance characteristics were very
similar to those for water; the liquid capacity for a given head was only 5-10Z lower than the
capacity for water; the maximum head at zero delivery was also about 5-10 lower.

Whereas hydraulically, cryogenic pumps are similar to water pumps, there the similarity ends.
The cryogenic pump has to incorporate a number of design features to enable it to operate safely
with miniam maintenance, under poor environmental conditions of frost and moisture, with a
heat break between motor and impeller for an externally mounted pump; and cryogenic liquid shaft
seals.

Two particular types of pump to be met are:

(a) Single stage external centrifugal;

(b) Multi-stage submerged centrifugal.

3.4(a) Single stage external centrifugal pump

Commercially available models of this pump are suitable for the range 50 psig (3.4 bar) to
450 psig. (31 bar) and 20 gpm (1.5 litre per second) to 250 gpm (20 litres per second).

The pump is mounted as close as possible to the liquid bulk storage, and a particular example
fed with a standard 3-phase 440v 50Hz power supply operates at a synchronous speed of 3,000
rpm to give pressures of 50 to 100 psig (3.4-6.8 bar), and a liquid throughput of 250 gpm (20
litres per second). A cross-section of this type of pump is shown in Figure 2.

Volute

Labyrinth seal

, , / ... ! , ._..Rotating senl

Heat break

Teflon ring

FuSlinger

Figure 2
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3.4(b) Mlti-stage submerged centrifugal pyap

The multi-stage pump is capable of much greater pressures for the same diameter and speed of
rotation. For any stage, the pressure head varies as the square of the speed of rotation and
as the square of the impellor diameter. To keep pump speed and impellor diameters to
manageable proportions, multi-staging is used, with impellors mounted on the same shaft.

A submerged pump is usually driven via an extension shaft passing through the insulation to an
externally mounted synchronous motor. The use of totally submerged motor plus impellor is
attractive, and large Carter pumps are widely used for pumping LNG at large throughputs but
relatively low pressures. The use of smaller totally submerged multi-stage pumps has fallen
into disuse through a variety of development problems.

The submerged pump with external drive has a number of advantages over the externally mounted
pump, namely:

(a) during its operational life it is constantly cold. It is immediately available for
operation, since cooling is not required.

(b) priming does not constitute a problem. The NPSH is related entirely to the flow
characteristic of the inlet to the impellor, and is consequently very small.

(c) a rotating liquid seal is not required at the cold end of the shaft. A rotating gas
seal is, however, necessary to prevent leakage from the tank. Since this is not normally
subjected to cryogenic temperatures, the operating conditions are less stringent.

(d) in the submerged environment, it is possible to design a centrifugal pump to operate
against a completely closed delivery valve. Normally, under cryogenic conditions, if
the delivery valve is closed vapour quickly forms and the pump loses prime. By
arranging a controlled liquid bleed back into the tank, gas leaking and consequent loss
of prime is prevented, while the pump is maintained at liquid temperature with the
delivery valve closed.

3.5 Insulation of transfer lines

The degree of insulation depends on the duty cycle. It should be borne in mind that for
intermittent use, more liquid may be lost in cooling down the insulation of a well insulated
line, than with no insulation at all. This argument applies particularly to the flexible hose
connections used for filling storage tanks from road or rail tankers.

Two types of insulation are in coamon use:
(1) Polyurethane foam with external vapour barrier.
(2) Evacuated multi-layer insulation with its low loss capability and low thermal capacity.

All transfer lines should be as short as possible and should be made up from the minimum number
of long straight runs. A small number of 90 bends will enable the thermal contraction to be
absorbed without severe stressing.

3.6 Cooldown

The rate of cooldown of a line or vessel is dictated by
(1) the thermal mass to be cooled and
(2) natural or forced convective heat transfer.

In general, cooldown cannot be accelerated by high pressures and high liquid mass velocities.
The generation of vast white plumes of cold vapour during cooldown is a sign of excessive use
of liquid nitrogen. REMEMBER that during cooldown, the available cold in the vapour is just as
important as the latent heat of vaporisation of the liquid. Let the cooldown process take place
naturally without forcing the pace.

The cooldown of a long transfer line by admitting liquid nitrogen from one end is a surprisingly
long process. The velocity of the liquid front (Figure 3)

< M/700 M

Liquid 2 phase Fanno flow

inlet wave front discharge

Figure 3

P is dictated entirely by the Fanno-flow of ambient temperature vapour ahead of the front, and a
choking condition near the vapour discharge end. Vapour is generated by
(1) cooling the thermal mass of the line and
(2) absorbing the heat in-leak into the cold section.

I*1. . . . .. .. ' . . . I ... .... i i .i . . ... . .. ..... .
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3.7 Typical Layout for Storage and Pumped Delivery
"To

Figure 4 is a schematic diagram of a typical control system for handling ATHOS.
liquid nitrogen.
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Figure 4.

1. Pump suction valve 29. Pump auction pressure gauge
2. Pump vent to atmos. 30. Pump suction guage isolating valve
3. Recycle valve. 31. Analysis valve
4. Vacuum valve 32. Vacuum reading connection
5. Top fill valve 33. Non-return valve
6. Decant valve 34. Pump suction safety valve
7. Trycock valve 35. Pump delivery pressure gauge
8. Main vent valve 36. Pump delivery gauge isolating valve
9. Pressure raising valve 37. Delivery line safety valve
10. Contents gauge valve 38. Delivery line vent valve
13. Pressure guage isolating valve 39. Pump delivery valve
14. Vessel safety valve 40. Delivery line coupling
17. Decant Hose safety valve 44. Ameter
18. Top fill Hose safety valve 46. Delivery line safety valve
19. Bursting disc 47. Decant line vent valve.
20. Back Pressure gauge 48. Topfill hose vent valve
21. Back Pressure gauge valve 49. Cryogenic pump and motor
22. Top fill line coupling 50. Turbine or Flow meter
23. Decant line coupling 52. Vacuum filter
24. Vent valve coupling 53. Pressure raising coil
25. Blow-off plate valve 54. Flow counter unit
26. Pump start-stop unit 55. Metering pressure switch
27. Liquid pressure gauge 56. Pump suction filter
28. Liquid level contents gauge 57. Off prime pressure switch
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3.8 Zero delivery

In this extreme case, the cooldown process stops and the liquid front becomes stationary when
the line is long and has high thermal mess and poor insulation. Zero delivery can be countered
by the use of cooldown vapour vents along the line which are closed in succession.

3.9 Pressure surges during start-up

Rapid opening of liquid control valves leading into warm lines must be avoided. Pressure
oscillations with peak pressures exceeding the delivery pressure may lead to flow reversal and
damage to pumps and meters. Gate and globe valves are preferred. Flap valves should be avoided.
Electromagnetically controlled valves must open and close over - 10 seconds. Emergency stop and
vent valves should also act slowly.

3.10 Thermal cycling

Any cooldown or warming up procedure results in temperature gradients being produced in the
walls of vessels, tanks, lines and fittings. These temperature gradients are very much larger
than thost met in high temperature plant like furnaces or boilers,being in the range 0.1 to
100 K -m ; and they induce severe stressing. Under repeated cooldowns or local cyclic
temperature changes produced by LIN flow controllers, the repeated induced thermal stresses may
lead to mechanical failure in a variety of ways.

The sudden appearance of a "cold" leak after a period of operation is an.all-too-cotmon experience.
Leaks must be rectified imediately before further damage occurs. Should a leak develop, the
plant must be depressurised and warm-up comenced as soon as possible. At the same time, the
exact location of the leak should be established when the plant is cold. In many cases, this
will be easier than when the plant is at ambient temperature.

REMEMBER that failures arising from thermal cycling can be prevented by
T7 avoiding thermal cycling altogether and
(2) changing temperatures slowly so as to avoid inducing high stress levels.

3.11 Safety

The major problem with safety in the operation of cryogenic plant and the handling of cryogenic
liquids is the lack of safety codes of practice. A guide to good practice is provided by the
Cryogenics Safety Manual of the British Cryogenics Council, but this publication is not
mandatory.

Although non-toxic and non-flanmable, liquid nitrogen has particular properties which give rise
to some, perhaps unexpected, hazards:

1. Asphyxiation: Multiple fatalities can occur because the victim are unable to escape
or to attract attention. When the oxygen concentration in inhaled air is reduced from
20% to 10%, there is a serious hazard from asphyxiation.

In sudden and acute asphyxia, such as that produced by inhaling pure nitrogen gas,
unconsciousness is immediate. You will fall as if struck down by a blow on the head,
and you may die in a few minutes.

In gradual asphyxia, such as that produced by a gradual and unnoticed reduction in
oxygen content from 20% to 10%, the victim may be wholly unaware that anything is
wrong until his legs give way, leaving him unable to stand, crawl to safety, or shout
for help. You will die quite painlessly; if you are rescued and resuscitated, your
brain may be permanently damaged.

A cryogenic wind-tunnel will generate large quantities of nitrogen gas. All vents
must be at an adequate height above buildings. The accidental spillage of liquid
nitrogen and the venting of nitrogen gas in enclosed experimental areas must be
anticipated by the use of adequate ventilation. All personnel must be made aware of
the insidious danger of asphyxiation.

2. Cold burns: Liquid nitrogen or cold nitrogen vapour will produce effects on the skin
similar to burns. They will vary in severity with temperature and the time of exposure.

Naked or insufficiently protected parts of the body coming into contact with uninsulated
pipes or vessels will stick fast by virtue of the freezing of available moisture, and
the flesh will be torn in removal. The wearing of wet clothes should be avoided.

Cold burns can be avoided by the use of suitable protective clothing, including asbestos
gloves, boots, overalls and face shields or goggles. The first-aid treatment for cold
burns is rapid thawing with cold, not hot, water.
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3. Physical Explosion: If liquid nitrogen becomes sealed off in a section of transfer
line, or any closed vessel, and is left to evaporate and warm up, then a pressure of
up to 600 atm can be generated. This pressure is much greater than the likely bursting
pressure, and a physical explosion will occur. Clearly, such events can be avoided by
correct operation of valves in transfer lines and so on. On the other hand, lines can
block through the condensation of water from the atmosphere and its subsequent collec-
tion and freezing as a plug in the exit of a vent.

It is therefore advisable to have bursting discs or other pressure relief devices
installed in sections of liquid lines.

Vacuum spaces must also have bursting discs fitted as a standard protection. Failure
of the inner vessel and leakage of liquid nitrogen into the vacuum space will inevitably
lead to a physical explosion. DO NOT risk using evacuated vessels or dewars with faulty
or no bursting discs.

4. Fire: Fire results through the co-incidence of:

1. Flammable material
2. Oxidant

and 3. Ignition source.

A fire hazard exists when two of the above three occur together.

A fire hazard occurs with liquid nitrogen, when oxygen-rich liquid air is
produced by condensation of air on surfaces cooled by liquid nitrogen
below 81.8K.

Oxygen-rich air contains 40-50% oxygen, and is a powerful oxidant. If it collects
in insulating material such as polyurethane foam, a serious fire hazard exists.

Air-tight vapour barriers and/or nitrogen gas purging must be used to prevent

the condensation of liquid air inside insulations.

3.12 Other safety factors

Accidents with cryogenic liquids tend to follow a chain reaction of events. For example, a
small leak leads to a physical explosion; a subsequent fire then leads to the collapse of a
storage tank. These chain reactions should be anticipated by preventative safety measures.

Finally, all safety procedures must be observed by all personnel all the time. A major
problem is familiarity breeding contempt of safety rules.

3.13 General Referencesfor further information

Barron R., Cryogenic Systems (1966) McGraw Hill.

Haselden G.G., Cryogenic Fundamentals (1971) Academic Press.

White G.K. Experimental Techniques in Low-Temperature Physics 3rd ed. (1979) Oxford Univ.Press.

Zabetakis M.G., Safety with Cryogenic Fluids (1967) Plenum Press.
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MODEL DESIGN AND INSTRUMENTATION EXPERIENCES WITH
CONTINUOUS-FLOW CRYOGENIC TUNNELS

Robert A. Kilgore
NASA - Langley Research Center

Hampton, VA 23665, U.S.A.

SUMMARY

The development of wind tunnels that can be operated at cryogenic temperatures has
placed several new demands on our ability to build and instrument wind tunnel models. Some
of the experiences at the NASA Langley Research Center relative to the design and instru-
mentation of models for continuous-flow cryogenic wind tunnels are reviewed in this lecture.

SYMBOLS

F Mean geometric chord

cf Local skin friction coefficient, local skin frictionf q.

Ac Orifice induced pressure error, measured pressure - correct pressure
p q_

CB Buffet coefficient, unsteady wing root bending

CD Drag coefficient, drag
q S

C Lift coefficient, lift

C Pitching-moment coefficient, pitching moment

d Orifice diameter
f Frequency
h Burr height
ka Acceptable roughness height

KT Buffet bridge sensitivity

M Mach number
q Dynamic pressure
R- Reynolds number based on c

Rd Reynolds number based on d

S Reference area
V Velocity
aAngle of attack
6* Boundary layer displacement thickness
ALinear coefficient of thermal expansion
V Kinematic viscosity

Subscripts

t Stagnation value
Free-stream value

Abbreviations

% Percent
2-D Two dimensional
3-D Three dimensional
LN2  Liquid nitrogen
NRT Nickle resistance thermometer
NTF National Transonic Facility
TCT 0.3-m transonic cryogenic tunnel

1. INTRODUCTION

It is well known to anyone familiar with wind tunnels that the successful testing of a
model is usually a combination of science, art, and good luck. The recent addition of the
very low operating temperatures associated with the cryogenic wind tunnel concept requires
that we take a new look at model testing technology. Of the many details that must be con-
sidered by the test engineer, this lecture will attempt to cover only two: model design
and model instrumentation. Further restriction of the scope of this lecture in made pos-
sible by strict adherence to the "Aims of the Course" which state that the emphaes.~ of the
lectures should be on the unfamiliar aspects of technology which must be applied, ind on
solutions to special problems which arise from the exploitation of low temperatures.
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Therefore, I will not attempt to review in this lecture those aspects of model design and
instrumentation that are accepted as standard practice for ambient temperature tunnels.

The various methods that we now use to build and instrument wind tunnel models have
evolved slowly since the first simple flat-plate models were built and tested by Wenham
in 1870. Many of the problems we face today were not present in the early years of wind
tunnel testing when tunnels operated at low speeds and at ambient pressure and temperature.
In 1920, in order to increase the test Reynolds number, Munk build a low-speed wind tunnel
designed to operate at a pressure of 20 atmospheres. By testing 0.1-scale models at
0.5 flight velocities, Munk realized full-scale values of Reynolds number at dynamic pres-
sures only five times greater than experienced at one atmosphere rather than 10 times as
would have been the case had he matched flight velocity and tested at 10 atmospheres.
Nevertheless, the introduction of higher dynamic pressures made it necessary to modify many
of the existing practices in order to successfully realize the benefits of increased
Reynolds number. As aircraft became more refined and increased in speed, the resultant
need to increase the speed of wind tunnels resulted in increased model loads and support
interference effects which caused yet further changes to be made in how tests w--- -n-
ducted. In testing 3-D models, for example, it became necessary to use internal strain-
gage balances in place of external balances connected to the model by struts or wires.

Today, we again find ourselves in the position of modifying, adapting, or changing our
traditional wind tunnel techniques in order to utilize fully the tremendous increase in
Reynolds number and the other research benefits offered by a pressurized cryogenic wind
tunnel. Particularly pertinent to this lecture is the benefit of cryogenic operation that
provides a large reduction in model loads for a given Reynolds number. Successful utiliza-
tion of this important benefit requires, however, the consideration of other effects of
the wide temperature range. Just as we were able to successfully accommodate increases in
tunnel operating pressure and speed, we find that we are able, in most cases, to success-
fully accommodate the decrease in operating temperature required for the cryogenic tunnel.
Personnel at the Langley Research Center have had experience in operating cryogenic wind
tunnels since 1972. Our initial experience was with a small low-speed atmospheric fan-
driven tunnel.1 Based on the experience and confidence gained with the low-speed tunnel,
a larger fan-driven tunnel capable of being pressurized and operated at transonic speeds
was built and put into operation during 1973.2 This pilot transonic pressurized cryogenic
tunnel, now known as the Langley 0.3-m transonic cryogenic tunnel (TCT), has been used
since August of 1973 to validate cryogenic nitrogen as a transonic test gas, develop cryo-
genic tunnel model construction, instrumentation, and testing techniques, determine pos-
sible operating limits set by condensation or other real-gas effects, study various tunnel
control schemes, and gain practical experience in the operation of a cryogenic nitrogen-gas
transonic wind tunnel. 3 - 5 In addition, it has been used for a variety of aerodynamic tests
that could take advantage of either the high unit Reynolds number or the extremely wide
range of Reynolds number available.

Along with the experimental work with the low-speed and transonic cryogenic tunnels,
there was a parallel theoretical study of the real-gas effects resulting from operating a
tunnel using nitrogen gas at cryogenic temperatures. 6 These studies, described in previous
lectures, combined with the experimental verification of the cryogenic tunnel concept at
transonic speeds in the 0.3-m TCT, had a far reaching effect. A direct and most significant
effect was the decision in 1975 to build a single large transonic cryogenic tunnel to meet
the high Reynolds number testing needs of the United States. Implementation of this deci-
sion is evidenced by the construction at Langley, now well underway, of the National Tran-
sonic Facility (NTF), which will be described in detail in a subsequent lecture.

As would be expected, in 8 years of using cryogenic tunnels, we have experienced both
successes and failures in our efforts to build, instrument, and test models. The purpose
of this lecture is to review some of our experiences, both good and bad, in the hope that
such information will be useful to others wishing to exploit the research advantages offered
by the cryogenic wind tunnel.

It should be noted that the use of trade names does not imply endorsement by NASA or
the U.S. Government. Further, the views expressed herein are those of the author and do
not necessarily represent the views of NASA.

2. THE ENVIRONMENT IN A CONTINUOUS-FLOW CRYOGENIC TUNNEL

In order to properly set the stage for a discussion of model design and instrumentation
for continuous-flow cryogenic tunnels, it is necessary to examine in some detail the envi-
ronment to be found in such tunnels. The mode of operation of the Langley 0.3-m TCT, as
well as the range of test conditions over which it can be operated, can be taken as typical
of continuous-flow transonic cryogenic tunnels and will therefore be used to illustrate
several essential points.

Listed in the following table are the test conditions available in a typical ambient
temperature continuous-flow transonic tunnel, the Langley 8-ft transonic pressure tunnel
(TPT), and the 0.3-m TCT.
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8-ft TPT 0.3-m TCT

Tt, K 320 78 - 340

pt, atm 0.25 - 2 1 - 6.1

M. 0.2 - 1.2 0.1 - 0.9

q_, atm 0.007 - 0.54 0.007 - 2.0

R/m, max 14 x 106 390 x 10
6

The most obvious differences between the two tunnels is the very wide range of operating
temperatures, the higher maximum dynamic pressure, and the extremely large value of unit
Reynolds number available in the cryogenic tunnel. These differences give rise to many,
if not all, of the practical problems of building and instrumenting models for testing in
cryogenic tunnels to be discussed in later portions of this lecture. In making com-
parisons such as this, it must be kept in mind that the high dynamic pressures in the cryo-
genic tunnel is a result of using increased pressure to provide even greater Reynolds number
increases than offered by reduced temperature alone and to provide the unique operatingenvelopes that allow separation of aeroelastic, viscous, and compressibility effects.

2.1 Operating Envelope

The operating envelope of the 0.3-m TCI
0.3-nm TCT at a constant free-stream Mach
n.mber can serve to illustrate graphically 2.0 t

the wide range of conditions available in
a pressurized cryogenic wind tunnel. As 1.6 mi

shown in Figure 1, the envelope of 1m2n
dynamic pressure versus Reynolds number is 1.2

bounded on the left by the maximum operating atm

temperature line of 340 K and on the right 8 R
by the minimum operating temperature bound- j
ary which, as discussed in a previous lec- aq
ture, is set by the saturation boundary of
the test gas under free-stream conditions. 0 0 80 120 10, 200 240 20 320 360 400
The lower boundary is set by the minimum R/m
operating pressure of 1 atm while the upper
boundary is set by the 6.1 atm pressure Fig. 1 Constant Mach number operating
limit of the tunnel pressure shell. envelope.

If the 0.3-m TCT were an ordinary
ambient temperature pressure tunnel, for all
practical purposes the entire operating envelope at a constant Mach number would be repre-
sented by the single 340 K line of constant temperature. In such a tunnel, only the effects
of dynamic pressure, and the relatively modest changes in Reynolds number, need to be taken
into account in the design and instrumentation of models.

However, having temperature as a completely independent variable transforms a
single operating line into an operating envelope. In addition to the extremely high test
Reynolds number capability, the advantages of having such an envelope are the ability, as
indicated in Figure 1, to perform either pure Reynolds number studies, pure aeroelastic
studies, or achieve various combinations of loading and Reynolds number in order to more
nearly match some desired flight shape - Reynolds number combination.

One of the primary advantages of the cryogenic tunnel concept is the fact that
the large increase in Reynolds number is obtained with no increase in the inertia force
and that the model loads are greatly reduced relative to the ambient temperature condition
for the same Reynolds number. However, as previously mentioned, the fact that the operating
temperature can be varied over such a wide range cannot be ignored when we consider the
design and instrumentation of models for such a tunnel. Furthermore, as will be discussed
in more detail later, the high Reynolds numbers result in very thin boundary layers on the
models which can impose severe model surface finish and pressure orifice size requirements.
However, it must be noted that these particular problems are no more severe when a given
value of Reynolds number is achieved by using cryogenic temperatures than when the same
-.0,;,u of Reynolds number is achieved by increasing the operating pressure. In fact, experi-

. has shown that the extremely high pressures required in an ambient temperature tunnel
s.. order to match the Reynolds number achieved in a moderately pressurized cryogenic tunnel
give rise to a host of non-trivial problems, the most obvious being the high model stresses
brought about by the much higher dynamic pressure.

2.2 Variation of Temperature with Time

As contrasted to intermittent flow cryogenic tunnels, the changes in temperature
are generally very gradual in continuous-flow cryogenic tunnels. As a consequence, problems
related to thermal stresses or non-adiabatic wall conditions are either reduced or completely
avoided. Stream and tunnel wall temperatures recorded during a typical run in the externally
insulated 0.3-mn TCT, are shown in Figure 2 to illustrate the way in which temperature is
varied during the pre-run cooldown, during the testing period, and during the post-run warm-
up. It should be noted that data are being taken during the testing period only when the
stream temperature has stabilized to a constant value.
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The difference between the stream and wall temperatures are shown in Figure 3.
The wall temperature responds much more slowly to changes in stream temperature than would
a typical model under the same conditions due to the fact that the tunnel wall has more
thermal inertia and is in contact with the stream only on one side as contrasted to a model
which is completely surrounded by the high velocity stream. Even under these less than
ideal conditions, the wall temperature differed from the stream temperature by no more than
±10 KO when data were being taken. Unfortunately, no experimental data have yet been
recorded of model temperature response to changes in stream temperature. However, based on
unrecorded observation as well as on calculations made by Johnson,7 the time required for a
typical model to reach near adiabatic conditions following a step change in stream temper-
ature is very short, typically in the order of 10 to 20 seconds. The point to be noted is
that there is no need for any special precooling of the model in a continuous-flow cryogenic
tunnel in order to insure adiabatic wall conditions. The very nature of a continuous-flow
cryogenic tunnel demands that changes in stream temperature be made rather slowly, thus
assuring quasi-adiabatic conditions at all times.

3. MODEL DESIGN

The wide range of operating temperature discussed in the previous section as well as
the high pressure capability available in many cryogenic tunnels are obviously two of the
most important factors to be considered in the design of models for cryogenic tunnels.
However, there are several other factors which must also be taken into account. For example,
continuous flow tunnels, whether or not cryogenic, generally require greater factors of
safety in the model design than do intermittent tunnels. Thus, for a given model loading,
there should be a wider choice of materials and construction methods available for use in
building models for intermittent tunnels. This simple fact should not be overlooked. Per-
haps the most important point to be made regarding model design is that there are very few
general rules which can be or should be applied. Every model design exercise needs to take
into account not only such obvious things as factors of safety but also such things as the
changing physical properties of the model material with changing temperature. The increased
strength of a material at cryogenic temperature may be just what it takes to realize an
acceptable model design. Such benefits of cryogenic operation are free and should be
exploited.

This portion of the lecture will address some of the aerodynamic aspects of the design,
construction, and testing of models for continuous-flow cryogenic tunnels.

3.1 Aerodynamic Considerations

The high Reynolds number capability of cryogenic tunnels, such as the 0.3-m TCT
and the NTF, give rise to very thin boundary layers over the models. This fact, combined
with the requirement for high quality test data from these tunnels, has prompted personnel
at the Langley Research Center to re-examine some of the aerodynamic considerations related
to model surface definition, particularly in the areas of fabrication tolerance, model
surface finish, and orifice induced pressure errors. Each of these areas is briefly
reviewed in the following sections. In addition, some of the planned and on-going programs
that relate directly to the aerodynamic aspects to be considered in building models
for the high Reynolds number testing range of cryogenic tunnels will be described.

3.1.1 Fabrication Tolerance

Fabrication tolerances, in contrast to surface finish, are probably more
critically dependent on compressibility effects than on Reynolds number effects. It might
be expected, therefore, that the fabrication tolerances required for accurate data in the
new high Reynolds number tunnels will not differ appreciably from current transonic models.
Unfortunately, fabrication tolerance requirements for models to be tested at
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transonic speeds are very difficult to determine because of the extreme accuracies that
are needed to properly define the effects of fabrication tolerance either by experimental
investigations or analytical studies using modern transonic theoretical methods. There
seems to be no published guidelines on the specification of fabrication tolerances. It
appears that fabrication tolerance for models to be tested at transonic speeds is based on
past experience and the accuracy of the delivered model is very much a function of the
ability of the model maker and the accuracy of the machines he uses. Since, for super-
critical flow conditions, model tolerance can have a major influence on both data accuracy
and model costs, it is highly desirable to develop improved techniques for defining the
tolerance required. The same care should be exercised in defining model fabrication toler-
ance for any transonic model regardless of its projected test Reynolds number. In keeping
with the aims of this lecture series, there will be no further discussion of model fabrica-
tion tolerance in this lecture since the use of cryogenic temperatures per se is expected
to have at most only a second order effect through its influence on the choice of model
materials or manufacturing methods.

3.1.2 Model Surface Roughness

An overly rough surface finish on a model can lead to many problems with
respect to boundary layer transition, separation, skin-friction drag, and shock location.
Although all of these are important, I will focus on but one area; the effect of model
surface finish on skin friction.

Drag estimates for full-scale aircraft are made by adding the aircraft
manufacturing roughness drag to the drag measured on an "aerodynamically smooth" wind-tunnel
model. Therefore, any skin friction increases associated with the wind-tunnel model due to
surface roughness are undesirable. Surface roughness problems are dependent on Reynolds
number due to fact that as the boundary layer becomes thinner with increasing Reynolds
number, the acceptable surface roughnes ight (the maximum roughness height which results
in no skin friction penalty) decreases. °

-'

In most high Reynolds kimicrons oin. E = 0.20m
number transonic tests it is desirable to c1-o00.

have a model surface finish that on its own 10-40
will produce no measurable aerodynamic 5-200
effect. The data in Figure 4 show the varia- 2.5. U NA-IFORMLY DISTRIBUTED 3-D

-10 PARTICLES ON A FLAT PLATE_N iDISIRIBED 
'-Dtion of acceptable roughness height ka in 2.0- P E R

a zero pressure gradient turbulent boundary 1.5 - 0 - TYPICAL SPECIFIEDTRANSNIC

layer as a function of Reynolds number RZF 1.0 - MODEL SURFACE FINISH7  0.1 microns ris
where U is taken as 0.20 m, a value repre- .5-20 J116- 32 Iin. rmsl
sentative of a transport model sized for the .2 -0
NTF. Shown on Figure 4 for reference are .20

1 5 6 c e(R EF. J
the maximum NTF Reynolds number, the Boeing .10 4747 cruise Reynolds number and the maximum .05 2 7TNES 1"47 MAX
Reynolds number for current tunnels. At a TUNNELS CRUISE ,!F
given Reynolds number, any roughness height 6 2 ,
falling below the acceptable roughness curve 20

will produce no skin friction penalty. The
shaded band on Figure 4 is the range of Fig. 4 Acceptable surface roughness vs RE.
typically specified and achievable surface
finishes for current transonic models. The
current specified model surface finishes
appear to be compatible with a significant
part of the NTF Reynolds number range. SFAC 0.mrs
However, as is noted on the figure, the
acceptable roughness curve is for a surface
with uniformly distributed three-dimensional
particles affixed to it. As can be seen in
the photographs in Figure 5, the surface of
a typical model does not resemble a smooth (At

surface with distributed particle roughness.
Because of this fact, an experimental pro-
gram is planned to determine the equivalent
distributed particle roughness for typical
NTF model surfaces. In order to carry out
this experimental program, a good definition
of the topography of a typical NTF model
surface is needed.

The instrumentation which
is almost universally used in model shops to
measure surface roughness is the stylus
profilometer. However, there are at least
two potential problems associated with the Fig. 5 Electron micrographs of typical
stylus profilometer. As shown in Figure 6,
problems can arise when the roughness slope NTF model surface.
is too steep or the roughness frequency is
too high. The resolution of the stylus
profilometer is directly related to the size
of the stylus, which typically has a radius of 2.5 microns (100 pin). There are no pub-
lished data to indicate that a stylus profilometer can accurately determine the topography
of surfaces typical of NTF models. It is planned, therefore, that the U.S. National Bureau



of Standards (NBS) will compare the topog-
raphy of a surface typical of NTF models as
measured by a stylus profilometer and by a \ .. _
to determine if, in fact, the stylus pro-

filometer is adequate or if other methods of . STYLUS
determining the surface finish must be used.

In addition to the two
potential problems just discussed, the
stylus profilometer has great difficulty
measuring the finish on highly curved sur-
faces similar to the leading edge of a wing. Fig. 6 Potential problems with stylus
The leading edge of a wing is, of course,
the region where the boundary layer is thin- profilometer.
nest and thus the region where the local
skin friction is most sensitive to surface
roughness. Thus, it is highly desirable
to have the capability of measuring surface finish over the leading edge. Towards this end
the NBS will endeavor to develop a light scattering system to measure the finish accurately
on surfaces with high curvature.

3.1.3 Orifice Induced Pressure Error

It has been known for some years that there is an orifice induced pressure
error associated with static pressure measurements. In general, however, the boundary layer
displacement thickness 6* is large compared to the orifice diameter for models being
tested in the Reynolds number range of conventional (ambient temperature) tunnels. Under
these conditions, the static pressure error due to the finite size of the orifice is small
and is usually neglected as insignificant relative to other sources of error. At a suf-
ficiently high test Reynolds number, the boundary layer thickness on the model can become
very small compared to the orifice diameter. Under these conditions the orifice induced
pressure error may not be negligible.

When the static pressure in a flow field is measured by a pressure orifice,
the stream line curvature can change in the vicinity of the orifice and eddies can be set up
inside the orifice resulting in the static pressure measurement being higher than the true
value.11-15

An additional orifice induced error can result from orifice imperfections.
Although there are several types of orifice imperfections, experimental data1 2 exist only
for a burr around the orifice. A burr can produce flow separation in the orifice causing
additional streamline deflection. Some other types of orifice imperfection which can pro-
duce pressure error are out-of-round orifices, particles in the orifice, and orifices with
their longitudinal axis not normal to the model surface.

Figure 7 presents a com- /6dI6* 4.0
pilation of experimental resultsl I-1 3 for 4/.
orifice induced pressure error of "perfect"
(absence of imperfection) orifices. It can
be shown from local dynamical similarity 3 (REF. 13)

considerations that 
AC

f (Rd 2

therefore, orifice induced pressure error is 0 500 1000 150 2000
generally presented as Acp/cf versus C

RdJ
Rd 2 . The largest values of d/6* 2

(orifice diameter/boundary layer displace- Fig. 7 Compilation of test results for

ment thickness) for which test results are orifice induced pressure error.
shown in Figure 7 is 4.0. Using the data of
Reference 13, the variation of pressure error, Ac , with Reynolds number, R3  for three
orifice diameters, 0.508 mm, 0.254 mu, and 0.127 m are shown in Figure 8 where the local
skin friction coefficient is taken as 0.0022 and the mean chord is taken as 0.20 m. For
reference, the maximum NTF Reynolds number, the Boeing 747 cruise Reynolds number, and the
maximum Reynolds number available in current ambient temperature tunnels are also shown on
Figure 8. From these data it may appear that a 0.127 mm orifice is satisfactory for the
complete range of NTF Reynolds numbers since the maximum error is only 0.008. However, the
data in Figure 8 are limited to d/6* < 4. As the leading edge is approached, d/6* can
be of the order of 100 and erroneous conclusions may be drawn regarding the level of the
orifice induced pressure error if only these data are considered. Therefore, a test pro-
gram is underway to extend the type of data shown in Figure 8 to higher values of d/6*.
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Figure 9 is a photograph of the flat plate model to be used in this test
program; the interchangeable orifices have diameters of 3.30 mm, b.60 mm, and 13.21 mm. The
reference orifice diameter is 0.51 nm. Only one of the interchangeable orifices will be
in the plate at a time and the unused orifice locations will be filled with solid plugs.
Since this plate will be tested at low Reynolds number in the Langley 7- x 10-foot wind
tunnel, the orifices were scaled up in size so that a wide range of d/6* could be attained.
The complete orifice, including the plumbing, has been scaled up for these tests. Local
values of skin friction and 6* will be obtained from a boundary layer survey.

Figure 10 shows the envelope of d/6* variation with Reynolds number for
a 0.51 mm diameter orifice on an NTF model attainable with the present hardware. Although
the maximum value of d/6* encountered in the leading edge region of an NTF wing may be
in excess of 100, these data will extend the data base far enough to allow judgement on
whether the data may be extrapolated safely to the desired values of d/6*. The d/6*
range covered in this test will be adequate to directly assess the orifice induced pressure
error for a large majority of the orifices on NTF models.

As can be seen in Figure 11, barr heights of 1/42 the orifice diameter can
increase the hole error by a factor of approximately five. Thus, it is highly desirable
to fabricate orifices that have the hole imperfections minimized. Reference 15 outlines
a routine for fabricating high quality orifices with the final step calling for close visual
and stylus profilometer inspection of each orifice.
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3.2 Experience Fig. 11 Effect of hole imperfection on

pressure error.

3.2.1 Choice of Material

One of the problems in designing models for the 0.3-m TCT has been the
tendency to discard, too readily, the materials used heretofore to build models for ambient
temperature tunnels in favor of more exotic materials. Change for the sake of change can,
and has, lead to a series of problems ranging from delays in the procurement of seldom used
materials to models being ruined during manufacture because the builder is not familiar with
the machining or welding characteristics of the new material. In general, one should use
the unfamiliar only when the familiar is proven inadequate for the job.

I-L___
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In designing models or other devices for use in cryogenic wind tunnels, it
is extremely important to know how the materials used in their construction behave over
the range of operating temperatures. Previous lectures in this series have described how
the mechanical and physical properties of materials vary with temperature and no further
details on that subject are needed in this lecture. Based on experience at Langley in
building three cryogenic tunnels, numerous models, and several pieces of equipment used in
association with the tunnels, we have gained, through failures as well as successes, some
practical experience that relates to the suitability of a wide variety of materials for use
in the construction of models and other pieces of equipment for cryogenic wind tunnels.

Materials that have been
successfully used at Langley are listed in IPASICS

Figure 12 to illustrate the wide range PUXIGLAS
available for use in the construction of LAS5NTT TANe

AUSTENITIC STAINLESS STEEL. SYNTHAN1models. The choice for a given application AGE-HARDENABLE STAINLESS NY
obviously depends upon such things as the TEFLON
type of tunnel, loads, surface finish NONFERROUS METALS ADHESIVS AFILERS
requirement, and all of the other factors ALUMINUM ALLOYS PLASTIC PADDING. TYPE HARD
that are considered in the design of models BRASS CREST (391 A & 0)

COPPERDIVCDA4for ambient temperature tunnels. There is, COPPEr DVCON F. DEVCON S1
however, the very important additional RTV-102
requirement that the material have acceptable WOOD PRODUCTS Misc.
mechanical and physical characteristics at WOOD OUARTZ
cryogenic temperatures. LAMINATED WOOD GLASS

PLYWOOD SOLDER

The linear coefficient of
thermal expansion X, is one of the more
important properties to be considered when Fig. 12 Materials used successfully
building models or other pieces of equip- in cryogenic tunnels.
ment to be used in a cryogenic tunnel.
Either as a result of misdesign or mis-
adventure, we have experienced several failures when materials having different values of
A were used in combination. One of the first failures attributed to this cause was a
component of an angle-of-attack drive system used in the 3-D test section of the 0.3-m TCT.
The system had a threaded brass rod fitted to a threaded bracket made from 347 stainless
steel. The good fit at room temperature became a binding fit at cryogenic temperatures
which caused the brass rod to fail in torsion.

4

Another early failure in the 0.3-m TCT occurred when we attempted to hold
several pieces of a stainless steel calibration strut together with brass bolts. The bolts
failed in tension when the tunnel was cooled to cryogenic temperatures. Fortunately the
larger pieces of the strut were stopped by the turning vanes downstream of the test section.
Portions of each of the brass bolts managed to pass through the fan section without doing
any serious damage.

Recognition of the problems that can arise when materials of different
thermal expansion characteristics are combined has eliminated, hopefully, failures from
this source. However, in the case of airfoil testing in the 0.3-m TCT, the aluminum of the
test section walls and turntables, the glass of the windows in the turntables, and the steel
models all have different values of X. This gives rise to some serious design problems in
trying to achieve precision fits between these components over the entire temperature range
of the tunnel. Problems such as this do not arise with 3-0 models where, at least in theory,
a single material can be used for the entire model and there is no problem of interfacing
the model with the turntables.

In addition to complicating model design, the fact that materials change
dimension with temperature must also be taken into account in the data reduction process.
For example, when operating at 115 K, a given linear dimension of a model made from 17-4 PH
is reduced by approximately 0.2% from its room temperature value. Thus, CD  and CL, which
are nondimensionalized with respect to linear dimension squared, will be in error by approx-
imately 0.4% while Cm, which is nondimensionalized with respect to linear dimension cubed,
will be in error by approximately 0.6% if the data taken at 115 K is reduced by using values
of S and L determined at 293 K (680 F). Such a correction is significant and should be
taken into account in the data reduction process. Even greater corrections would be
required for models made of aluminum or other materials having larger values of A than
17-4 PH.

3.2.2 Models for the Low-Speed Tunnel

The first models to be built specifically for use in a cryogenic tunnel
were those built to be tested in the Langley 7" x 11" low-speed cryogenic tunnel. These
models were very simple in design and, due to the low speed and atmospheric pressure, were
not subjected to large loads. Only three models were built and tested in the low-speed
tunnel.

%yn;rlcajtModel.- The first, and simplest of the three, was made from a
cylindrical pieces sock 2.54 cm in diameter. The hollow cylinder spanned the test
section and was fitted with a single pressure orifice and a single thermocouple. The
experience with this model indicated that there was no fundamental problem of measuring
either pressures or temperatures over the wide temperature range of a cryogenic wind
tunnel.



Flat-Plate Model.- The second model was only a bit more complex. It
consisted of a flat plate of aluminum alloy which spanned the test section, had a rounded
leading-edge, a single static pressure orifice, and a simple fixture for holding a pitot
tube in the free stream above the plate and a Preston tube against the surface near the
leading edge of the plate in the laminar portion of the boundary layer. The test made with
this model over a Reynolds number range gave t first experimental confirmation that cryo-
genic gaseous nitrogen is a valid test medium.

Delta-Win Model.- The
third model to be for the low-speed
tunnel was a simple sharp leading-edge 740
delta-wing which was used in conjunction
with the evaluation of a sting-mounted
internal strain-gage balance to be described
later. A photograph of the model, balance,
and supporting sting is presented in
Figure 13. The wings and fuselage were made
of a single piece of mahogany which was
fitted to a simple steel cylinder which in
turn was fitted to the balance. The wood
was filled and painted with several coats of
lacquer enamel in order to produce a reason-
ably smooth surface.

That these first cryogenic Fig. 13 Delta-wing model, balance, and
wind tunnel models were successful should
not be surprising in view of their simple sting used in low-speed tunnel.
design and the low loads to which they were
subjected. However, as crude as they were, collectively they demonstrated the ability to
build models that could be used in a cryogenic wind tunnel for force tests and pressure
tests, therefore covering the requirements for the vast majority of wind tunnel models.

3.2.3 Models for the 0.3-m TCT

There have been many models built to be tested in the 0.3-m TCT. A few of
these will be described in this portion of the lecture in order to illustrate some of the
construction techniques that have worked and to call attention to some of the problems that
can arise.

NACA 0012-64 Airfoil.- The first model to be built for the 0.3-m TCT was
a modified NACA 0012-64 airfoilfWaTg a 13.72 cm chord. The airfoil spanned the original
octagonal test section of the 0.3-m TCT and was fastened to the walls in such a way that
incidence could be varied. This model is of some historical significance in that pressure
tests made with it provided the first experimental confirmation in compressible flow that
gaseous nitrogen at cryogenic temperatures behaves in the manner very close to that of a
perfect gas and that Reynolds number obtained by reducing temperature is fully equivalent
to Reynolds number obtained by increasing pressure.17 Because of the comparative nature
of the tests, surface finish and orifice size requirements were of no particular concern
for this model. The pressure tubes were simply soldered into grooves cut into the model and
the surface finished and the orifices drilled just as would be done for a model to be tested
in an ambient temperature low-Reynolds number tunnel.

Two problems developed with this model. The most serious was the breaking
of the pressure tubes where they entered the ends of the model. This problem was caused by
the tubes becoming brittle as they were soldered to the model. The second problem developed
after a trailing edge orifice was added to the airfoil by using an electric discharge mill-
ing process that involved immersing the model in an oil bath. The oil seeped into minute
voids around the solder and reappeared as not-so-small drops on the model surface which
froze in place as the tunnel and model were cooled to cryogenic temperatures. Because of
their proximity to the pressure orifices the frozen drops of oil greatly affected the pres-
sure data. It took a thorough cleaning in solvent using an ultrasonic cleaner to eliminate
the problem with the frozen drops of oil.

Boattail Models.- Two very successful series of models were built in the
shops at Langley and tested in the 0.3-m TCT by Reubush18 to determine the drag on isolated
boattails and on boattails in the presence of a simple wing.

The models used in the isolated boattail tests are shown in Figure 14.
There were a total of six models: four short models (20.32 cm from the nose to the start
of the boattail) having different boattail geometries and two long models (40.64 cm) which
duplicated the boattail geometries of two of the short models. These models were all sting
mounted with the diameter of the sting being equal to the model base diameter. Thus in this
case the sting was used to advantage to simulate the geometry of a jet exhaust plume for a
nozzle operating at its design point. This series of isolated boattail models was con-
structed of cast aluminum with stainless-steel pressure tubes cast as an integral part of
the model. The tubes were placed in a sand mold in the proper position, the aluminum
poured, and the model machined to the desired contour. Each of the models has 30 pressure
orifices in three rows of 10 orifices each. Although it would have been desirable to have
all of the orifices in one row, the fact that the models are only 2.54 cm in diameter
combined with the number of orifices precluded this possibility.



Fig. 14 Boattail nacelle models. Fig. 15 Boattail nacelle model with wing

in 0.3-m TCT.

The models used in the wing-body tests duplicated the forebody and boat-
tail geometry of two of the short isolated boattail models. Construction of these models
differed slightly from that of the isolated boattail models in that each of the models was
cast around both the pressure tubes and a stainless steel sting. By using this method,
it was possible to fit each of these models with 50 pressure orifices in five rows of
10 orifices each. Provision was made for the mounting of a 10.16 cm span 600 delta wing at
00 incidence on the top of each of the models in one of three positions. Figure 15 is a
photograph of one of the wing-body models mounted in the 0.3-m TCT.

Delta-Wing Models.- A set of four simple delta wing models were made to be
used in evaluation tests of a three component internal strain-gage balance to be described
later in this lecture. Each of the models has a 750 leading edge sweep. Two of the models
were machined from 17-4 PH stainless steel which was heat treated to conditions H 1150-M.
With this heat treatment, 17-4 PH can be used at temperatures as low as 77 K. One of the
steel models has a sharp leading edge and one has a rounded leading edge. Not knowing
exactly what to expect with respect to heat transfer through the metal models, we hedged
our bets by building a duplicate set of models out of glass fiber reinforced plastic.

Although some tests were made using one of the plastic models, the final
balance evaluation was made using the sharp leading edge steel model. Due to the nature of
the glass fiber reinforced plastic, it was impossible to make the surfaces of the plastic
models as smooth as would be desired. Except for this single problem, these simple delta-
wing models have proven to be satisfactory in every respect.

Airfoil Models for the 2-D Test Section.- Two of the main factors that
must be considered in designing and building airfoil models for testing in the 2-D test
section of the 0.3-m TCT have been discussed previously in this lecture. These are the
requirements of surface finish and orifice size dictated by the high test Reynolds number
and the requirements of acceptable material properties at cryogenic temperatures dictated
by the operating temperature of the tunnel.

The requirement for a very smooth surface finish precludes the use of the
simpler model construction techniques such as the "potting" of the pressure tubes in the
airfoil surface as was done for the NACA 0012-Z4 airfoil described previously which was
tested as a "proof-of-concept" airfoil in the 3-D test section of the 0.3-m TCT. In order
to provide the surface finish required for testing at high Reynolds number it is necessary
to use considerably more complex methods of model construction.

One method, which has been
used successfully to build airfoil models
for both ambient temperature pressure
tunnels and the 0.3-m TCT, is illustrated in
Figure 16. In this method, a void is
machined through one surface into the inte-
rior of the model to allow for the routing
of the pressure tubes. After the tubes and
orifices are installed, an accurately
machined mating plate, also equipped with
tubes and orifices, is used to cover the
void and thus produce a complete airfoil
model. If only a chordwise row of orifices
is desired on the model, the shape of the
void and covering plate can be very simple.
Several models having only one row of chord-
wise orifices have been successfully built
using this method. However, if spanwise
orifices are also desired on the model, the Fig. 16 Airfoil model with complex void
shape of the void and the covering plate
becomes much more complex, as can be seen in and cover.
the photograph.
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Several complications have been encountered in our attempts to use this
more complex model design. The first problem is in the attachment of the cover plate.
Electron beam welding has been attempted. However, the relatively long lengths of weld
tend to warp the model and, in one case, the welds actually cracked due to internal
stresses. Furnace brazing is being attempted but many of the materials suitable for models
to be tested at high pressures in the cryogenic environment do not braze well.

A second problem encountered on two models being built by this method is
not fundamental in nature but nevertheless real and is an example of the unexpected dif-
ficulties that can arise. The cover is intended to fit against a ledge machined in the
main portion of the model. This is done in order to keep the beam of electrons from passing
through the joint between the two pieces and burning holes in the pressure tubes. On two
of the models, one of which is shown in Figure 16, the ledge is missing on both sides just
where the tubes are taken from the model. Because of the missing ledge, over 50% of the
tubes were cut or punctured during the electron beam welding process.

When successful, this type of model construction requires between 1000
and 1500 manhours which results in very high model costs considering the relatively small
size of the airfoil models required for the 0.3-m TCT.

Casting airfoil models with the pressure tubes in the mold has also been
attempted but has been unsuccessful to date due to voids in the casting. Beryllium-copper
alloy has been used as the casting metal using stainless steel pressure tubing. Both
centrifugal and vacuum casting have been used in an attempt to eliminate the voids in the
casting. In addition to the problem of voids, another serious problem has been the breaking
of the bond between the steel pressure rubes and beryllium-copper alloy after thermal
cycling, thus producing discontinuities in the model surface in the worst possible loca-
tions. Further work is being done in an attempt to develop a successful casting technique.

3.3 Development Work

Much of the model design and construction technology presently being used for
ambient temperature tunnels can be applied directly to the design and construction of models
for cryogenic tunnels. However over the last few years a number of problems have become
apparent during our attempts to design and build airfoil models for testing in the 20 cm by
60 cm 2-D test section of the 0.3-m TCT. For example, for a number of reasons, the actual
cost of making airfoil models for the 0.3-m TCT by the traditional techniques almost
always exceeds the estimated, budgeted cost. Furthermore, most of the traditional tech-
niques require skilled craftsmen and model makers who are increasingly in short supply.
This fact, along with some design related problems, has resulted in a very high percentage
of unsatisfactory models being delivered. In addition, the traditional techniques of
making airfoil models frequently do not allow defects such as plugged tubes, leaks, cracks,
etc., to be detected until after the time consuming, and therefore expensive, final contour
machining of the model. One additional problem with many of the existing methods of model
construction is the inability to produce a "standard" orifice geometry. The need for a
standard orifice arises from the fact that details of the plumbing near the orifice can
influence the pressure reading. The geometry of the orifice must be known before applying
any corrections to the pressure readings due to orifice induced errors.

From the engineering and research viewpoints, the existing techniques of making
airfoil models also require excessive volume within the model to allow for the connection
and routing of pressure tubing. In addition to the obvious problem of reducing the strength
of the model, the presence of a large void within the model poses a potential problem due
to uneven heat transfer during temperature changes with attendant problems of model dis-
tortion and the nonuniform approach of the model surface to adiabatic wall conditions.

For any model, whether it is to be tested at ambient or cryogenic temperatures,
the existing airfoil model construction techniques often unduly limit the researcher in his
selection as to size, location, and number of pressure orifices. Also, small highly loaded
thin airfoils, that is, airfoils having a maximum thickness of less than about 6% chord,
are beyond the present state-of-the-art. All of the above factors, along with the
intuitive feeling that there had to be a better way, provided the impetus for the develop-
ment efforts related to airfoil model construction techniques described in the following
section.

3.3.1 Initial Efforts

Flame-Spray Coating.- In an initial attempt to develop an airfoil model
construction technique which avoids many of the problems listed above, a small block of
17-4 PH was fitted with pressure tubes let into grooves machined into the surface of the
block. The block and the tubes were then covered with an overcoating of metal using an
oxyacetylene torch flame-spraying process. Even after being ground to a "smooth" finish,
the surface of the sample was much too rough to be used on a wind-tunnel model. Further
development work undoubtedly would have improved on the surface finish obtainable by using
this technique. However, this technique was not pursued further at the time because other
techniques looked more promising.

Channel and Cover.- A second approach was tried which eliminated both the
tubing and the metal overcoating at the expense of a more complicated groove or channel
which had to be machined into the model surface. As shown schematically in Figure 17, a
covering strip was fitted into the stepped channel and brazed in place, the orifice drilled,
and the surface machined and polished. This method of model construction provides a



9-12

ORIFICE
COVER

CHANNEL IN

DRLLED
BRE PASSAGEWAYS N

BRAZED EXTERNAL
CONNECTOR - /

Fig. 17 Channel and cover method. Fig. 18 Thin-skin method.

smooth, strong surface and provides an easy method of getting the pressure tubing from the
model. However, there are obvious difficulties in applying this technique on anything
other than simple airfoil models.

Thin Skin.- A third approach is shown in the photograph of Figure 18 where
a family of simple channels has been cut into the surface of a test specimen in preparation
for covering the surface with a thin metal sheet. Based on our experience, this technique
appears to be a difficult one to master and seems applicable only to simple, single curva-
ture surfaces, thus ruling out its use for most applications on three-dimensional models.
Also, it is not obvious how to use this technique at the trailing edge of a very thin wing.

There are two advantages inherent to all the. e approaches. They
do not weaken the model to any great extent and they pro-V1 e a thin and relatively uniform
surface forpq e s"e.orifice drilling. This last feature is important since, when drilling
very small orifices, the depth usually cannot exceed a few hole diameters. Although excep-
tions to this can be found, model builders are not willing to guarantee the success of
models covered with "exceptional" pressure orifices. Obviously, the next step is to develop
a method that eliminates the problems and retains the advantages of these early efforts.

3.3.2 Present Effort

The approach being investigated at present is to make the model from a
number of blocks, plates, or sheets of metal joined together in a manner appropriate to the
desired model. The concept of pressure channels, rather than tubing, is retained. However,
the pressure channels are now located in the interior of the model at the interface between
the laminated sections. The pressure channels required for this method are relatively
simple and, in various samples, have been machined, scribed, or chemically milled into the
surface. The chemical milling process allows very complex patterns to be realized quite
simply in a manner similar to the photoreduction process commonly used in the manufacture
of printed circuits.

Access from the pressure channels to the surface of the model is accom-
plished by drilling a hole, roughly the same diameter as the channel width, to near the
intended airfoil surface from the back side and meeting this hole with a smaller
hole drilled from the surface side of the airfoil. In the case of laminated blocks,
the channels can be carried around the edge of a block and go directly to the surface.
This latter method is conceptually very attractive in that no drilling is required to
produce an orifice and the size of the orifice, in principle, can be as small as
desired. After joining the separate pieces together, the final assembly is machined
to the desired model shape.

A copper plating brazing technique is presently preferred for laminatinq
the blocks. Although the copper flows very freely and any excess copper results in clogged
pressure channels, careful attention to the amount of copper plated onto the blocks has
eliminated this problem. As would be done for actual model construction, pressure tests
are made on each sample, prior to any final machining, to detect any leaking or blocked
channels or any cross-leakage between channels.

The various steps taken in the construction of a sample airfoil model by
this technique are shown in Figures 19 and 20. In Figure 19, the blocks are shown after
they have been machined flat, the pressure channels cut, and the orifice passages drilled
nearly to the intended airfoil surface. A trough has been machined along the path of the
pressure orifices from the airfoil surface side of the block with the bottom of the trough
only slightly above the final model surface, thus creating a relatively thin surface to
be drilled through for the orifices. In the sample shown, small holes have been drilled
normal to the final airfoil surface. The blocks were then copper plated and brazed together.
The final machined-to-shape form is shown in Figure 20.
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Fig. 19 Blocks for airfoil model using
brazing method.

Fig. 20 Airfoil model made by brazing

method.

4. MODEL INSTRUMENTATION

In another lecture in this series, the instrumentation used for the calibration and
control of the Langley 0.3-m TCT is described. As explained in that lecture, problems with
instrumentation that arise as a result of the extremes in the temperature environment of a
cryogenic tunnel are best avoided by thermal isolation of the instrumentation, if at all
possible. In many cases this can be accomplished by locating the instrumentation in the
ambient temperature environment outside the tunnel or, if a particular instrument must be
located in the tunnel, packaging it in a heated, insulated container. In the case of model
instrumentation, however, thermal isolation is more difficult or, at times, impossible.
Some of our experiences related to the instrumentation of models in continuous-flow cryo-
genic tunnels are described in the following sections.

4.1 Strain-Gage Balances

The majority of wind tunnel tests are "force-tests" aimed at determining the
aerodynamic forces and moments acting on the model. Force tests in ambient temperature
tunnels are usually made by supporting the model in the test section on a sting-mounted
internal strain-gage balance. Because of the importance of this type of testing, tests
were undertaken to determine if it would be possible to use either existing or especially
designed strain-gage balances for force tests in cryogenic tunnels or whether some other
approach, such as the use of magnetic suspension and balance systems, would be required.
Obviously, the problems that might arise with strain-gage balances in a cryogenic tunnel
would be completely avoided if it were possible to replace the strain-gage balance and the
supporting sting with a system of electromagnetic coils exterior to the test section capable
of performing the required functions of model support and force and moment measurement. It
should be noted that a six-component magnetic suspension and balance system has been used
successfully in combination with the relatively small (10 cm x 10 cm test section) low-
speed cryogenic wind tunnel at the University of Southampton.19 However, the use of inter-
nal strain-gage balances will continue to be standard practice for measuring forces and
moments until magnetic suspension and balance systems can be scaled up both in size and
load capacity and made fail-safe in their operation.

Work related to the use of internal strain-gage bfiaqges in cryogenic tunnels is
underway at research centers on both sides of the Atlantic. U- J Because of the problems
with strain-gage balances related to the wide range of operating temperatures available in
cryogenic tunnels, much of the present research is aimed at finding ways to eliminate the
effects of temperature on balance output.

The three design options being studied for thermal control of balances are shown
in Figure 21. When the option of no thermal control is selected, it is likely that an
extensive balance calibration will be required. In addition, in the absence of thermal
control, it is uncertain how much time must be allowed between the changing of test condi-
tions and the taking of data.

The other extreme of thermal control is the option which keeps the bulk of the
balance at a constant temperature near ambient (W300 K) and eliminates any temperature
gradients within the balance. In theory, this option of full thermal control can eliminate
the need for extensive balance calibration as well as reduce to zero the time between
changing test conditions and taking data. The potential advantages of full thermal control
are achieved only by having a more complex balance equipped with heaters, sensors, insu-
lators, shields, etc.

The in-between option is to eliminate the temperature gradients while allowing
the bulk temperature of the balance to follow the stream temperature. This option is not
very attractive, since it still requires the complexity of the fully controlled balance and
does not completely eliminate the problems of the unheated balance.

NOW
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Three internal strain-gage balances THERAL CONTROL
have been tested at Langley under actual - -EITE FUL-COSTANT TEMPERATU E
cryogenic tunnel conditions. The first was NOWS GRADIENTS NO GRADIENTS
an existing off-the-shelf water-jacketed
balance which was tested in the low-speed *HEATERS NO YES YES

cryogenic tunnel. In addition, two electri- OINSULATORS NO YES
cally heated balances were especially
designed and built for use in the 0.3-m TCT. *SIELDS NO YES

Some of the details of the design and use of *TEMP. SENSORS YES YES YES
these balances are given in the following 6CEPPLEETY SMPL MODERATE DIFFICULT
sections. (HEATERS, ETC. I

4.1.1 Water-Jacketed Balance *CALIBRATION EXTENSIVE MODERATE SIMPLE

1?1

Early in 1972, a 11.4 cm KLK _ K

span sharp leading-edge 740 delta-wing model
(see 3.2.2) was tested on an existing three T T T
component water-jacketed strain-gage balance *TIME BETWEEN SHORT

in the Langley 7" x 11" low-speed cryogenic DATA POEITS
tunnel. Since the purpose of the test was
to investigate any possible adverse effects
of temperature on the measuring techniques
rather than the effects of Reynolds number Fig. 21 Design options for strain-gage
on the model, a sharp leading-edge 740 delta-
wing model was chosen since it is known balances.
that, except for the usual effects of fric-
tion drag, the aerodynamic characteristics
of this shape are relatively insensitive to
changes in Reynolds number. A photograph of
the model, balance, and supporting sting is
shown in Figure 13 (see 3.2.2 . The strain- i
gage elements of the balance were heated and
protected from the cryogenic environment by
a water jacket through which ordinary tap
water at approximately 294 K (+700 F) was
circulated at a flow rate of about 1 kg per
minute.

The test set-up in the low-
speed tunnel was very simple, as can be seen
in Figure 22. This photograph, taken with
the plastic top and side walls of the test
section removed, shows the model mounted to
the balance on the very simple angle of
attack mechanism with the balance leads and
water tubes trailing down the test section.
It was noted during low temperature testing
that the Tygon tubes, exposed as they were
to the stream, became hard and spring like.
However, the insulating properties of the
tubing are such that the temperature of the
water being circulated through the tubes
dropped only about 4K between inlet and Fig. 22 Low-speed test set-up.
exit to the tunnel.

The most serious practical problem to develop with this test set-up was
the result of alga which apparently grew rapidly within the system when water was not being
circulated through the balance. The tubes became clogged allowing the water in the jacket
to freeze which, in turn, split the seams between the jacket and the balance. This experi-
ence contributed to our decision to use electrically heated balances in future tests.

Some of the aerodynamic test results are shown in Figure 23 as the varia-
tion of Cm, CL, and CD with a for various test conditions. As can be seen, there
is generally good agreement between the data obtained at stagnation temperatures from 322 K
(+1200 F) to I11 K (-2600 F). Based on these results, we concluded that conventional
strain-gage balances can be used for model testing in a cryogenic tunnel and that a satis-
factory arrangement is to maintain the balance at ambient temperatures by heating.

16

4.1.2 HRC - 1

A three component electrically heated balance, identified as HRC - 1
(High Reynolds number Cryogenic - 1), was designed and built especially for testing the
previously described delta-wing models (see 3.2.3) in the 0.3-m TCT. Details of the balance
design and the testing program have been reported4 and only the main points will be reviewed
herein.

The one piece balance was machined from 17-4 PH stainless steel (vacuum
remelt) which was heat treated to condition H 925. With this heat treatment 17-4 PH can
be used under nonimpact conditions at LN2 temperatures. That it could not be subjected to
impact loading without damage was dramatically demonstrated during post-test calibrations
with the balance at cryogenic temperatures. A weight hanger slipped and the balance was
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Fig. 23 Low-speed results, water jacketed balance.

destroyed. HRC - 1 must therefore be referred to in the past tense. HRC - 1 was designed
to have the following load limits:

Normal force.............. 890 N (200 lbf)

Axial force................ 89 N (20 lbf

Pitching moment........... 27.1 N-in (20 ft/lbf)

At ambient temperature (m300 K) the balance accuracy was approximately ±0.5% of the design
load for all components. The balance was modulus compensated for AT = 55 K (1000 F) and
temperature compensated to ±0.5% for AT = 55 K (1000 F).

HRC - 1 was originally fitted with two 30 ohm resistance-wire heaters
and two 50 ohm nickle resistance thermometer (NRT) temperature sensors. The temperatureof the balance at or near a given heater was determined by the resistance of the NRT. In
theory the temperature of the balance at an NRT was held constant by an automatic temper-
ature controller which could vary the current through the heater in direct proportion to
changes of resistance of the NET with changes in temperature. Theoretically, only two

heaters should be needed to hold the temperature of a balance constant and insure zero
temperature gradient across the balance, one heater located at each end of the gaged
portion of the balance. Thermal insulators made from glass-cloth reinforced epoxy were
placed between the model and the balance and between the balance and the supporting sting
in am attempt to reduce to an insignificant amount the conduction of heat from the balance
to the stream through either the model or the sting.

The balance was first tested w hel cTstn b a uo tic
at conteperatures in conJunction with Srh eG-BAedNC r iSULiTO-
one of the plastic models previously MDELMOUNTING SURFACeS INSia , l
described. During the tunnel cool-down pro- f lnec
cess thureban e t ar end te n to of
follow the stream temperature and the desired a th
balance temperature of 322 K could not be
mainaned at either the front or rear heatea
locations even with 100 watts supplied to u m
each of the heaters. Details of the many ti
modifications made to the balance in order
to achieve successful operation are given in
the appendix of Reference 4. The balance asdesrig ed. Du ain the senneth blaned a. eWdlD

cie .A anb en the balance tmeauetne oAT-

'~ ~ ol o the. st ea te p r t r and... . the . . .... de...IIs...... . ...ired......lll.. .. .I-.... ."----II.. . ....- 1
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heater configuration is considerably more complex than the simple concept of two heaters.
In addition to a second heater at the front of the balance, heaters were added to each
side of the axial-force measuring portion of the balance.

In addition to the changes made to the balance, a simple cylindrical
extension was added to the sharp leading edge delta-wing model in order to reduce the
effects of the cold gas of the stream being circulated over the balance at the rear of the
model. Such an extension would, of course, in no way affect any hot-cold comparisons and,
in fact, would not be expected to have a significant aerodynamic effect since it lies
entirely in the wake of the basic delta-wing model. Additional justification for such a
modification to the model in a development program such as this exists in the fact that
the rear portion of a typical internal strain-gage balance is usually 8 or 10 sting diam-
eters inside the model rather than projecting beyond the base of the model as was the
case with the original model-balance combination.

During the subsequent wind-tunnel tests using the modified balance and
model, the automatic heater controllers were able to hold the balance temperature constant
at the heater locations under all test conditions. However, thermocouples located at
various points on the balance away from the heaters indicated the surface temperature of
the balance was not being held constant but in fact was as much as 20 K lower than the
desired set-point temperature being maintained at the heater locations. The effect of the
observed temperature differences on the balance surface did not, however, show up as a
zero shift in any of the components of the balance. Because of the nature of the instru-
mentation being used, it was not possible to get accurate values of the steady-state power
supplied to the heaters. However, it was possible to determine that the steady-state
power never exceeded 10 watts for the front heater (No. 2) or 30 watts for the rear heater
(No. 5).

The use of heater No. 1 at the extreme forward end of the balance was
found to be optional. When in use, it would dissipate at most about 10 watts which reduced
by 2 or 3 watts the amount of power dissipated by heater No. 2. Whether or not heater
No. 1 was used did not affect the ability to hold the balance temperature constant across
the gage section of the balance.

As determined by thermocouples located on the surface of the balance, the
use of heaters No. 3 and 4 resulted in a slightly more uniform distribution of temperature
across the pitching-moment and normal-force measuring section at the rear of the balance.
Unfortunately, no attempt was made to determine if the 5 watts or so dissipated by each of
these heaters was critical to the successful performance of the balance or if, in fact,
stable zeros for the various components would have been obtained without using heaters
No. 3 and 4. In spite of the lack of experimental confirmation that the side heaters
(Nos. 3 and 4) are redundant, it is very likely that they were at best only marginally
beneficial. Therefore, based on the experience with this balance, it appears that strain-
gage balances could be designed with only two heaters (theoretically the minimum number),
one on either side of the gaged portion of the balance.

The choice of material for balance construction is another area where
some improvement is perhaps possible. In general, the avoidance of a temperature gradient
across the gaged portion of the balance is made more difficult if the balance is made from
a relatively poor thermal conductor such as 17-4 PH. An obvious improvement in balance
design, from the point of view of uniformity of temperature, can be realized if a material
of high thermal conductivity, such as beryllium copper, can be used in making the balance.
(Beryllium copper has roughly 10 times the thermal conductivity of 17-4 PH at room temper-
ature.)

The heat input to this balance seemed remarkably small for such extreme
tunnel conditions. Although some concern has been expressed as to the effect of heat flux
through the model surface from a heated balance, such a modest heat flux through the model
from the front heaters would not be expected to modify in any way the nature of the flow
over the model. 0.2-

70. 6 p 1, 9 P m R ,
An example of the results L0301 4.60 8.5 x 10

obtained on the delta-wing model using the0 1314 12 s s
HRC - 1 balance are presented in Figure 25 -2t
which shows the variation of Cm, CD, and
CL with a at both ambient and cryogenic CO
temperatures for a Mach number of 0.80. 0 L 1,.,
The circular symbols indicate experimental
results obtained at a stagnation pressure of
4.60 atm and at a stagnation temperature of C
301 K. The square symbols are data taken Cmat a stagnation pressure of 1.20 atm and at
a stagnation temperature of 114 K. With
both sets of data, flagged symbols are used
to indicate repeat data point. The Reynolds -? 0 2 4 6 8
number, based on mean geometric chord, was O'de

8.5 x 106 for the two sets of data. As
can be seen, there is reasonably good agree- Fig. 25 Delta-wing resu'ts, heated balance
ment between the experimental results HRC - 80
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obtained at ambient and cryogenic temperatures. The results of these tests provided
additional evidence that cryogenic nitrogen is a valid test gas even under conditions of
separated and reattached (vortex) flow.

Toward the end of these tests, an attempt was made to determine if accurate
aerodynamic data could be obtained if the balance temperature was held at some temperature
less than ambient or, in the extreme case, was uncontrolled and allowed to follow stream
temperature during cryogenic operation of the tunnel. By stopping the tunnel drive fan
after tunnel temperature had been established and the model and balance allowed to come
to temperature equilibrium with the stream, it was possible to take a "wind-off" zero
reading and thus, hopefully, eliminate this potential source of error from the aerodynamic
data. Unfortunately, the sensor used for control of heater No. 5 failed as the balance
temperature was being reduced to 105 K (-1000 F) so that only a limited amount of data were
obtained.

BALANCE
The results are shown in TEMPERATURE.

Figure 26 where Cm, CD, and CL are com- K
pared for constant test conditions (M = 0.80, .02 o310

Pt = 1.2 atm, Tt = 114 K) for balance temper- 0
atures of 310 K (+1000 F), 255 K (00 F), and C !
114 K (-2550 F). -.02

Surprisingly good agree- - ,
ment between the data taken at the different .'OF
balance temperatures was obtained for the CD .05
drag component. The agreement is not so !
good for the lift component where there 

0 .

appears to be a shift in zero that was not .i2

taken into account by the cold wind-off LI

zero. Although the model and balance were 0
allowed to soak for several minutes at each .1
new value of Tt with the fan running in -2 -1 0 1 2 3 d 5 6 7 8
an attempt to insure uniform balance temper-
atures, the apparent zero shift is probably
due to changing temperature gradients across
the balance with time. The pitching moment Fig. 26 Delta-wing results, heated
component shows poor agreement with a con-
stant offset at the higher angles of attack, and unheated balance HRC - 1.
Here, again, there appears to be changing
zero with time due to temperature gradients
across the balance.

As previously mentioned, HRC - 1 was broken following these tests, thus
preventing further modification and retesting. Based on the rather limited tests with
HRC - 1 it appeared that the concept of keeping the balance at ambient temperatures (f300 K)
during tests at cryogenic temperatures was a fundamentally sound approach. However, it was
also concluded that the concept of allowing balance temperature to vary with stagnation
temperature should be investigated further since the absence of heaters and insulators
on the balance would make possible a reduction in balance diameter for a given load capac-
ity. The decision was therefore made to build a new balance in order to continue these
studies. The resulting balance, HRC - 2, is now described.

4.1.3 HRC - 2

The strain-gage balance evaluations in the 0.3-m TCT are but a part of a
larger balance program at Langley aimed at insuring the availability of suitable balances
when the NTF becomes operational in 1982. As a part of the larger program, the Force and
Strain Instrumentation Section at Langley has been involved in a comprehensive strain-gage
balance evaluation and development effort. The basic elements that make up a strain-gage
balance, including the material used in its construction, the strain gages, adhesives,
solders, wires, and moistureproofing, have been evaluated over a wide range of temperatures
in an attempt to select those materials and techniques that minimize the effects of the
cryogenic environment on strain-gage output when compared to its output at room temperature.
Details of this research effort have been reported by Ferris. 2 2 The brief description pre-
sented herein draws freely on her paper.

Based on considerations of impact strength at cryogenic temperature, heat
treatment requirements, and availability, Maraging 200 steel was chosen as the material for
use in building HRC - 2. A Karma (K-alloy) SK-11 strain gage was made especially to
Langley specifications for use with the Maraging 200 steel. This gage has a self-temper-
ature compensation factor of 11 which minimizes the apparent strain output over the entire
range of operating temperatures. It also has a change in gage factor which tends to
counter the changes in the modulus of the Maraging 200 steel with temperature.

Identified as acceptable during the testing were a commercially available
epoxy-based adhesive and a solder containing a small amount of silver. The use of silver-
plated copper wire with Teflon insulation was also found to be acceptable. However, it
was discovered during tests of connectors for cryogenic use that a non-trivial thermocouple
effect was present on one lead. This discovery indicates that it may be necessary to check
all wiring junctions for thermocouple effects that could introduce errors in the balance
output.
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Tests of various moistureproofing compounds were also made. During these
tests, it was discovered that the compound which had been used with the HRC - 1 balance
gave rise to very erratic gage output at temperatures below 275 K. Thus, the use of this
moistureproofing compound is the most likely cause of the large zero shifts with temperature
experienced with that balance. No moistureproofing compound has been found that does not
have some effect on apparent strain when applied over the strain-gage grid, although some
were found that were much better than the standard ones previously used. While research
is continuing in this area, the rubber-based moistureproofing compound is being applied only
to exposed terminals and wiring.

The HRC - 2 balance was fabricated and gaged in accordance with the infor-
mation obtained from the testing and evaluation program. The balance and the delta-wing
model used in the 0.3-m TCT tests are shown in the photograph of Figure 27. Details of the
pretest calibration of the balance are given in Reference 22. Some of the preliminary
test results have also been reported by Ferris in Reference 23.

A sample of the preliminary data obtained at M. = 0.5 for various testconditions is shown in Figure 28 where Cm, CD, and CL are shown as functions of a.

Data were taken at cryogenic temperatures both with the balance electrically heated to 300 K
and with the balance allowed to stabilize thermally at the ambient temperature. This
particular sample of data is for the electrically heated case at 200 K and 110 K compared
with the standard "room temperature" run at 300 K. The balance did have a bakelite con-
vection shield surrounding the balance proper to minimize heat loss. The procedure used in
taking the wind-off zero point was to stabilize the tunnel parameters and the balance
temperatures with the wind-on at the appropriate test condition and then rapidly reduce
tunnel fan speed to zero to take the wind-off data points. The runs made at cryogenic
temperature without the heaters operating were corrected for the change in sensitivity with
temperature, but the same procedure outlined above was used for wind-off zeros. The partic-
ular model used for these tests loaded the balance to about 85 percent of the design loads
at 300 K for normal force and pitching moment, but only loaded the axial force to about
20 percent of its design load at M. = 0.5. The agreement between the data obtained at the
three test conditions is generally good. Details of these tests and a discussion of some
of the difficulties encountered are given in Reference 23. Based on a preliminary analysis
of all of these data, it is apparent that more development work is needed relative to
thermal control and/or temperature compensation to further increase the accuracy and reduce
the complexity of internal strain-gage balances intended for use in cryogenic wind tunnels.
A recent investigation at Langley by personnel of the Force and Strain Instrumentation
Section strongly suggests that it may be possible to fully temperature compensate a balance
over the entire operating range of cryogenic tunnels and thereby eliminate any requirement
for thermal control of the balance.
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Fig. 27 HRC - 2 balance and model. _8 -4 0 4 8 12 16 20 24 28

Fig. 28 Preliminary results, HRC-2.

4.2 Buffet Model Instrumentation

The development of buffet research techniques suitable for use in cryogenic wind
tunnels is but one of a number 0f studies at the Langley Research Center being made in pre-
paration for aerodynamic researcb in the NTF. Buffet, defined as the structural response
of the aircraft to the aerodynamic excitation produced by separated flows, is dependent on
Reynolds number. Thus the NTF, with its wide range of test conditions, offers a unique
opportunity for research in this area.
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The purpose of the present effort in the 0.3-m TCT is to evaluate at cryogenic
temperatures an existing buffet testing technique that can be used to detect the onset as
well as the severity of buffet. Once a suitable technique is demonstrated, it will be
used in combination with the unique capability of the 0.3-m TCT to study the effect of
Reynolds number on buffet at constant model shape and to study the effect of aeroelastic
distortion on buffet at constant Reynolds number.

For this development program, two semispan buffet models, suggested by Mabey,
2 4

have been built and instrumented. Planform views of the two models are shown in Figure 29.
The slender delta wing is known to be relatively insensitive to Reynolds number and was
therefore chosen to provide a baseline model for tests to demonstrate the test technique.
The zero sweep airfoil model has an NPL 9510 section known to be very sensitive to Reynolds
number which makes it a suitable model for demonstrating the effect of Reynolds number on
buffet. An end view of the 2-D test section of the 0.3-m TCT is shown on the left side of
Figure 29. The semispan buffet models were cantilevered from the turntable in the sidewall
of the test section. It is recognized that there are wall-interference effects with this
mounting scheme. However, in developing test techniques suitable for cryogenic tunnels,
wall interference effects are of no concern since the validity of the technique is deter-
mined by comparing results obtained at ambient temperatures with results obtained at cryo-
genic temperatures, both obtained at the same values of Mach number and Reynolds number.

The measurement of unsteady root bending moment is generally accepted as the
most consistent and reliable method of assessing buffet onset and, with suitable methods,
also provides information on buffet intensity. For the models used for these tests, the
root bending moment is measured by using strain-gage bridges. The bridges were calibrated
in an environmental chamber from ambient to cryogenic temperatures to determine the effect
of temperature on sensitivity. A calibration obtained for the delta-wing model is shown in
Figure 30. The rather large change in sensitivity with temperature was the result of the
strain gages not being well matched to the aluminum alloy used for this model. Such a
cablibration curve of sensitivity as a function of temperature was used in reducing the
data.

2-D TEST SECY I8 B0FFT WINGS 3.5

.20 Cm I~

t 3.0

2 cm 

0

SDELTA WING 2.5

GAGE K T
WING 2.

61 cm 9Cm 
2.

NPL "10

'!cm R GAGE 1.0

15 Cmin12 160 200 . 240 200 320 360-~c 15.O 1

Fig. 30 Delta-wing buffet model calibration.

Fig. 29 Buffet models and 2-D test

section.

Photographs of the two
buffet models are shown in Figure 31.
The view of the delta-wing model is
looking down on the model with the
slotted floor of the 2-D test section
in the background. The NPL 9510
airfoil is seen mounted inverted on
the turntable in a removable portion
of the sidewall.

The test envelope for the
delta-wing model for M = 0.35
is shown in Figure 32 w~ere R/m is
plotted as a function of the reduced-
frequency parameter fe/Vw. The
symbols indicate the actual test
conditions where a sweeps were
made. This envelope also illustrates
the large increase in reduced
frequency associated with the reduced
speed of sound at low temperatures. Fig. 31 Photographs of buffet models.
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This effect provides increased levels of aerodynamic damping in relation to structural
damping which makes possible increased accuracy in extracting the aerodynamic damping. The
ability to vary the reduced frequency at constant values of R and M. is also of
interest.

A sample of the on-line buffet data for the delta-wing model is shown in
Figure 33. The buffet coefficient CB  is the nondimensionalized average integrated value
of the time-varying portion of the root bending moment. The data obtained at the same
value of reduced frequency at 300 K and at 110 K shows good agreement in terms of the angle
of attack for buffet onset as well as in terms of the variation of CB with a following
buffet onset. In addition, the onset angle of attack agrees well with that predicted
by the method of Wentz for vortex breakdown at the trailing edge.

160 -le q_= 9578Nm
2 I VW=72.6mIsec

0.06 P T K RIm x 1
6
6

48ATM-..M PC.2 atm t' ____
=.8 ATM

C8o 0.05 0.21 3.16 3 14.4
T,10K CB + .1 3.16 3 14.4

0.04 x .35 1.20 110 35.4
Rim 80

0.03

40 0.02
Tt 300 K 1 2 ATM

0~ 0.01

. .6 . . .9

V. 4 V 0 4r12 16 2 i2

a

Fig. 32 Test envelope for delta-wing Fig. 33 Ouffet data for delta-wing model.

buffet model.

A sample of the on-line buffet data for the NPL 9510 wing model is shown in
Figure 34. These data clearly show the increase in buffet onset at the higher Reynolds
number.

0.08 M.o= 0.3, Tt = 300K, VOO = 103 msec

0.07- Pt, atm qN/m2 R/m x 10 6

0 .07196 7.6//0.06 - + 5.78 3466 36.9

0.04

0.03

0 2 4 6 8 10 12" 14 16 18
a

Fig. 34 Buffet date for NPL-9510 airfoil.

The data from these tests are currently in the process of being reduced and
analyzed. However, based on the preliminary on-line data, such as shown here, we believe
that the present technique can be used successfully for buffet tests in cryogenic wind
tunnels.

4.3 Pressure Measurement

In making pressure measurements on models, we have not attempted to use pressure
transducers inside the cryogenic tunnels. As explained in more detail in lecture No. 11
of this series, at the 0.3-m TCT all of the model pressures are measured using transducers
mounted outside the tunnel in the ambient temperature and pressure environment.
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An electronically scanned pressure (ESP)2 5 measuring technique using multisensor
modules has been selected for making pressure measurements on models in the NTF. Because
the sensor modules will not operate properly at cryogenic temperatures, they will be
housed in especially designed temperature controlled containers within the model. Evalu-
ation testing of an EPS system in the 0.3-m TCT is scheduled for later this year in order
to determine if the required accuracy can be realized over the wide ranges of pressure
and temperature to be used in the NTF.

5. CONCLUSIONS

Some of the experiences at the NASA Langley Research Center relative to the design and
instrumentation of models for continuous-flow cryogenic wind tunnels have been reviewed in
this lecture. The main conclusions to be drawn from our experience at Langley are:

t . The very thin boundary layers at high unit Reynolds numbers force more attention
to be given to the details of model surface finish and, in the case of pressure models,
pressure orifice induced errors.

2. The measurement of model surface finish to the accuracy required for tests at high
unit Reynolds numbers is difficult, if not impossible, using existing techniques.

3. A wide range of materials have been successfully used for building models and
other devices for use in cryogenic tunnels.

4. A common source of trouble with models and other devices used in cryogenic tunnels
is the practice of combining materials having different rates of thermal expansion.

5. A simple method for building airfoil models has been developed which offers many
advantages over methods previously used. By brazing together two or more grooved sheets
of metal it is possible to greatly increase the number of pressure orifices while reducing
the volume within the model required for the pressure plumbing.

6. Internal strain-gage balances for use in cryogenic tunnels can be built that will
have the required accuracy under steady-state conditions. Continued development is needed
relative to thermal control and/or temperature compensation to further increase the accuracy
and reduce the complexity of the balances.

7. A buffet testing technique has been successfully demonstrated at cryogenic temper-
atures using two simple semispan buffet models in the 0.3-m TCT.
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The design and instrumentation of a model for an intermittent cryogenic wind tunnel is discussed.
The model requirements including tolerances and data accuracy are noted. The mechanical design of the
wing and the considerations for material to be used are discussed as well as the instrumentation that is
to be installed in the wing. The design of the fuselage center section, the six component balance
installation with heaters, and the heater for the balance-to-sting adapter is reviewed. The design of
the aft fuselage and empennage, and the fuselage nose including the instrumentaLion package to be housed
in the fuselage nose compartment is shown. The model conditioning that is required to obtain acceptable
data, prevent frost buildup on the model after it has been cooled, and reheating the model to make model
configuration changes is also discussed. The material used in this report is the result of work directed
toward the design and instrumentation of a verification model to be used to checkout the operation of the
modified Douglas Aircraft Compmy four-foot trisonic tunnel (4-W1 to a cryogenic facility.

INTROUMfl

The late 1950's and the early 1960's is the time period when the blowdomn wind tunnel made its
appearance, in the United States and Europe, as a relatively low cost ground simulation facility that
could be utilized to aid in the development of aerospace systems. Most of the facilities included the
tri-sonic capabilities of subsonic, transonic, and supersonic speeds that covered a Mach range from 0 .5
to 5.0.

The blowdown facility proved to be an excellent tool in developing low aspect ratio aircraft as well
as missile and space systems. The high pressure air storage supply provides the energy to conduct
aerodynamic tests at significant Reynolds numbers for short operating periods up to 30 seconds. A
typical operating envelope for a blowdown tunnel is shown below in Figure 1.
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FIGURE 1 DOUGLAS AIRCRAFT 4.TWT OPERATING ENVELOPE
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FIGURE 3. DC-10 MODEL INSTALLATION IN 4-CWT be tested in a cryogenic environment.
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There are many ways that a model
TOLERANCES can be supported in a high subsonic

Mach number wind tunnel. The type

model support that will be discussed
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sting with an internal six-component
NONLIFTING SURFACES 0.005 IN. B MICROINCH (RA) FINISH balance as shown in Figure 3.
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be applicable to blade support
arrangements that utilize an internalDATA COEFFICIENT ACCURACY six-component balance but twin sting
balance arrangements would require a

LIFT AND SIDE FORCE * 0.001 re-evaluation of the techniques.
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ROLL AND YAWING MOMENT O- 005 operate in a temperature range from
540OR down to 180OR at a maximum
dynamic pressure of 2150 paf over a

ach number range from 0.5 to 1.0.
The tolerances required and the data

FIGURE 4. 4-CWT MODEL TOLERANCES AND DATA ACCURACY accuracy are shown in Figure 4.



10-3

The indicated surface finish tolerances are conservative, and reflect concern for eliminating as far
as possible extraneous perturboations to the model boundary layer, even those short of outright *tripping"
in testing conducted with natural transition.

Planform and profile sketches of the model and pertinent model gecmetric data are shown below in
Figure 5.

MODEL SCALE 1.29%

WING SPAN (FT) 2,13

MEAN AERO CHORD (IN.) 3.82

WING AREA (FT 2) 0.61

% BLOCKAGE 0,54

FIGURE 5. SKETCH OF DC-10 MODEL AND GEOMETRIC DATA

WING

The wing will be machined as one piece after a tongue and groove joint has been machined into the
wing for ease of installing pressure, temperature, and boundary layer transition instrumentation. The
wing material has not been finalized but we have established two materials that we feel are acceptable.
Our first choice would be a stainless steel, specifically ARMCO PH 13-8 MO - condition HlI50M. The one
problem that this material has with regard to the blowdown tunnel operation where model pre-cooling is
required is low thermal conductivity. The criteria for temperature differential between the model and the
recovery temperature have not been finalized but in order to meet the drag repeatability requirement the
heat transfer beween the model and the air-stream must be minimized. This may require an elaborate
pre-cooling system which will be discussed later, but the use of a highly thermally conductive material
would minimize temperature variations within the model and a less elaborate model pre-cooling sysem could
be utilized. The alternate material that is being considered with high thermal conductivity is Berylco
25, temper A 1/2AT beryllium copper. A comparison of the two materials is shown in Figure 6. As can be
seen the major differences between the stainless steel and the beryllium copper are the Modulus of
Elasticity (E), the Charpy Impact Strength,(CIS), and the thermal conductivity. It should be noted
however that the CIS value of 15 to 20 shown in Figure 6 has not been obtained in samples tested. A value
of nine is the highest obtained to date where the specimen was over aged in the heat treat process.

STAINLESS STEEL BERYLLIUM COPPER
(ARMCO PH 13.8 Mo, CONDITION H 1150M) (BERYLCO 25. TEMPER A -'2 AT)

ULTIMATE TENSILE STRENGTH 175 200
11o3 PSI)

MODULUS OF ELASTICITY 29 18.4
(106 PSI)

MODULUS OF RIGIDITY 11 7
(106 PS11

CHARPY IMPACT STRENGTH 60 1520
(FT- L81

COEFFICIENT OF THERMAL EXPANSION 40 60
(10 6 INCH/INCH oF1

SPECIFIC HEAT 0.10 009
BTUf/te OF)

THERMAL CONDUCTIVITY 8 62 75
(BTU/HR FT OFI

FIGURE 6 COMPARISON OF MATERIAL PROPERTIES AT 11110110 0000K)c



The one-third lower E value is not a major concern since it would actually be a closer represenation
of the model wing twist as compared to the full scale airplane as the lift on the wing is changed. The
Langley Research Center of NASA has established a CharW Impact Strength of 25 Ft-Lbs for their Pathfinder
I model although they consider Inconel 718 as marginally acceptable with a Charpy of 20 at a temperature
of 140OR, Reference 2. The low Charpy of nine indicated earlier for beryllium copper is a definite
concern but the potential of a uniform model tenperature distribution dictates that a more quantitative
assessment of a lower than desired Charpy impact strength criteria must be obtained. If the beryllium
copper is the final selection for the wing material, nacelles and pylons, much of the fuselage, and the
empennage would also be fabricated from the same material. The high conductivity that makes beryllium
copper an attractive solution to temperature gradient problems introduces new concerns regarding pressure
tube installation, appropriate crack and hole filler material, and other necessary model fabrication
techniques.

A study has been initiated to look at the possibility of fabricating the wing and possibly the whole
model out of composites. If the thermal conductivity is low enough it would eliminate the need to
pre-cool the model as well as the transient protection system discussed in the paper on control of
pressure, temperature, and Mach number in a blowdown-to-atmosphere cryogenic wind tunnel.

Instrumentatio in the wing will include up to 256 surface pressures, upwards of 50 thermocouples if
the wing is stainless steel or 20 if beryllium copper is used, and either hot film gages, or dynamic
pressure transducers for detecting the boundary layer transition point. The complete instrumentation
package is considered quite soft at this point pending results of several test technique development
programs that are currently underway and will be reported on in the lecture describing the progress of the
Douglas Aircraft Company four-foot cryogenic tunnel modification.

In order to ease the installation of the instrumentation the leading edge will be removed during the
fabrication phase but will be semi permanently installed once the instrumentation is in place and checked
out. The pressure orifices will be installed in the top surface on the left wing panel and in the bottom
surface in the right wing panel with several correlate orifices in each panel to establish the
repeatability of data between each panel. The wing panels will have spanwise internal passages behind the
tongue and groove joint and chordwise channels that feed into the spanwise passage for routing the wing
instrumentation leads into the fuselage for connection to the appropriate transducers. Figure 7 shows the
layout of the wing with typical cutouts for the routing of instrumentation leads.

SPANWISE PASSAGEWAY 
F....E CRM CTICN

FOR ROUTING PRESSURE The fuselage center section is
TUBES conventional for a high speed

transport model. It provides a
housing for the balance assembly,

S .including heater and insulator if
the balance is to be heated, and is
the structure used for attaching the
wing and carrying the wing loads'K into the balance. Rigidity is of
primary importance. The material

therefore should be a durable
material such as stainless steel
PHl3-8MO. Passageways should be

- CHOROWSE CHANNELS FOR provided in the center fuselage for
COLLSCTiG psEssuE 'TUBES luVVP routing instrumentation leads from

the fuselage nose (instrumentation
compartment) to the sting access

FIGURE 7. WING PRESSURE INSTRUMENTATION hole.

BALANCE & STING

The primary question to be answered with regard to the balance is whether to use existing balances
with heaters and operate at normal temperature or design new balances that can operate at cryogenic
temperatures. The advantage of an unheated balance is that there is no heat input to dissipate except for
the heat transfer from a warm sting into the balance, in the case of a blowdown tunnel, which may
establish the requirement for pre-cooling the sting as well as the model.

Heating existing multi element balances appears attractive, at least for near term uses, since the
balance characteristics with regard to accuracy and capability are known and the heat can be applied for
the full extent of the balance outer shell. The heat path to the inner rod is only through flexures and
active balance components and this cannot compensate for the heat transfer from the sting to the inner
rod. An additional requirement therefore is to provide a sting heater that will stabilize the inner rod
temperature and prevent heat flow from the cold sting, that has been cooled during the pre-cooling cycle
and during the actual blowdown from aerodynamic heating, to the balance inner rod.

The sting and other structural components of the model are designed to a factor of safety of three
based on the yield stress. An acceptable sting material is 13-8 stainless steel which has a yield stress
of 145,000 psi at 1800R. The critical sting design parameter that mt be satisfied is sting divergence,
the ratio of balance plus sting deflections per unit load, which must be equal to or less then 0.5.
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BA=& ST HEIIERS & CQIMUS

The balance could be installed in the fuselage center section as shown in Figure 8. This figure also
shows the attachhent of the wing to the balance housing or fuselage center section core.

The balance should be installed in a
beryllium coper heater sleeve which
is grooved in order to imbed the CAVITIES FOR ROUTING

balance heaters in the sleeve. The NST LEADS

beryllium copper should insure a
uniform temperature distribution
along the length of the balance. To HEATERI

heaters, one forward and one aft, SLEEVE

should provide flexibility to 
FUSELAGE CORE

minimize gradients along the balance,
particularly in the inner rod.
Thermocouples, forward and aft, on
the balance inner rod or those on the
heater grid should be evaluated as
the monitor temperatures for the -

balance heater controllers. Figure 9 - /'*"" ///
shows the balance heater sleeve and
Figure 10 shows the flat pattern
layout of the balance heaters and the IPIECE WING
heater specifications. INSULATOR SLEEVE (P 138 M

O 
CRESI

IPOLYCARBONATE I

FIGURE 8. OC-10 MODEL FUSELAGE CROSS SECTION
HEATER SPEC

" WIRE INCONEL

" INSULATION SILICON RUBBER COATED GLASS CLOTH

" RESISTANCE 57U1

" OUTPUT 849 WATTS AT 220 VOC

ALIGNMENT PIN HOLE - -BALANCE PIN HOLE

HEATERS
NO I NO 2

SGROOVE FOR
HEATER WIRE

MATERIAL. BERYLLIUM COPPER

FIGURE 9. FLAT PATTERN LAYOUT OF BALANCE HEATERS FIGURE 10. BALANCE HEATER SLEEVE

The sting to balance heater can be the same electrical design as the balance heaters but may differ
depending upon the sting-balance interface configuration. The standard sting geometry used at Douglas
Aircraft for transport models requires a dog-leg in the sting as shown in Figure 11.

The sting enters the fuselage at an
angle that attempts to minimize the
sting angle with respect to the
fuselage reference plane while
keeping the sting axis as far as BALANCE -

possible from the horizontal tail
mounting trunnion. This normally BALANCE CENTER

turns out to be an angle of five or
six degrees. This angle and the -.-

desire to orient the balance at an
angle that is near zero when the
model is at a cruise condition 

FRP

dictate the requirement for a dog-leg
i n t h e s t i n g i n s i d e t h e m o d e l . q TI-NG

* FIGURE 11. DC 10 MODEL AND STING FOR 44CWT



The sting to balance adapter heater attempts to keep the cold sting from cooling the balance inner
rod. The heater asasemly is wrapped around the outside of the sting taper joint and the dog-leg portion
of the sting structure. A flat pattern layout of the sting to balance heater is shown in Figure 12.

Each of the three heaters has a set point proportional controller that provides full output power
when the control temperature sensor is more than 1.50F below the set point falling to zero output when the
control temperature is at or above the set point.

HEATER SPEC

I WIRE INCONEL
" RESISTANCE - 57 "2

" ELECTRICAL INSULATION KAPTON FILM

" OUTPUT - 849 WATTS AT 220 V D.C.
" MAX OPERATING TEMP - 500OF 7.

* INSULATION - SILICON RUBBER

COATED GLASS CLOTH

THERMOCOUPLE --- ELECTRICAL INSULATION
THERMAL INSULATION-- HETNGEEMN

HEATING ELEMENT LEADS--/

FIGURE 12. FLAT PArrERN LAYOUT OF STING NEATER

The flow around a dog-leg sting and aft fuselage produces a pressure variation in the sting cavity
that should be corrected to a common level. The standard procedure is to determine the pressure
differential between the measured cavity and the calculated free stream static pressures and correct the
normal and axial forces and pitching moment as shown below in Figure 13.

.1 NORMAL FORCE F (P; - P_) A cost)

A AXIAL FORCE = (P, - P_) Ai Sill I

.1PITCHING MOMENT I (P - P_) (A cosll Y, 4 A, sin ( Zi I I

/ - BALANCE CENTER ROLL PIN

- - - BALANCE

Y;' 
T Y P IC A L

- - .STING

F .S A R

i i FIGURE 12 STING CAVITY CORRECTION

t. ',
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AI FUELG E MEIG

The aft fuselage of a model to be tested at cryogenic temperatures should not differ from one to be
tested at conventional teratures. If an aft dog-leg sting is used to support the model it is not
necessary to distort the aft fuselage. The aft fuselage shape would represent the aircraft configuration
except for the cutout to provide access for the sting. If a straight sting is used the aft fuselage
generally requires distorting to make room for the sting and structure for the horizontal and vertical
tails. The aft fuselage incorporates the structure to transmit the empennage loads into the balance
housing and requires a high degree of rigidity. The material used in fabricating the aft fuselage
therefore would be a high strength cryogenically compatible stainless steel or beryllium copper or made of
composites.

FUSELAGE NOSE

The fuselage nose in addition to providing the forward fuselage aerodynamic shape, also houses
pressure transducers, and temperature and transition detection system Imiltiplexers. In order to maximize
the internal volume and provide insulation for the instrumentation package the fuselage nose can be made
of fiberglass since the aerodynamic loads are relatively low, and bonded to a titanium connector ring for
attaching to the fuselage center section. Titanium is used to minimize the heat transfer from the
fuselage center section to the nose.

The instrumentation in the fuselage nose consists of pressure transducers and multiplexers for
thermocouples and bouldary layer transition detectors. There are two candidates that can satisfy the
desired pressure instrumentation. One is a rotary pressure valve that scans 36 pressures at a rate of 5
ports per second. This requires the use of the pitch pause technique. That is, the model is pitched to
an angle of attack and during a pause the model pressures are read-out as the valve rotates a comon
transducer into individual pressure ports. This system is very reliable but is time consumuing. A new
approach that uses semi-conductor gages has individual transducers for each pressure port that are
switched electronically rather than amechanically. This aproach allows continuous sweep data to be taken
at a rate that is set by the response time from the orifice to the transducer. A one to two degree per
second sweep rate would be slow enough to meet the response time criteria but fast enough to complete
angle of attack sweeps at several Mach nutiers. Both systems require heaters to protect the units from
the hostile environment as well as to minimize errors that result from zero shifts or sensitivity changes
due to temperature variations.

The installation of the electronic pressure sensor modules in a model sized for a four-foot blowdown
wind tunnel is shom in Figure 14.

The modules are attached to an
epoxy/fiberglass support that is EPOXY/FIEERGLASS

cantilever mounted from the fuselage PSINIT SUPORT

centerbody. The epoxy/fiberglass HEATER

support should minimize the heat AMB 32TUBE CONNECTORS
transfer from the balance housing to TYPICAL TUBING HEAT SINK .022 INCH DIAMETER

the pressure sensor modules. The INSTALLATION

modules are oriented with the
transducers at the top and bottom in
sets of four. A copper heat sink is
placed next to the transducer modules
on the top and bottom of the two units
and a heater assembly is attached to
the copper plates. Hypodermic tubing
from the orifices are routed to the
connector plate on the modules where a
short segment of plastic tubing is used FIGURE 14. ELECTRONIC PRESSURE SENSOR MODULES WITH HEATERS
to complete the connections to the
transducers.

Two thermocouple multiplexers can be installed on the epoxy/fiberglass structure. Each multiplexer
can be connected to 48 thermocouples and transmit their output to the data acquisition system. The
multiplexer is approximately 1 1/2 inches square and 0.1 inches thick. The multiplexers are required to
minimize the number of electrical leads required to bridge between the model and the sting.

Output from instrumentation to detect boundary layer transition, hot film gages or dynamic pressure
traneducers, will be routed to multiplexers located in the fuselage nose for transmission to the data
acquisition system.
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MODE CCNDTICNIRG

The requirement that the model be at the adiabatic wall temperature before valid data can be taken
establishes the need to pre-cool the model before the start of a run in a cryogenic blowdown wind tunnel
since the short run time would be insuficient to cool the model as can be done in a continuous flow
tunnel. Even if it could be shown to be technically feasible the liquid nitrogen cost would prohibit the
procedure. The preferred pre-cooling method is to either enclose the model in a cold box outside the test
section and inject the model into the tunnel once the flow has been established or to house the model in
position in the test section inside clam-shells that can be retracted once the flow is established.

The mechanical complexities
with either of the arrangements
discussed above prompted the look at

TOP a simpler pre-cooling system, shown
in Figure 15, that sprays the model
with liquid nitrogen until theLN2 SPRAY desired model temperature is

PATTERNS achieved. Difficulty in obtaining a
unifom temperature distribution in
the model and exposing the model to
warm air during the starting process
are disadvantages to this approach.
However, the cost factor which is
considerable necessitates a thorough
checkout of this system.

When a blow has been completed
the model will be very close to the
operating temperature and will
collect frost if exposed to an
environment that has any moisture
content. The "clean room" approach
is possibly the best method to keepmoisture from collecting not only on
the model but also on the tunnel
itself. This can be accomplished by
maintaining a slight positive
pressure, with very dry air, in the
area that encloses the tunnel
circuit. This procedure would
satisfy the condition where the same
configuration is to be tested at
several Mach ummbers.

If it is necessary to make a
BOTTM .configuration change to the model it

is necessary to reheat the model to
FIGURE 15. MODEL PRE-COOLING FOR WING AND WING NACELLES AND PYLONS room temperature. This can be

accomplished by ducting hot air from
the tunnel high pressure air system
before going through the compressor
aftercoolers.
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SELECTION AND APPLICATION OF INSTRUMENTATION
FOR CALIBRATION AND CONTROL OF A
CONTINUOUS-FLOW CRYOGENIC TUNNEL

by
Robert A. Kilgore

NASA - Langley Research Center
Hampton, Virginia 23665

U.S.A.

SUMMARY

This lecture describes those aspects of selection and application of calibration and
control instrumentation that are influenced by the extremes in the temperature environment
to be found in cryogenic tunnels. A description is given of the instrumentation and data
acquisition system used in the Langley 0.3-m transonic cryogenic tunnel along with typical
calibration data obtained in a 20- by 60-cm two-dimensonal test section.

SYMBOLS

c Chord of airfoii
M Mach number
p Pressure
q Dynamic pressure
R Reynolds number
T Temperature
Tt Mean value of stagnation temperature
V Velocity

Subscripts

I Local value
ref Reference
t Stagnation value

Free-stream value

Abbreviations

GN2  Gaseous nitrogen
LN2  Liquid nitrogen
% Percent
2-D Two dimensional

1. INTRODUCTION

The need for increased capability in terms of Reynolds number has been recognized
since the earliest days of testing sub-scale models in wind tunnels. The need has been
especially acute at transonic speeds where, because of the large power requirements of
transonic tunnels, economic forces have dictated the use of relatively small tunnels.

In considering the various ways of increasing Reynolds number that have been tried
or proposed for transonic tunnels, cooling the test gas to cryogenic temperatures (150 K
or less) appears to be the best solution in terms of model, balance, and sting loads, as
well as capital and operating cost.1 In addition, having temperature as an independent
test variable offers some new and unique aerodynamic testing capabilities which, in some
instancIs, may be of equal importance with the ability to achieve full-scale Reynolds
number.

Personnel at the NASA Langley Research Center have been studying the application of
the cryogenic wind tunnel concept to various types of high Reynolds number transonic
tunnels since the autumn of 1971 and, through extensive theoretical and experimental
studies, have successfully'demonstrated both the validity and practicality of the
concept.
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There is, however, a price to be paid for the many advantages offered by a cryogenic
wind tunnel. The price is added complexity in both the design and operation of the
tunnel. Compared to an ambient temperature tunnel, the wide range of operating tempera-
tures available in a cryogenic tunnel results in added complexity in such areas as model
design and instrumentation, tunnel control, and the instrumentation used for tunnel cali-
bration and control. Some of these areas have been or will be covered in other lectures
of this series. This lecture deals with the single area of instrumentation and associated
equipment used in the calihration and control of cryogenic continuous-flow transonicpressure tunnels. Specifically, this lecture addresses those aspects of instrumentation

selection and application that are influenced by the extremes in the temperature environ-
ment to be found in cryogenic tunnels. The calibration and control instrumentation used
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in the Langley 0.3-m transonic cryogenic tunnel is described and examples of tunnel
calibration data obtained in a 20- by 60-cm two-dimensional test section are given.

It should be noted that the use of trade names in this lecture in no way implies
endorsement or recommendation by the U.S. government.

2. INSTRUMENTATION SELECTION

In general, the process of selecting instrumentation for the calibration and control
of a continuous-flow transonic pressure tunnel capable of being operated at cryogenic
temperatures is no different from the process that would be followed for a similar tunnel
that operates only at ambient temperatures. The steps to be taken are: (1) determine
the accuracy requirements for the tesf parameters of Mach number M_, Reynolds number R,
dynamic pressure q., and velocity V_; (2) calculate the sensitivity of the test param-
eters to the uncertainties in the test conditions of total pressure Pt, static pressure p,
and total temperature Tt; a d finally, (3) select instrumentation which will meet the
accuracy requirements.

2.1 Accuracy Requirements for M_, R, q_, and V.

The accuracy requirements of the test parameters will vary in a given tunnel depend-
ing upon the type of aerodynamic test to be performed. For most transonic applications
an accuracy in M_ of ±0.002 and accuracies in R and q. of better than ±0.5% of
reading are required. This accuracy requirement for Mach number can probably be relaxed
for low-speed testing. However, larger variations in Mach number can cause significant
changes in shock wave location at the higher transonic speeds. The accuracy requirements
of R and q. are independent of tunnel speed. In some applications, such as dynamic-

stability testing, V. is an important test parameter which must be determined. Here
again, an accuracy of better than ±0.5% of reading is usually required.

2.2 Allowable Error in Pressure and Temperature Measurements

None of the test parameters - M_, R, q., or V_ - can be measured directly with
conventional instruments. However, all are functionally related to three quantities that
can be measured directly, namely, stagnation pressure Pt, static pressure p, and stag-
nation temperature Tt. It then becomes necessary to determine the sensitivity of M,
R, q_, and V. to the inaccuracies in the measured values of Pt, p, and Tt. Once
this has been accomplished, the required accuracy for a given test parameter can be
expressed in terms of the required accuracy for the pressure and temperature measuring
instruments.

04
2.2.1 Allowable Error in Pressure

Measurement
0.3

Calculationq have been made to deter- Aq=0.3q 
mine the allowable error in the measurement AltOWABtERR0R IN p
of stagnation pressure Pt for fixed SREADING 0.?
errors in M_ and q. 6 The results of
these calculations are shown in Figure 1 as
a function of M_. For an allowable error 0LI
in M_ of ±0.002 and q. of ±0.5% of
reading, Pt must be measured to an
accuracy of about ±0.25% of reading at the
higher Mach numbers and to better than 0.5 1.0
±0.1% of reading at the lower Mach numbers. M
The sensitivity of M. to errors in static
pressure is the same as for stagnation Figure l.- Allowable error in Pt for
pressure, but q. is less sensitive, fixed error in M_ and q.."
especially at the higher Mach numbers. It
should be noted, however, that these are
maximum errors for a single measurement.
If the error analysis is based on most
probable error or on standard deviation, 30
the required instrumentation accuracy is
not as great.AS

2.2.2 Allowable Error in Temperature 2.0
Measurement ALLOWABLE

ERROR,

Calculations have also been made to

determine the required accuracy of stag- L.oR

nation temperature Tt, necessary to have
measurements of V. and R accurate to
±0.5% of reading. Results of these calcu- 0 I I

lations, in terms of allowable temperature a I0 2

error, are presented in Figure 2. Of the 1, K

two parameters, R is the most sensitive
to temperature, requiring an accuracy of Figure 2.- Allowable error in T for
about ±1 K at ambient temperatures and t
about ±0.3 K at cryogenic temperatures. 0.5 percent in R and V,.

_AL
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This is one area in which the accuracy requirements for instrumentation for a cryogenic
tunnel are more severe than for an ambient temperature tunnel.

2.3 Other Considerations

The final step in the selection process is one of choosing from the available instru-
mentation that which will meet the accuracy requirements. However, other factors, such
as the range of the test variable, response time, compatibility with the test environment,
and cost and budget constraints, must also be considered.

2.3.1 Accuracy of Available Instrumentation

2.3.1.1 Pressure Instrumentation

The accuracy of three types of com- 1.0
mercially available pressure transducers
as a function of percent load are shown in GAUL
Figure 3. Typical "high accuracy" strain-
gage devices have an accuracy of about
0.25% of full scale. When converted to LINARDIY

percent of reading, this increases to about 5N
1% at 25% of full-scale load. Variable
capacitance transducers have a quoted
accuracy of 0.25% of reading throughout
the load range but their cost is at least ---- -VAR tABL
an order of magnitude greater than a CAPACIIANC[

strain-gage device. The quartz bourdon ,'- QUARTZ BOURDON
S TUBE

tube transducer is by far the most accu- 50 50
rate, although it costs about 50% more [OAD FULL SCALE
than the variable capacitance transducers.

Because pressure instrumentation Figure 3.- Accuracy of pressure
accuracy on the order of 0.1% is required instrumentation.
to give the desired accuracy in Mach num-
ber and dynamic pressure, the quartz
bourdon tube instrument has been selected
for the primary tunnel pressure instru-
mentation for both the 0.3-m TCT and the
National Transonic Facility (NTF), the large transonic cryogenic tunnel now under con-
struction at Langley and the subject of a separate lecture later in this series. The
quartz bourdon tube instrument is also used as the primary pressure instrumentation in
other pressure tunnels at Langley. Unfortunately, the quartz bourdon tube pressure
instrument has a response time that is generally much too slow for use with automatic
tunnel control systems. Thus, as will be discussed in more detail later, less accurate
but more responsive pressure instrumentation is used to provide the inputs to these
systems.

2.3.1.2 Temperature Instrumentation

Two general types of temperature measurement devices are available for use at cryo-
genic temperature. These are resistance devices, such as the platinum resistance ther-
mometer (PRT), and thermocouples, both of which are being used in the 0.3-m TCT. As
shown on Figure 4, the PRT has an accuracy of ±0.25 K
which meets the accuracy requirement for measuring Tt.
However, it also has a very slow response time, varying
from 10 to 100 seconds, depending upon its design and *RESISTANCTDEVICES
size. Again, as was the case for the pressure instru- PLATINUM RESISTANC[ THERMOMETR (PRT)
mentation, the high accuracy devices do not have adequate ACCURACY 0.25K
response time for use in automated tunnel control sys-
tems. Thermocouples, which have accuracies varying from RESPONS(TIMF 10 - I SECODS

t0.5 K to t2 K, depending upon the temperature range, *mRMOCOUPLES
have response times which vary from about 0.1 to 20 sec- ACCURACY * 0.5K * 2K
onds. This response time is a function of both the wire RESPOSE TIME 0.1 - 2 SECODS
diameter and the type of thermocouple (bare wire,
shielded, etc.), and for unshielded thermocouples in the
smaller wire diameters, the response times are compatible
with automatic tunnel temperature control systems. Figure 4.- Temperature transducers

One disadvantage of thermocouples is their very low suitable for cryogenic tunnels.
voltage output, being on the order of a few millivolts.
Another disadvantage with thermocouples is due to the
fact that the net voltage output is a function not only of the base metals of the two
wires but also of any material inhomogeneities which produce a parasitic voltage if
located in a temperature gradient. Inhomogeneities in the wire can be produced by
either a variation in the chemical composition along its length or by mechanical strain
such as a kink.
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The presence of defects such as these
can be detected by testing lengths of
thermocouple wire in a temperature gradi- -

ent by using a device, such as shown in
Figure 5, which runs the wire through a -

liquid nitrogen bath and records the
voltage output resulting from the tempera-
ture gradient. However, the effects of
inhomogeneities cannot be readily cor-
rected. Typical results obtained at
Langley by Germain on three types of
thermocouple wire in the test apparatus
shown in figure 5 are presented in
Figure 6. The voltage spikes for the
type E (Chromel vs. Constantan) and
K (Chromel vs. Alumel) thermocouples
are typical of those recorded throughout ,
the length of wire tested whereas the
spike for the type T (Copper vs. Figure 5.- Homogeneity test rig.
Constantan) thermocouple was the only
one found in that sample of material.

Based on these results and on .104v-
company literature, it appears that having 012KAT 10K

one wire of pure copper makes ;t easier 0
to control the overall chemical composi-
tion of type T thermocouples than either
types E or K which have both wires of
alloyed metal. For these reasons, type T .100V

thermocouples are being used in the 0.3-m SPUR .2 0 KAJ100 K

TCT and have been selected for use in the VOITAG 0 TYPEK

NTF. An additional practical advantage
of the type T thermocouple is that it is 0Pw
available in a "premium quality" wire -,10v
which has a good (11%) match to published 0?KAT00
voltage standards at cryogenic tempera- 0
tures. None of the other types are so TtOT I

available. Our experience over the years 1 MU LINL;HNOSCALI

has been that only the type T "premium"
thermocouple remains within the *1% band
at cryogenic temperatures. Figure 6.- Typical homogeneity test results.

The standard limits of error for
commercial premium grade type T thermo-
couple wire are presented in Figure 7 as
a function of temperature. These results, i OR

I R
obtained at Lanqley by Edwards and Stewart
from a calibration of four selected thermo- 1 4 2A . . ASTM 'TII oF IRROR" -
couples, show their error to be only about L.20 PRITITOM 1 SI(III

one-half of the limit of error specifica- 8 --

tion, with the largest error occurring in .6
the cryogenic temperature region. Using
calibration data such as these can increase 7
the accuracy ot a thermocouple reading, .7 .4

but it must be remembered that the effect .4 2 -
of inhomogeneity cannot be accounted for. 0 1.21 1 d

TI MP[ RATIRI. °R

2.3.2 Range of Test Variables 0 T 40 10 8 0 2 1 220 240 2b 2 120
TI MP RATIR. K

In the selection of instrumentation
to meet the required accuracy, the range Figure 7.- Calibration of type T
of the variable to be measured can be a thermocouples.
major factor. For example, a liquid
column manometer is a very accurate
device for pressure measurement. However, if the pressure level exceeds two atmospheres
or so, the height of the liquid column makes it impractical to use a manometer. The
range of test conditions for both the 0.3-m TCT and the NTF are shown in Figure 8 to
illustrate the ranges to be encountered in
these tunnels as well as to indicate the
ranges likely to be encountered in other 0 F1 T T NIt

transonic cryogenic tunnels. The largest dif-
ference to be noted between these two tunnels MACH NUMBER,, M. 1 0.9 02 L2

is in stagnation pressure where the maximum STAGNATION TEMPERATURI. T IK 78 W T8 38

pressure in the NTF is about 50 percent
greater than in the 0.3-m TCT. The differ- STANIATIONPRISSURE. p alTm 1.0 h12 1.0 8 R

ences in Mach number do not affect the selec- STATIC PRESSURE. p Alm12 0.S AA

tion of instrumentation to any great extent.

Figure 8.- Range of test conditions.
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2.3.3 Response Time

Because of the relatively high cost of operation of high Reynolds number tunnels,
fast response times are desirable for all instrumentations. Response time is especially
important when an instrument is used to provide an input signal to an automatic closed-
loop tunnel control system. For example, the tunnel control system inputs for the 0.3-m
TCT come from instruments with as short a response time as practical, at the sacrifice of
some accuracy. Separate dedicated instrumentation, which is less responsive but more
accurate than that used with the tunnel controls, is used to give highly reliable read-
ings of the test variables Pt, p, and Tt. Details of this particular instrumentation
as well as further discussion of response times are given in subsequent portions of this
lecture.

3. INSTRUMENTATION USED IN THE 0.3-m TCT

In the 0.3-m TCT, the practice of isolating instrumentation from the cryogenic
environment has been adopted when possible. With the obvious exception of temperature
transducers, most instrumentation is located exterior to the tunnel pressure shell, thus
completely avoiding problems related to temperature variation. If a device must be
located in the cryogenic environment, it is enclosed in an insulated container which is
maintained automatically at approximately 300 K by using a thermostatically controlled
electric heater. Devices such as slidewire potentiometers, digital shaft encoders, and
pressure scanning valves have been successfully operated within the tunnel pressure shell
in this manner. However, with each of these systems there are heaters, thermostats,
wires, electrical connections, electrical feedthroughs, and power supplies which add to
the complexity of the system and, inevitably, reduce its reliability. On many occasions,
run time in the 0.3-m TCT has been lost due to the failure of one of these simple support
devices rather than due to any failure in the instrument itself. Based on our experience
with the 0.3-m TCT, we must conclude that it is best to locate electronic equipment
exterior to the tunnel in an ambient temperature and pressure environment if at all
practical.

Some details of the instrumentation prespntly being used in the 0.3-m TCT are now
described.

3.1 Pressure Instrumentation

For two-dimensional airfoil tests, the 0.3-m TCT is equipped to obtain static-
pressure measurements on the airfoil surface, total head measurements in the airfoil
wake, and static pressures on the test section sidewalls, floor, and ceiling. Static-
pressure taps are also located throughout the tunnel circuit to obtain information on the
performance of the contraction and diffuser sections, fan pressure rise, and pressure
losses across various elements of the tunnel circuit. To measure the pressures for such
a large number of points, a scanning valve system capable of operating ten 48-port
scanning valves is used. Because of the large changes in dynamic pressure of the tunnel
over its operational range (a factor of about 75) conventional. strain-gage pressure
transducers are not used. Instead, we use commercially available high-precision capaci-
tive potentiometer-type pressure transducers.

7

The pressure transducers are mounted in instrument racks adjacent to the test sec-
tion in order to reduce response time. To provide increased accuracy, the transducers
are mounted on thermostatically controlled heater bases to maintain a constant tempera-
ture and on "shock" mounts to reduce possible vibration effects. The electrical outputs
from the transducers are connected to individual signal conditioners located in the
tunnel control room. The signal conditioners are autoranging and have seven ranges
available. As a result of the autoranging capability, the analog electrical output to
the data acquisition system is kept at a high level even though the pressure transducer
may be operating at the low end of its range.

Pressure transducers with a maximum range of 6.8 at- are available for model and
tunnel wall pressure. More sensitive transducers, havin a maximum range of 1.36 atm,
are available for pressure measurements in the airfoil wake. The transducers have an
accuracy of ±0.25% of reading from -25% to 100% of full scale. At present about 35 pres-
sure transducers are available. However, the system is being expanded and 125 pressure
channels will be available in early 1981.

To determine M_ to an accuracy of ±0.001, it is necessary to use instrumentation
that is much more accurate than the capacitance potentiometer type pressure transducer.
As a result, the commercially available quartz bourdon tube type of pressure gage pre-
viously described is used for the measurement of Pt, p, and the reference pressure used
on other differential pressure transducers. This system has an accuracy of about 0.01%
of full scale at low pressures to about 0.02% of full scale at the high end of its range.

3.2 Temperature Instrumentation

The characteristics of both thermocouples and platinum resistance thermometer (PRT)
temperature sensors have been previously described. Based on response time, accuracy,
and to some extent cost, it has been necessary to use both thermocouples and PRT's in the
0.3- TCT.
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Type T thermocouples are used for a fixed temperature survey rig located in the
settling chamber of the tunnel. In this application, we are trying to determine the dis-
tribution of temperature and the absolute level is relatively unimportant. The various
thermocouples on the rig are made from the same roll of wire and care was taken to avoid
kinking the wire or introducing other possible sources of error into the system.

In addition, type T thermocouples are used in the test-section-plenum area to I|
monitor temperature differences during and immediately after tunnel cooldown in order to
avoid taking aerodynamic data with the relatively thick test section walls distorted due
to thermal gradients. Although the amount of thermally induced distortion is small, even
small changes in test section area have a major effect on the longitudinal distribution
of M_ at the higher values of M.

As previously mentioned, because of the need for rapid response time, the type T
thermocouple is also used as the temperature sensor for the closed-loop automatic tempera-
ture control system. In this application, the rapid response requirement has been
achieved at the expense of accuracy.

The reference temperature for the thermocouples is provided by a commercially avail-
able "ice point" junction which automatically maintains the reference junction at
273.2 K ± 0.025 K.

The values of Tt which are used to calculate the tunnel parameters are obtained
from PRT's located just downstream of the screen section. As previously discussed, the
higher accuracy requirements for Tt have been achieved at some sacrifice in response
time by using PRT's. Although the long response times of the PRT's would introduce prob-
lems if they were used in the automatic temperature control system, the nature of the
testing in the 0.3-m TCT is such that sufficient time is available for the PRT's to come
to equilibrium with the stream before temperature readings are required for the accurate
determination of Tt.

3.3 Mass-Flow Measurement and Control Instrumentation

One special instrumentation requirement for the 0.3-m TCT is associated with the
two-dimensional test section sidewall boundary layer removal system, The requirements
for this system are to remove from 1% to 4% of the test section mass flow through porous
plates in the test section sidewalls and to measure and control the removal rate to
within 1% of the desired set point. With the large operational range of the 0.3-m TCT,
the ratio of maximum to minimum removal rate is about 140 to 1. This range of mass-flow
control and its measurement to the required accuracy is well beyond the capability of
conventional mass-flow control and measurement 3evices.

Two commercially available (Process Systems Incorporated) microprocessor controlled
11 bit digital valves have been selected to meet these requirements since they have the
ability to handle both the control and measurement functions. These digital valves are
similar to those presently being used at the 0.3-m TCT for the control of LN2 injection
into the tunnel and the control of GN2 exhaust from the tunnel. (The concept of digital
valves and their principle of operation is contained in a lecture to be given later in
this series which describes the control system of the 0.3-m TCT.) Although the 11 bit
valve does not give the desired 1% of reading accuracy over the entire mass-flow ranqe,
it gives the desired accuracy over the most important portion of the operating envelope.
The two digital valves and their associated control microprocessor are currently under
construction and should be operational at the tunnel in late 1980.

3.4 Traversing Wake-Survey Probe

A vertical traversing probe system is located on the left sidewall of the two-
dimensional test section downstream of the turntable. The mechanism has a traversing
range of 25.4 cm. The distance between the airfoil and the centerline of the probe sup-
port can be varied with the probe capable of being located either at tunnel station
26.0 cm or at tunnel station 31.1 cm. The
probe is driven by an electric stepper
motor and can operate at speeds from about
0.25 cm/sec to about 15 cm/sec. The stroke
and speed can be remotely controlled from
the operator's panel in the control room.
Although the primary purpose of this system
is to survey the total pressures in airfoil
wakes by using a pitot-tube survey rake,
the probe can be equipped with other types
of instruments such as thermocouples or hot
wires. Figure 9 is a general view of the
two-dimensional test section which shows
an airfoil in place and the present pitot-
tube survey rake located in its most for-
ward position in the test section. For
this configuration, the pitot tubes are
located 0.88 chord downstream of the air-
foil trailing edge.

Figure 9.- View of 2-D test section showing
airfoil and survey rake.
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Details of the multitube pitot probe are
shown in Figure 10. Three disc type
static probes as well as six pitot probes
are mounteO on the assembly. Tunnel m 4

sidewall sttic-pressure taps are also 2q2
provided in the plane of the pitot probes A
for use in the determination of the air- -9-20- A-
foil drag coefficient. Individual trans-
ducers are used for each tube on the
probe assembly in order to keep pressure 1.905 254 ,52
response time low. The vertical position .......
of the probe is recorded on the data acqui- SEClION A-A
sition system using the output from a - 1993 0.0m CIA WU
digital shaft encoder geared to the probe SECTIOA-A

drive mechanism.

Figure 10.- Details of wake survey probe.3.5 Flow-Quality Instrumentation

During the calibration of a wind
tunnel it is highly desirable to obtain
information on the flow quality as well as on the Mach number distribution. The flow
quality is generally determined by measurements of sound pressure level and velocity
fluctuations in the different planes.

The sound pressure level can be measured by the use of piezoelectric transducers.
One such device has been used in the test section of the 0.3-m TCT at Mach numbers up to
0.9 for stagnation pressures to 5 atm.5 During these tests, Tt was varied from ambient
to near liquid nitrogen temperatures. Because this particular transducer has a sensi-
tivity to temperature of about 0.05% per 1 K, it must be calibrated dynamically through-
out its operational temperature range if accurate measurements are required. This type
of calibration is difficult to obtain and little has been done to date.

Velocity and temperature fluctuations can be measured by using hot wire probes. To
date, hot wires of 5 micron diameter and a length-to-diameter ratio of about 250 have
been successfully used in the 0.3-m TCT only to Mach numbers of about 0.1 for stagnation
pressures up to 5 atm under cryogenic temperature conditions. Further tests are planned
in the near future using 3.8 micron diameter wire at higher Mach numbers. The limit to
which hot wire probes may be used has not yet been determined.

Laser doppler velocimeter (LDV) systems can also be used to determine fluctuating
velocities in a tunnel of this type. A simple LDV setup is currently being prepared to
make preliminary tunnel empty measurements. The requirements for seeding particles and,
hopefully, resolution to any problems that might arise as a result of cryogenic operation
of the tunnel are expected to be obtained during these preliminary tests.

4. 0.3-m TCT DATA ACQUISITION SYSTEM

Data from the 0.3-m transonic cryogenic tunnel are recorded on magnetic tape at the
Langley central data recording system. This system, which was installed in the late
1950's, serves several wind tunnels and other test facilities on a time-share basis. A
total of 99 analog channels of recording capability are available at the tunnel with a
maximum range of 100 mV and a resolution of I part in 10,000. In a continuous mode, all
data channels can be scanned at a sample rate of 20 per second while in a single scan
mode the maximum rate is about 4 scans per second. All analog data are filtered with a
4 Hz low pass filter.

A small computer is used to sequence the data acquisition system, provide timing
input signals for the scanning-valve drive system, provide real-time visual displays and
plots, and control the angle-of-attack and wake-survey-probe drive systems. The computer
is programmed to allow the recording of from one to nine single frames of data for each
port on the scanning valves. The time between each frame of data and the dwell time on
the port before the first frame of data is taken are both variable inputs.

All inputs to the computer are made through a teletype keyboard. An X-Y plotter is
used to produce real-time plots of pressure distribution over the airfoil and total head
loss through the airfoil wake. Other real-time displays include digital readouts of Mach
number and Reynolds number. Angle-of-attack and wake-survey-probe drive commands are
also entered through the teletype and are transmitted through the computer to the
respective drive system.

The wake-survey drive can operate in either of two modes. In the first or manual
mode, the initial and final location of the probe in the tunnel as well as the number of
steps between are the input parameters. In the second or automatic mode, the computer
determines the upper and lower boundaries of the airfoil wake automatically by first
making a continuous sweep of the survey probe through the tunnel before the data record-
ing sequence begins. The wake-survey probe is synchronized with the scanning valves so
that the probe is moved to a different vertical location each time the scanning valves
are advanced to a new port. If more survey probe points are desired than scanning valve
ports, the probe will continue on its traverse after the scanning valves have reached
their last port.
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5. TYPICAL CALIBRATION RESULTS FROM THE 0.3-m TCT

A sketch of the Langley 0.3-m TCT is presented in Figure 11. In this view the flow
is clockwise. An array of thermocouples is located at the upstream end of the screen

section to measure vertical and lateral
temperature distributions. The primary
pressure and temperature sensors are

SCREENS located in the contraction section, just
downstream of the screen section. Details

T IC _ / of the plenum and 2-D test section of the
(-TtDATA REDUCTION) 0.3-m TCT are shown in Figure 12. Pres-
& tsure taps are located in longitudinal rowsIGI ~TEST SECTO 

R

FLOWPRESURE HELLVIEWING PORTS
R I~ [--I MODEL TURNTABLE

FA 
TRAVERSING SURVEY

FLOW . PROBE

BOUNDARY
LAYER
REMOVAy1'
DUCT l ,  .' T, .. REENTRY RAMP

Figure 11.- Sketch of Langley 0.3-m TCT. ANGLE REENTRY0R
ATTACK

DRIVE SURVEY PROBE DRIVE

along the centerline of both top and bottom -3 -2 -10 0 Io 1

slotted walls and along the centerline of -8 6 4 -2 0 2 0 6
one solid sidewall. Both left and right X. CM
turntables are also instrumented with pres-

sure taps for tunnel empty calibration
purposes. The reference static pressure
is measured on a manifold which connects test section.
four orifices, two on each sidewall
located as far upstream of the turntable
as practical.

5.1 Mach Number Distribution °.......
.9 i

Typical results of the longitudinal distribution I
of local Mach number along the centerline of the top
slotted wall are presented in Figure 13. This dis- 715_
tribution is for a stagnation pressure of 3.1 atm LOCAL 6
and a stagnation temperature of 105 K. The top and MCH

bottom slotted walls were diverged about 0.50 from NUMBER

the centerline whereas the two solid sidewalls were J
parallel to the centerline. The data show that for .
Mach numbers below about 0.75, the distribution is .3
relatively uniform to about 50 cm downstream of the .2
center of the turntable where the speed begins to o. ................
drop off. This location roughly corresponds to 'M 0 0 20 D 0 RD
the location in the test section where the slots F
begin to open rapidly. At higher Mach numbers, a Figure 13.- Typical local Mach
negative gradient is observed, indicating the walls number distribution along top
were diverged slightly more than necessary. slotted wall.

Figure 14 shows the local Mach number distri-
bution on one of the model turntables for the same
conditions of 3.1 atm and 105 K. As shown on the
sketch, there are 5 rows of pressure
taps on the turntable, two horizontal, 1.0 ............-...-... "."."..-....
two diagonal, and one vertical, num- 9 , , ,..1 A,
bered 1 through 5. This figure again $ , o
shows the longitudinal gradient in .S* 4eo. o .
rows 1 through 4, but the data from LOCAL . F ' .

M A C H 7. 
t. .

row 5 indicate essentially no verti- NUMBER 6.... ... . ... 1

cal gradient. 6

The test section Mach number M_ ... I ...
has been defined based on the average 4' 4p .
of the 36 pressure taps located on the 3 w . oILL BOSK.. F L Kwd

turntable. The calibration factor AM
is defined as the difference between . 0*0,4o4 PA QO<
the calculated reference Mach number 0 o... L ... t 1010.... .. 0 R 0
Mref, and the test section Mach number 1, 1 E cm 4 a. 1 5 cm
M_. A plot of the calibration factor

Figure 14.- Typical local Mach number

distribution on model turntable.I
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is presented in Figure 15 as a function
of Mref. Data are presented for four
stagnation pressures and at three stag-
nation temperatures at each pressure. =r ', i
These values of temperature and pressure .
include combinations which are close to Pt = 1.4. 3.1. 5.1. AND 5.9atm /the operational extremes of the tunnel. .016

Although a large increase in the calibra- AM
tion factor occurs at Mach numbers above .012/
approximately 0.75, due to the previously I
discussed longitudinal gradient, it
should be noted that there is little 

OOB

effect of temperature and pressure on
the calibration factor. The scatter of
the data is generally within an error
band of about 0.001 which, it should be 0 .1 .2 .3 .0 .50 .60 .70 .8D .90 I.0
noted, is within the accuracy of the Mre
test instrumentation.

Figure 15.- Mach number calibration for
5.2 Temperature Distribution two-dimensional test section.

A typical lateral temperature dis-
tribution in the screen section of the
tunnel is presented in Figure 16 for a Mach number of 0.70 and a stagnation pressure of

5.9 atmospheres. As shown on the figure,
there are eight radial rows of instru-
mentation with three thermocouples on
each row, spaced equidistant between the
centerline and the wall. There is also
a single thermocouple located on the
centerline. Each temperature shown on
the figure is the average of 185 readings
of the thermocouple during a time span of
72 seconds. During this time, the tunnel
was at a steady state condition and pres-
sure data were being obtained using scan-
ning valves. For this case, which is
near the maximum Reynolds number capa-
bility of the tunnel, the average of the
25 thermocouples is 105.9 K and the stan-
dard deviation, a, is 0.20 K. As men-tioned previously, the absolute value of
this temperature may be slightly in error
due to the accuracy of the thermocouple
wire, but the differential temperatures
should be reliable.

Data such as presented in Figure 16
have been obtained throughout the opera-
tional range of the tunnel during the
tunnel empty calibration process.
Results, in the form of standard devia-

SI O.0 Ti0 10.8 TI 1 105.. K tion, are presented in Figure 17 for
T2 106.0 T11 10 0 105.7

T3 10U 2 I72 105.9 121"105.8 t K

14 106.1 T13 10O.? I 105.8 15 20D

T 1060 114 . T2105.6Pt6 m

T l O2 T 05. 1I .o 1.4 5.9 1.4 5.9 1.4 5.9T5  052 TI 105.8 T l10&-0. . . T -
6 1 .5 T24 T
77 060 116 105.4 T25 105.9 0.20 0.51 K 0.16 K 0.49 K 0.230K 0.12K , 0.05 K

TsO .0 T7 206.0 .30 .43 .16 .50 A5 13 .04

T9  I62 T18 105.6 .4D 38 A4 41 12 I1 .12

'50 .31 .19 50 .13 .24 24

Figure 16.- Typical lateral temperature 1 21 2 .2 41 26 19 H

distribution. 70 .21 20 5 21 O. .0

.D is .18 27 .19

.9D .17.3?

selected Mach numbers at three different Figure 17.- Standard deviation o"
stagnation temperatures and for near mini- stagnation temperature survey.
mum and maximum stagnation pressures.

The results show that the variations in
standard deviation of stagnation tempera-
ture in the screen section of the tunnel are less than about 0.5 K and that the results
do not vary in any systematic way with either Mach number or stagnation temperature. The
value of the deviation does, however, tend to be lower at the higher stagnation pressure.
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6. CONCLUSIONS

Some of the aspects of selecting and using instrumentation for the calibration and
control of continuous-flow cryogenic wind tunnels have been discussed and examples of
instrumentation used in the Langley 0.3-m TCT have been given in this lecture. In addi-
tion, typical calibration results from the 0.3-m TCT have been described. The main con-
clusions to be drawn from our experience at Langley are:

(1) Adequate pressure and temperature instrumentation is commercially available to
meet the requirements for calibration and control of continuous-flow cryogenic wind
tunnels.

(2) The response time of high accuracy instrumentation is usually much too slow for
use with automatic tunnel control systems. Thus, it may be necessary to use one set of
less accurate but highly responsive instrumentation for control purposes and a separate
set of highly accurate but less responsive instrumentation for the determination of the
test conditions.

(3) Thermal isolation of the instrumentation from the cryogenic environment is the
best way of avoiding problems related to temperature variation. However, the ancillary
equipment needed for thermal isolation inevitably results in reduced reliability.

(4) Conventional flow-quality instrumentation, such as hot-wire probes, has yet to
be used successfully except at extremely low speeds in the 0.3-m TCT.

(5) The use of a piezoelectric transducer to measure sound pressure levels has been
demonstrated. However, because these transducers are sensitive to changes in temperature
and are exposed to the cryogenic environment, they must be dynamically calibrated over
the entire operational temperature range of the tunnel if high accuracy measurements are
desired.

(6) For applications such as sidewall boundary layer removal systems, measuring and
controlling mass flow can be realized to any desired degree of accuracy by using com-
mercially available "digital" valves.

7. REFERENCES

1. Kilgore, Robert A.: Development of the Cryogenic Tunnel Concept and Application to
the U.S. National Transonic Facility. Paper No. 2 in AGARD-AG-240, "Towards New
Transonic Windtunnels." Nov. 1979, pp. 2-1 to 2-27.

2. Polhamus, E. C.; Kilgore, R. A.; Adcock, J. B.; and Ray, E. J.: The Langley Cryogenic
High Reynolds Number Wind-Tunnel Program. Astronaut. & Aeronaut., Vol. 12, No. 10,
Oct. 1974, pp. 30-40.

3. Goodyer, M. J.; and Kilgore, R. A.: The High Reynolds Number Cryogenic Wind Tunnel.
AIAA Paper 72-995, 7th Aerodynamic Testing Conference, Palo Alto, Calif., Sept.
1972. Also, AIAA Journal, Vol. 11, No. 5, May 1973, pp. 613-619.

4. Adcock, Jerry B.; Kilgore. Robert A.; and Ray, Edward J.: Cryogenic Nitrogen as a
Transonic Wind-Tunnel Test Gas. AIAA Paper 75-143, Jan. 1975.

5. Ray, Edward J.; Kilgore, Robert A.; and Adcock, Jerry B.: Analysis of Validation
Tests of the Langley Pilot Transonic Cryogenic Tunnel. NASA TN D-7828, 1975.

6. Reed, T. D.; Pope, T. C.; and Cooksey, J. M.: Calibration of Transonic and Supersonic
Wind Tunnels. NASA CR 2920, Nov. 1977.

7. Bynum, D. S.; Ledford, R. L.; and Smotherman, W. E.: Wind Tunnel Pressure Measuring
Techniques. AGARD-AG-145-70, Dec. 1970, pp. 13-16.

8. ACKNOWLEDGEMENT

The author is grateful to NASA for permission to present this lecture and to his
colleagues at the Langley Research Center for their assistance in its preparation. The
author is also grateful to Mr. E. F. Germain of our Instrument Research Division for pro-
viding much of the information relative to thermocouple selection. Mr. C. L. Ladson is
deserving of very special thanks, not only for his contributions to the technical content
of this lecture but also for his major contribution towards producing this written
version.



12-1

CALWDATICH Or A ELOCOXIU-TU-MWSfHfiD
OGENIC W3INDTUNEL

by
J. D. Cadwefl
Branch Cief

Wind Tunnel Test & Development
Aerodynamics Subdivision
Douglas Aircraft Company

Mconnel Douglas Corporation
3855 Lakewood Blvd.

Lwig Beach, Ca. 90846
USA

SUMARY

Calibration of short duration cryogenic wind tunnels pose difficulties and requirements beyond those
already present in the calibration either of conventional short run time facilities or of cryogenic
continuous tunnels. The requirements and instrumentation for calibration of a transonic
blodown-to-atmosphere cryogenic wind tunnel are described, with emphasis on those aspects differing from
the calibration of similar non-cryogenic tunnels. Reference is made to the literature for detailed
descriptions of conventional calibration practices which remain applicable for cryogenic blowdown tunnels.

The existing Douglas Aircraft Company four-foot trisonic wind tunnel has been calibrated on several
occasions when significant changes were made to the tunnel that were considered to have an effect on the
existing calibration. The modification of the present tunnel to convert the facility to one capable of
operation at cryogenic temperatures is significant enough without the cryogenic consideration to warrant
a tunnel calibration. The operation at the very cold temperatures however adds another dimension to the
calibration of a wind tunnel. Although the calibration will cover the entire speed range capability of
the tunnel this lecture will be restricted to the Mach number range that is possible with the transonic
cart where cryogenic operation substantially increases the Reynolds number over that obtained at
conventional non-cryogenic temperatures. It is interesting to note that the advantages of the cryogenic
operation diminish rapidly as the Mach numer increases and the static temperature decreases to the point
where heat must be applied to prevent liquefaction of oxygen and nitrogen, the predominant gases that
make up the mixture that we call air.

The scope of this lecture therefore is to present the requirements and problems associated with the
calibration of intermittent cryogenic transonic wind tunnels and the methods that we consider best suited
to carry out the various tasks. The emphasis is placed on those aspects of the calibration of the
cryogenic tunnel that differ from the facility that operates today at temperatures that are considered
ambient for a particular location. The literature, in particular Reed, et al. (Reference 1), is an
invaluable guide to the calibration of conventional transonic wind tunnels and is frequently refer red to
in this presentation.

The short run time of the blodown tunnel, which made it possible to modify to a cryogenic facility,
does not allow thermal equilibrium to be established over either the tunnel wall or the model by merely
operating the tunnel. The lac of thermal equilibrium can cause changes to the boundary layer flow along
the walls that can change the tunnel calibration as a function of time during a blowdown and also as a
function of the wall temperature at the start of a blowdown. The sensitivity of the flow to this
potential buoyancy correction will be addressed during the course of the calibration.

Thermal non-equilibrium of the model itself also leads to undesireable aerodynamic effects.
Discussion of this important problem is beyond the scope of this presentation, but a basic appreciation
of the subject may be gained from Reference 2.

It is important to keep in mind with respect to the cryogenic blowdown tunnel that more questions
than answers will remain until the facility is actually put into operation and the checkout and
calibration are underway. The general test plan for the calibration of the Douglas Aircraft cryogenic
tunnel, that will hopefully provide positive answers to the many questions, will be reviewed. The final
phase of the calibration will be to obtain the data necessary to describe the flow conditions so that the
necessary calibration factors can be determined, to assess the stability of the various parameters during
a blowdown, and to determine the repeatability of the test conditions from a random selection of repeat
blowdowns throughout the calibration.

THE FLO HPA RS AND FLOW QUALM

A test condition in a transonic wind tunnel is defined by three flow parameters. The first two are
dimensionless similarity parameters, namely Mach number and Reynolds number. The third parameter,
dynamic pressure or "q*, is used to reduce measured aerodynamic data into coefficient form, but on its
absolute value also depends the state of aeroelastic deformation and thus to a measureable degree the
aerodynamic characteristics of a model. Therefore, dynamic pressure is important as well as the true
similarity parameters of Mach and Reynolds numbers in defining a test point. It is the unique
characteristic of the cryogenic wind tunnel that all three of these parameters can be varied
independently through its ability of changing total temperature TT.

These three flow parameters are defined by the following relations:
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Mach number N a
a
PVL

Reynolds number Re E -
PV2

Dynamic pressure q -

Substitution and manipulation lead to the expressions used to compute these parameters using basic
measured flow quantities:

=15 (pT)2/7 11/2

Re =2.29 x 10 6 PM (+.214)2 TT )L

TT

q -y VM
2
pO

where

a = sound speed
PT = total pressure head in settling chamber
L = characteristic length
P. = test section freestream static pressure
TT  = stagnation temperature
V = velocity
I = ratio of specific heats Cp/Cr *
t = coefficient of viscosity
p = gas density

*Ideal gas assumptions, in particular that of Y = 1.4, have been found generally applicable at
transonic cryogenic wind tunnel conditions. See References 3 and 4.

The measured quantities used to compute these test parameters are seen to be settling chamber total
pressure PT, test section freestream static pressure P., and test section stagnation temperature TT .
The objectives of the calibration are to determine the calibration factors that will allow the test
parameters to be reset without the special calibration equipment in place and to establish the level of
uncertainty in the test conditions inferred from these reference measurements.

To be complete, calibration must include the determination of the nonuniformity in space and the
unsteadiness in time of the flow. The levels of flow nonuniformity and unsteadiness are usually grouped
together under the term "flow quality". These amount to disturbances which, in ways not all yet clearly
understood, compromise the fidelity of the simulation. The greater the nonuniformities and unsteadiness
in the flow, the worse the flow quality. Evaluation of flow quality includes consideration of the
distribution of static pressure (and therefore of Mach number) and of total temperature in the clear test
section, as well as of flow angularity, temperature spottiness, small scale velocity fluctuations
(turbulence), and pressure fluctuations (acoustic noise). The special problem of time dependency of the
buoyancy correction to be made on measured model drag must also be considered.

S7ATIC AND TOTAL PRESSURE

For purposes of establishing test conditions in transonic tunnels, the static pressure reference is
most conveniently and commonly measured in the plenum chamber of ventilated test sections and is related
to freestream static pressure through the calibration. The calibration is best accomplished by means of a
long, so-called "survey pipe" extending from the settling chamber through the test section. See Reference
1 for a detailed discussion of the procedure as applied to conventional tunnels. The method is also
directly applicable to blowdown cryogenic tunnels, though with the added requirement that thermal
contraction be accounted for in the installation. Figure 1 presents a layout of the static pipe to be
used in the calibration of the Douglas four-foot cryogenic wind tunnel.
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FIGURE 1. CALIBRATION STATIC SURVEY PIPE INSTALLATION IN 4-CWT

Changes in freestream static pressure are equivalent to changes in Mach nuber. It should be obvious

that variations of this type in the region of a model are very important aspects of flow quality and must
be accounted for in calibration. Indeed, respondents to a survey conducted by the authors of Reference 1
indicated that static pressure variations across the test section are often larger than the longitudinal
variations on the centerline as measured by a static survey pipe. Thus, off-axis static pressure
measurements seem highly desireable. The discussion of moveable static pressure probes found in Reference
1 is both very adequate and directly applicable to short run time cryogenic tunnels, so no more time will
be devoted to the subject here.

The measurement and calibration of settling chamber total pressure in a cryogenic blowdown transonic
tunnel also do not differ from those in a conventional facility. Again, see Reference 1 for a discussion
of conventional practices. Care must be taken to avoid local influences of the flow fields associated
with the injection of liquid nitrogen, if present.

UOAL TEMIPRATE

Measurement of total temperature is required in routine wind tunnel operation to define the test
Reynolds number. For this purpose total temperature is usually monitored in the stilling chamber, where
velocities are low, using a high-recovery or even a simple bare thermocouple junction. Blawdown tunnels
require rapid response sensors, as total temperature may change rapidly. Constant Reynolds nmber testing
in blowdown tunnels therefore requires a continuous measurement of total temperature as an input to an
automatic total presure/temperature control system. In conventional transonic blowdown facilities the
tunnel flow is usually assumed to be isentropic so that stilling chamber conditions are used to define the
test Reynolds number. According to a survey conducted by Reed, et al., few conventional tunnels have been
calibrated for tenperature gradients which may exist along and across the flow in the test section itself.

In the case of a cryogenic blowdown tunnel, however, neither the assumption of uniform test section
conditions nor that of the adequacy of measured stilling chamber conditions to define average test section
conditions may be warranted. The means of producing cryogenic flow that has been adopted in currently
operating cryogenic blowdown tunnel designs is direct injection of liquid nitrogen into the circuit at
some point downstream of the monin control valve. Mixing of the air and evaporated LN2 may not be
perfectly uniform within the stilling chamber, and therefore total temperature measurements made at points
within the stilling chamber may not accurately represent the average total temperature in the test
section. The differences may be expected to be repeatable, though, and can be accounted for in
calibration by correlation with measured test section total temperatures.

It is very important to note that the specific method of LN2 injection may give rise to
nanuniformities in total temperature across the test section. Ebtperience in the Douglas Aircraft one-foot
blowdown cryogenic tunnel has indicated that temperature gradients produced in the LN2 injection spray
pattern do persist downstream through perforated plates and soreem to the test section and are repeatable.

.1. ... .. -. . ....
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Variations of total temperature
across the test section must be
evaluated in calibration of a
blowdown cryogenic facility.
Serious effort must be made to

6 -achieve the best resolution possible
in the test section tempereture
surveys. As may be seen in Figure
2, from Reference 5, Reynolds number

s becomes a strong function of total
temperature as the temperature is
reduced to the low absolute values

MEYLOUMRAtypical of cryogenic test

0. conditions. This means that only a
10 few degrees variation in time or1.0 space may result in significant
2.5 variations in test Reynolds number

VALUES 3 orer all or part of a model. This
RELATIVE is especially of concern, for
TO 322 K DENSITY example, in the case of

2 -configurations featuring modern
supercritical airfoils, for which
the shock/boundary layer

,I _v ' ,p 0interaction, not at present
1 V adequately predictable through

v Icalculation, is known to be very
sensitive to Reynolds number.

0 M_ a OI T A traversing probe or rake
50 100 150 200 250 300 322 offers the most flexibility of

STAGNATION TEMPERATURE. TI, K placement in making temperature

surveys, but traversing during a run
does not permit observation of

FIGURE 2 - VARIATION OF TEST SECTION FLOW PARAMETERS RELATIVE TO VALUES variations of temperature with time.
AT 322 K WITH STAGNATION TEMPERATURE IN AIR. CONSTANT VALUES Grids of thermocouples statically
OF STAGNATION PRESSURE, TUNNEL SIZE, AND MACH NUMBER. mounted for purposes of calibration
(FROM REFERENCE 51 at desired stations in the tunnel

are the preferred method of
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At this early point in our experience with transonic cryogenic testing probably all one can do is
work to achieve the lowest attainable level of temperature fluctuations in the test section freestream,
and document the amplitude and spectral characteristics as a part of the tunnel calibration. As more
cryogenic facilities of all kinds come into operation, interfacility comparisons of temperature
unsteadiness and test data may lead to insights comparable to those gained relatively recently into the
significance of turbulence and noise as contributions to the aerodynamic characteristics of a model.

Flow temperature fluctuations can in principle be measured by means of a hot-wire probe operated in
the constant current mode. Probes with ultra-fine wires for high frequency response are available.
Unfortunately, more rugged hot-film probes do not offer satisfactory frequency response when operated in
this mode, so that the notoriously high mortality rate of very fragile wire probes apparently must be
accepted. On the other hand, only a relatively small number of measurements may be required to adequately
document test section total temperature fluctuations.

FLCW ANGULARITY

Flow angularity, or deviation of freestream streamlines from the direction parallel to the tunnel
centerline, is a nonuniformity which can result in very troublesome variations in flow incidence angle
over a model and as such is an important aspect of flow quality. Calibration of wind tunnels of all types
must include definition of flow angularity within the test section, and corrective action must be taken if
it is found to be excessive.

Measurements of flow angularity in the test sections of transonic tunnels are normally made by means
of a variety of probes, termed yawmeters. They fall into three general categories: (1) pressure probes,
(2) force models, (3) hot wire/hot film probes. Reference 1 contains a guide to the use of these probes.
In recent years laser doppler velocimetry has been used in a few cases for flow angularity calibration
purposes, but application of this class of non-intrusive technique for calibration is not yet widespread.
This probably should not be surprising, considering the relative expense and difficulty of setting up and
operating laser doppler systems at a time when most tunnels do not have such equipment already installedfor aerodynamic test measurements.*

All flow angularity calibration methods using a physical probe supported in the test section provide
measurement of the incident angle of the local flow with respect to some reference direction associated
with the yawmeter itself. Therefore, the accuracy of these techniques is ultimately limited by the
uncertainty in the orientation of this yawmeter axis relative to the test section centerline. It is this
requirement for accurate orientation of the yawmeter that poses a problem in the case of a blowdown or
intermittent cryogenic facility.

The difficulty is associated with the thermal strains that may arise in the probe and especially in
its support system during runs of short duration in which these structures may be exposed to very strong
nonuniform cooling from the cryogenic flow. Experiments at the Douglas Aerophysics Laboratory have
indicated that angular deflections arising from thermal strains are not necessarily repeatable or easily
correlated. Furthermore, experiments carried out with the sting support system of the Douglas four-foot
blowdown cryogenic wind tunnel have shown that even if a yawmeter and its entire support system were to be
precooled to preclude thermal deformations during a run, the cold support system at its new equilibrium
temperature can be expected to deflect from its attitude at room temperature. This effective zero shift
also does not appear strictly repeatable and must be measured directly, but the details of the effect
probably would be peculiar to each individual installation. We note in passing that attempts to correct
for aeroelastic deflection of the probe/support system are complicated in cryogenic facilities by the
dependence of the e.Lastic modulus on material temperature, which may not be uniform.

It must also be pointed out that precooling to equilibrium of an entire support system may not be
possible in many facilities. Likewise, combinations of heating and insulation to maintain support systems
for models or flow angularity probes at uniform, predetermined temperatures may not be practical in the
face of the always conflicting requirements for minimum blockage yet maximum strength.

These thermally induced deflection phenomena, collectively dubbed the "hot dog" effect at Douglas,
are expected to introduce unacceptably large uncertainties into conventional flow angularity measurements
in at least most short run time cryogenic tunnels, and have in fact also led to abandonment of indirect
approaches to determination of the angle of attack of sting mounted models in the Douglas four-foot
cryogenic tunnel.

We suggest two alternative methods for flow angularity measurement. First is a sting mounted
yawmeter consisting of a cylindrical centerbody, cruciform flat plate wings and small internal force
balance, as described in Reference 1, but also incorporating a means of directly measuring the angular
orientation of the probe itself relative to a fixed reference, such as accelerometers or an optical
two-component angle of attack system. Secondly, of course, the non-intrusive laser methods deserve
consideration.

TURBULNICE AND NOISE

The importance of effects of turbulence and acoustic noise on the quality of transonic flow
simulations is generally recognized and has lately been receiving increased attention. References 9 and
10 contain important discussions of the significance of flow quality and of recent insights into its
characterization.

The laser transit anemometer (LTA), in particular the system recently introduced by Spectron
Developst Laboratories of Costa Mesa, California, offers an interesting alternative to laser doppler
eystems, with relatively simple set-up and operation.

'I .
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The usual sources of flow disturbances present in conventional transonic intermittent/blowdown
tunnels are also present in their cryogenic counterparts, together with at least one important additional
source: injection of liquid nitrogen into the flow. As alluded to in the previous section, imperfect
mixing and evaporation of injected EM2 can result in fluctuations of density, and thus in momentum flux,
through fluctuations in total temperature. Note especially that temperature spottiness upstream of the
contraction will contribute directly to an increase in the streamwise (u) component of freestream
unsteadiness in the test section.

The hot wire anemometer is the accepted means of measuring turbulence in isothermal low speed flows,
but its use in high speed flows, most especially in the transonic regime, is very complicated and is
rarely undertaken. Unfortunately, the transonic blowdown cryogenic wind tunnel may represent the mast
difficult measurement environment possible from the viewpoint of hot wire anemometry.* The addition of
unknown temperature fluctuations forces one to use procedures such as those of References 12 and 13, which
involve operation of the wire at a series of overheat ratios, if results more detailed or quantitative
than an order of magnitude indication of turbulence level are desired. These procedures require very
detailed calibrations of their own, and their application within the constraint of the limited run time
available in blowdown tunnels would seem difficult at best.

Thus, the use of hot wire anmuometry for turbulence measurements in transonic blowdown cryogenic
tunnels does not seem practical. If the fluctuating temperature level as inferred from constant current
low overheat ratio hot wire measurements is "reasonably small" or spectrally distinct from the true
velocity fluctuations, a reasonable estimate of turbulence levels might be obtainable by relatively
straightforward constant temperature mode measurements. Of course, care need be exercised in interpreting
and applying such measurements.

Laser anenometer measurements, on the other hand, avoid all of these difficulties, and are applicable
regardless of temperature fluctuation level. Remembering, too, that laser methods also avoid the special
difficulties of flow angularity measurement in cryogenic tunnels, the suggestion is strong that laser
anemometers will prove to be very useful calibration tools for these new facilities in spite of their
relative expense and complexity.

The measurement of test section pressure fluctuations (noise) in transonic blowdown cryogenic tunnels
does not fundamentally differ from the problem in conventional tunnels, except for possible environmental
difficulties for transducers due to low temperatures. There is at present no clear consensus regarding
the correct or most appropriate method of making these measurements. The discussion of the subject in
Reference 1, including consideration of standard models such as the AEDC transition cone, is entirely
applicable. The approach that will be adopted in calibration of the Douglas four-foot cryogenic tunnel is
that of surveys of fluctuating pitot pressure, using a probe similar to that of Figure 4, supplemented by
test section wall fluctuating static pressure measurements.

ALL DIMENSIONS IN CENTIMETERS

EXPOSED TRANSDUCER COVERED TRANSDUCER
RUBBER-

0.635 0.- .-- 9

-TV RUBBER TRANSDUCER LEADS

FIGURE 4. SMALL PIEZOELECTRIC DYNAMIC PRESSURE PROBE (REF. 1)

*Work at Douglas and at ONERA (Ref. 11) has demonstrated that at least some common commercially
available hot film probe designs do not survive in cryogenic flow conditions, probably due to differential
thermal contraction between the film and the substrate, whereas common hot wire probes seem to have no
mchanical difficulties in cryogenic flows beyond those they have in room temperature flows.
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BUOYAIY CO1RECTION

In conventional transonic tunnel operations, the test section walls are either set at one "optimum"
divergence angle or are adjusted according to a fixed schedule related to test section conditions through
calibration. This procedure is based on the assumption, which is justified in conventional tunnels, that
the wall boundary layer displacement thickness distribution and the resulting buoyant force increment on
the model is repeatable if not actually constant over all test conditions.

The displacement thickness of a turbulent boundary layer and in particular its rate of growth is
strongly influenced by heat transfer between the boundary layer and the wall. While conditions at the
walls of a conventional blow~kxn tunnel are more or less repeatable even if not strictly adiabatic because
temperature is in effect a dependent variable, this will not be true in a cryogenic blowdown tunnel, in
which total temperature of the flow is itself an independent variable. As was pointed out by J. E. Green
in Reference 2, this makes buoyancy correction a function of the test temperature, a situation which would
by itself greatly compound the problem of calibrating the effect even if it were repeatable. However, the
effect is not expected to be strictly repeatable since the tunnel wall temperature and thus the heat
transfer rate will change during the course of a cryogenic run, the entire tunnel structure will change in
average temperature over a series of runs, and the test section walls in the vicinity of the model may besubjected to varying amounts of cooling as the model is precooled prior to a run, depending on the method

Accounting for this effect with its complicated dependencies by simple calibration does not seem
practical. It may of course be entirely eliminated by either precooling the entire tunnel circuit to
achieve the adiabatic wall condition or by implementing fully adaptive test section walls. Neither of
these approaches seems practical, either, though the second alternative is certainly attractive for its
own sake. One may hope to find a simple correlation between the magnitude of the effect and some easily
measured parameters, such as the difference between two longitudinally spaced wall static pressures, which
would allow satisfactory correction. At worst it may be necessary to include direct surveys of the test
section boundary layer in the routine set of tunnel parameters recorded in a run.

It must be appreciated that the magnitude of this effect is potentially large. Green has estimated,
for the case of a square test section with solid walls adjusted for zero longitudinal pressure gradient at
adiabatic conditions, that measurement of model drag coefficient to an accuracy of .0001 (one "drag
count") by means of an internal force balance requires that

-TAT< 0. 2 (1-4)
T

where AT is the difference between the wall temperature and its adiabatic value. One can see this
suggests that at transonic Mach numbers the tunnel walls should be within only a few percent of adiabatic
recovery temperature. While this result cannot be expected to be very accurate for the realistic case of
slotted or perforated transonic test section walls, it does point out the necessity of evaluating this
effect in the calibration of blowdown cryogenic wind tunnels. The seriousness of the effect and what, if
any, measures are to be adopted to account for it will depend on the operational procedures, structural
characteristics, and data accuracy requirements of each individual tunnel.

It should also be noted that the effect is not only common to all blowdown and intermittent cryogenic
facilities, but will even be encoutered in continuous cryogenic tunnels following step changes in total
temperature.

CHECKOUT OF DAC 4-01T

The completion of the design, fabrication, and assembly of the tunnel signifies the start of the
checkout phase of the tunnel which will be followed by the calibration and then the verification of the
modified tunnel.

The checkout of the tunnel discussed here assumes that all of those checks that could have been made
without actually blowing air have been completed and we are to a point where we are ready to make blowdown
checkouts.

The first checkout will be to verify that the control of the tunnel flow is operating properly at
normal "un-cooled" temperatures. Subsystems such as the plenum auxiliary suction system and the ejectors
must operate as they had before the modification. New systems such as the stem injector and the tunnel
purge system can be operated and checked out with ambient temperature runs.

When all of the elements of the tunnel operation have been verified as working properly at the normal
operating temperatures the checkout of the systems that vary and control the temperature down to 1800
Rankine will be investigated. A cursory check of the temperature distribution will be made with several
thermocouples attached to the support strut that will hold the downstream end of the calibration pipe when
it is installed for the tunnel calibration phase.

The checkout of the tunnel at cryogenic temperatures will verify the satisfactory operation of all
system throughout the Mach number and temperature ranges including a check of the exhaust plume control,
liquid nitrogen injection systan, and terature stabilization. The temperature of the primary structure
will also be observed.
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CALIBRATIC2 OF DAC 4-CT

The hardware of the Douglas Aircraft 4-OfT between the storage tanks and the test section is
considerably different than the 4-WT that was in operation up to 1976. The conrol valve, the injection
chamber, the perforated plate in the wide angle diffuser, the acoustic straightener vanes, and the
honeycomb are all new. In addition to the new hardeare, the added feature of being able to operate the
tunnel down to 1800 Rankine substantially increases the performance envelope of the facility. The primary
purpose of the calibration will be to determine for the expanded operating envelope the Mach number
distribution in the test section and the plenum chamber calibration factor, required to set Mach number
during future test programs when the static pipe will not be installed in the tunnel. The instrumented
static pressure pipe discussed earlier will be installed to obtain the tunnel centerline Nach number
distributions. In addition, a sidewall strip with several static pressure orifices will be installed to
obtain correlation data between tunnel centerline and the test section wall. The sidewall data will
provide useful information regarding Mach number distributions in the test section without re-installing
the centerline static pipe.

The static survey pipe will be removed when adequate Mach number distributions are obtained and the
support strut and pod will be installed. A thermocouple rake will be attached to the pod and the
temperature distribution in the test section will be determined. At this point the temperature
distribution should be reasonably good since it will be tuned to a first order approximation during the
checkout phase of the tunnel. Final tuning and documentation of the temperature distribution will be
accomplished with the thermocouple rake during this phase of the calibration.

Pitot and yaw head probes will be installed in the test section after the thermocouple rake is
removed and flow angularity measurements will be made using a four-hole yaw probe assembly. An integrated
vertical flow angularity measurement will be made when the DC-10 model is tested in upright and inverted
attitudes during the verification test program.

In addition to the Mach calibration, and determining the temperature distribution and flow angularity
a fourth measure of the quality of the tunnel flow is the magnitude and frequency of the flow
fluctuations. During the checkout and calibration phases, dynmic pressure data will be obtained from
transducers installed in the walls of the settling chamber and test section.

Boundary layer rakes will be installed along the walls of the test section in order to determine the
variations in displacement thickness for correlation with the Mach number distributions as effected by the
heat transfer from the warm wall to the cold air stream as a run progresses.

Other instrumentation that are being discussed for inclusion in the calibration are as follows:

a) A fixed thermocouple grid in the test section to provide a complete temperature distribution as
well as an indication of the slow period unsteadiness.

b) Constant-current hot-wire probes to be mounted on a rake to evaluate temperature spottiness.

c) Constant-temrjrature hot-wire probes on a rake to attempt to evaluate the turbulence level in the
test section.

d) Fluctuating pitot pressure probes to be correlated with test section and settling chamber wall
microones in order to evaluate pressure fluctuations or noise in the test section.

Although there is considerable laser work being applied to fluid mechanic problems at Douglas
Aircraft there are no firm plans to apply this technology to the cryogenic tunnel at this time. It is
recognized, however, that the application of laser technology to flow angularity and turbulence
measurements in the cryogenic tunnel will be a natural outgrowth of the work that is being applied to
conventional wind tunnels.

CONCEUDI RDEMS

In conclusion, we state the obvious: a fundamental requirement for accurate test data is accurate
and complete knowledge of the test conditions. Nevertheless, it is a sad fact, well known to the
operators of many important wind tunnel facilities, that calibration often has not received the full
attention, time, and resources it requires. Certainly in the case of high Reynolds number cryogenic
tunnels of all types, with all their special problems and requirements and in the face of demand for
better data a1curacy, it is imperative that accurate and comprehensive calibration (along with the
associated concern of high flow quality) receive both thoughtful attention and high priority if the
promise of greatly Improved full scale performance prediction is to be realized. It is hoped that this
presentation has pointed out at least some of the potential pitfalls to be faced.
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SUMMARY

A new solution for an intermittent cryogenic wind tunnel, using high pressure air as a driving gas
and nitrogen as cooler, is being studied at the ONERA Toulouse Research Center. Thecontemplated application
is the cryogenization of the transonic injector driven tunnel T2, the project of which is presented in a
second lecture.

The experimental studies have been carried out till now on a pilot unit, a pressurised return circuit
wind tunnel with a 10 x 1O cm test section which is about the 1/4th scale of T2.

Systematic investigations on the various problems related with the control and optimization of short
cryogenic runs of an I.D.T. as well as with experimental techniques, have been carried out and are summarized
in this paper.

RESUME

Une solution nouvelle de soufflerie cryog~nique A rafales, utilisant l'air A haute pression comme gaz
moteur et l'azote liquide come r~friggrant, est itudiie depuis quelque temps au Centre de Recherches de
P'ONERA A Toulouse. L'application envisag6e est la cryoginisation de la soufflerie transsonique A induction
T2 dont le projet est pr6sentE dans une deuxi~me communication.

Les 6tudes exp6rimentales ont 6tg men6es jusqu'ici sur une installation pilote ayant un circuit A
retour pressuris6 ; avec une veine d'essai de 10 x 10 cm de section, elle repr~eente sensiblement l'6chelle
1/4 de Is soufflerie T2.

Des recherches systfmatiques sur lea diffirents probl~mes ligs au contr~le et A l'optimisation d'une
soufflerie A induction fonctionnant par rafales cryog6niques, aussi bien qu'aux techniques exp6rimentales, y
ont 6ti effectu~es et sont pr6sentaes dans cet article.

1. INTRODUCTION

Among various European projects for a transonic wind tunnel in which should be attained or approached
the flight Reynolds numbers, ONERA proposed a few years ago a project for an induction driven tunnel. We
then built an adjusted the injector driven transonic wind tunnel T2, which is operating since 1975 at the
Toulouse Research Center. With a test section of 40 x 40 cm and a pressure which can reach 5 bars, it is
about the 10th scale model of the Large European High Reynolds Number Tunnel project proposed at that time
by ONERA.

A very different solution is considered now, which consists in increasing the Reynolds number by
means of an important diminution of the flow temperature. The interest of the crogenic wind tunnel is of
course to obtain high Reynolds numbers in quite smaller test sections. Its inconvenience is that the cooling
of whole circuit and test section walls as well as models may bring serious technological problems.

In order to avoid or reduce these problems, a simple idea was to combine a cryogenic test with an
induction one, in the hope that the short duration of the flow would give a diminution of the temperature in
the walls superficial part, whereas most part of their thickness remained at ambient or nearly ambient tem-
perature.

The contemplated application is a cryogenization of the T2 wind tunnel in which could be obtained
already interesting values of the Reynolds number.

Systematic investigations carried out on a pilot facility have shown the interest and the feasibility
of such a solution. The main results or conclusions obtained in the study of various problems related with a
short cryogenic run operating of an injector driven tunnel, are reviewed under a summarized form in the fol-
lowing paragraphs.
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2. THE CRYOGENIC INJECTOR DRIVEN TUNNEL CONCEPT

2.1. Theory of Ejectors ; Influence of Driving Gas Temperature

The injector driven wind tunnel uses the principle of injecting high-pressure air to drive the air-
stream in the tunnel. It includes a supersonic ejector, supplied by a source of compressed air, and placed
within the flow at a convenient location downstream of the testing chamber. The jet (j) emitted by the
ejector mixes with the driven flow (I) in a mixing chamber, from where both flows emerge in a theoretically
uniform state (W).

The basic equations for the conservation of mass, dynalpy and energy in stationary conditions are
given in figure I.

The flows are assumed to be uniform, losses due to wall friction being included in the over.all
evaluation ; P1 and Ti are respectively the total pressure and total temperature ; the increase from pil to

P. has to compensate the total pressure loss of the tunnel circuit.

By making use of the isentropic flow relations, these equations can be reduced to a system involving8 unkwowua ; for example, if the characteristic parameters of the injected and induced flow are given: ,

\=I/IL: area ratio

M4 induced flow Mach number

Mj injected flow Mach number

total pressure ratio R 1 P

TU/Ti4 total temperature ratio PiI  7-.. PTm
FT, --I T Tim

One can deduce the other four parameters -7- , -7
defining the drive system efficiency

q/qj mass flow ratio

Pim il :pressure ratio provided by the drive (i-T)P1U1  j j = Pm Ur

Ti./TI4  temperature ratio (I T)(p +PUi) T (p .PU')j =(P+PU2L

MM : uniform flow Mach number after mixing ( -T)P1 U1 Ti 1+TpjUjTij = PmUTim

A thorough discussion of the performances

of an injector drive system based on the previous
equations and parameters has been previously pre-
sented by P. Carrigrel. It was so possible to
choose, among numerous configurations, a reaso-
nable compromise between the desired high effi- FIG. 1 : THEORY OF EJECTORS : BASIC EQUATIONS
ciency and the aerodynamical or technological
problems.

For T2 as well as for its pilot rig T'2, the driven flow Mach number in nominal conditions (Mach
number 0.9 in the test section) has been choosen to be M, . 0.6, the jet Mach number being M. = 1.6.

A area ratio A from 20 to 30 gave a satisfactorily compromise for a good efficiency of the en-
trainment and a sufficiently moderate pressure ratio pij/Pil.

In the case of a cryogenic operating, an additional and very important parameter is the difference
between temperatures of the driven and the injected flow, or their ratio t - T ij/Til

In a first configuration, we tried to get a cryogenic flow in T'2, by injecting through the first
corner vanes, a driving fluid previously cooleddown to IO0°K.Such a test did not give satisfactory results,
not only for temperature in the test section, but also for the entrainment mass flow rate, quite lower to
the one we had at room temperature induction.

Such a loss of performance can be easily explained if we consider in the ejector's theory equations
the influence of the temperature ratio.

Figure 2a, shows the results obtained by solving these equations, asconcernsthe pressure ratio pro-
vided by the drive system as function of the mass flow rates ratio, at different values of the jet to driven
flow temperature ratio. It is obvious that the provided total pressure increases appreciably with the injec-
tion temperature.

Figure 2b, gives the influence of the temperature upon the jet to driven flow pressure and mass
flow ratios, required to compensate a 10 Z total loss (a conservative value for a test section Mach number
of the order of 0.9). It is clear that the flow rates ratio increases considerably with the temperature
ratio, while jet total pressure remains practically constant.
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2.2. The Pilot Wind Tunnel T12 and its Operating Method

A diagram of T'2 wind tunnel is shown in figure 3 ; it allows to underline the main characteristics
hold in our injector driven tunnel solution.

A first characteristic aspect is that the driving injection is provided through the trailing edges
of the two vanes of the first corner, after the test section ; so the injection involves 2 jets which ra-
pidly mix with the induced flow ; the injection Mach number is Kj - 1.6 ; the area ratio between the mixing
cross section and the injector exit section is A - 20.

Another typical aspect is that the flow removal is located just upstream of the injector ; taking
advantage of the pressure level in the wind tunnel, it is simply performed through the porous walls of a
rectangular cross section duct, acting as a diffusor after the test section. So the injector has to drive
only the difference between the mass flow in the test section anG the removed mass flow.

The test section, 0.1 x 0.1 m
2 
dimensions, equiped with solid walls for the tests we present, and a

sonic second throat on the rear of the test section gives about 0.8 Mach number.

The favourable influence of a jet temperature superior to that of the driven flow dictated the
operating method for the cryogenic functionning ; it consists in having as usual the driving gas induction
process at room temperature, then cooling the flow with a quick supply of liquid nitrogen in the return
circuit.

The diagram of such device is also shown in figure 3. It includes a liquid nitrogen tank, with re-
gulated pressure insuring the required rate ; this tank supplies an injection device which was made in a
first configuration of two tubes perforated with many holes placed perpendicularly one to the other in the
return circuit section.

The second main aspect of the cryogenic adaptation is that, contrarily to the continuously running
cryogenic wind tunnel for which there can be an external insu'ation, an internal insulation appeared prefe-
rable very soon. For the short flow duration considered a thin insulating layer appeared as sufficient to
ensure a good thermal protection.We simply lined theinside of the circuit,as well as the four test sections
walls with a 3mm thick cork layer

The efficiency of an internal thermal insulation can be shown by means of even approximate calcula-
tion of the aerodynamic heat flux transmission inside the material formin& the wall. We therefore established
a heat transfer calculation method using the equations of radial heat tra smission through a wall submitted
to a quickly decreasing temperature flow on its internal side.

An example of the results obtained by this calculation is shown on figure 4. Two configurations are
considered

- Test section (M - 0.8) aluminium wall 15imm thick lined with a 3mm cork layer,
- second throat (M - I) non-insulated steel wall, 15mm thick.

For the test section, the very small conductibility of the insulating material gives rise to consi-
derable temperature gradients in its thickness ; temperature at cork metal junction does not change practi-
cally, whereas temperature on the internal walls comes quickly to a value near the flow one. Within the
running time of the order of 30 seconds to be considered, we have in fact a regime of heat transfer suffi-
ciently low for the boundary layer to be near adiabatic conditions.

For the non-insulated throat, the whole wall suffers an appreciable cooling but the internal wall
temperature remains a lot higher than the flow one. We then record a quite considerable heat flux indicating
therefore a very important thermal loss.

Despite the simplicity of the experimental device, we very quickly obtained results showing that it
is possible to get temperatures to IO0*K and below. It seemed reasonable to aim at a stagnation temperature
of 120*K for a Mach number, 0.8 in the test section.

In figure 5, we therefore present an example of variation, in time, of stagnation temperature
measured during the flow in the test section. We also give the liquid nitrogen mass flow necessary for the
test.

The wind tunnel being started with a room temperature induction, the instant t = 0 corresponds with
the liquid nitrogen injection. Immediately we observe a quick decrease of the temperature, which comes to
120*K in 6 to 8 seconds. It is to be noted that "this settling time" could be reduced by increasing the ni-
trogen flow during the initial period.

Figure 5 also shows the variation of the total pressure and Mach number as well as the injected
flow rate and flow rate in the test section.

It can be seen that the total pressure, settled first at 1.8 tirs, increases with the nitrogen
liquid injection to 2.2 bars, then decreases a little during the flow "said settled".

The Mach number does not vary much during the nitrogen liquid injection and quickly becomes constant.

The driving jet mass flow, determined by the Pij pressure imposed, remains constant# whereas the mass
flow in the test section is almost doubled. This confirms therefore the increase of performance that brings
the increase of the jet to driven flow temperatures ratio,
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3. MEASUREMENT TECHNIQUES

Various measurement techniques have had to be implemented for qualifying as precisely and completely
as possible our cryogenic flows characteristics, and for preparing the experimental studies to develop in
cryogenic facilities.

They are concerned not only with permanent flows, established in pressure and temperature, but also
with unsteady phenomenons, occuring obviously in the tunnel starting process, or more generally with tran-
sient flows which can appear in cryogenic wind tunnels when changing the test conditions.

3.1. Temperature Measurements

The platinium resistances which represent a precise mean for measuring temperatures have obviously
a response time much too long for our purposes ; they have been used only in particular conditions, mainly
as a control of other temperature measurement techniques.

Cupper-Constantan thermocouples with 1/10 to 2/10 rm diameter wires have been used for measuring
the total temperature in established regime ; we must underline that special cares and a somewhat long time
have had to be spent for their calibration and adjustment.

Thin foil thermocouples have proved to have sufficiently short response time for measuring tempera-
ture in some transient flows, notably to obtain a good determination of the temperature evolution during
the starting process.

In order to control the frequency bandwidth of these thermocouples a spectral analysis of the
thermal turbulence at the entrance of the test section has been performed with each of them.

By comparison with cold wire results a cut frequency situated between 3 and 10 hertz is clearly ob-
served in the spectra (figure 6), depending on the size of the sensitive element.

The coldwire technique, allowing measurements at several hundred hertz, finally appeared as the only
way for measuring temperature fluctuations, and was used also for studying the temperature front propagation
in the dynamic tests reported thereafter.

3.2. - Pressure Measurements

Breafly speaking, two methods have been developped for pressure measurements.

The simplest one was to measure only the average pressure, with a bandwidth of a few hertz, by mean
of a pitot probe and a transducer working at ambient temperature.

We also tested fast response time Kulite transducers in cryogenic environment, and observed a satis-
factory behaviour (figure 7). In static calibration, they present a good linearity of the outpout tension
as function of pressure for all temperatures. The sensitivity increases at low temperature, but is suffi-
ciently well defined to permit a valuable pressure measurement when the transducer temperature is known.

Kulite transducers measuring the pressure at the test section walls, have been tested also dynami-
cally in the natural pressure fluctuations of the cryogenic flow (figure 7). In a first device, a very small
volume between the flow and the transducer sensitive element let this one work at low temperature. In a
second mounting a more important cavity is involvedand the sensitive element remains at a practically
ambient temperature.

It can be observed on figure 7, that the frequency answer strongly depends on the size of the
cavity.

4. EXPERIMENTAL DEVELOPMENTS AND VALIDATIONS

Systematic investigations on various problems related with control and optimization of the short
cryogenic runs operating of an Injector Driven Tunnel, have been carried out with the pilot facility T'2,
having especially in view to determine the best solutions for a cryogenic adaptation of the wind-tunnel T2.

The main points can be sumnarized under the following headings

4.1. Liquid Nitrogen Supply Studies

Two types of liquid nitrogen injection system could be chosen either a pump system drawing ni-
trogen directly from a storage tank and pushing it into the tunnel, or a pressurised tank system regulated
by a supply pressure.

The second solution having been taken up for its greatest simplicity, the danger was a priori that
a loss of efficiency zould be produced by the storage at high pressure, due to the increase of temperature
and diminution of latent heat which are obvious if we consider the diagram enthalpy-temperature of nitrogen
at equilibrium.
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In fact, a number of measurements made in the injection device showed that the change of liquid
state to higher pressures is a slow and non homogeneous phenomenon. It could be verified for example, that
the pressure rise produced in the tank by the vaporisation due to wall heat transfer is not at all accom-
panied by an increase of the temperature which stays in fact well below the equilibrium value.

Therefore the pressurised nitrogen injection appeared as a very convenient solution, the only con-
dition being that the pressurization is done in a reasonably short time.

4.2. Tunnel Capabilities. Nitrogen Consumption is

Most of the tests have been done at nominal conditions involving a test section Mach number of the
6rder of 0.8, a total pressure around 2 bars, and a total temperature of 100 to 120*K.

The preliminary teats of which an example was shown on figure 5, gave a first order of magnitude of
the mass flow rates necessary to drive the air flow. 1*

The driving jet mass flow which remains constant during the whole run was about 0.8 kg/s, while the
nitrogen mass flow was about I kg/s. The exhaust rate in established flow is the sum of the two mass-flow
rates.

The test section mass flow is around 4 kg/s at ambient temperature operating ; it is almost doubled
when the liquid nitrogen is injected, this confirming the important increase of the entrainment ratio
q1 /qj.

Various adjustment tests, carried out notably in the aim of reducing the nitrogen consumption,
confirmed the strong influence of thermal insulation. In the preliminary tests, only a partial internal
insulation was available, the collector, the second throat, the corners vanes having not yet been insulated.

It is seen on figure 8 that a complete insulation brought a noticeable gain on the nitrogen con-
sumption. Moreover the total thermal loss of the circuit remains much more constant during the run, this
avoiding or facilitating the nitrogen mass flow regulation necessary to have a constant temperature.

A few tests at different temperatures have been carried out also, and have shown that it is easy to
establish the flow at various temperature levels, between 100 to 120°K and ambient.

The curve on figure 8 gives the test section to nitrogen flow rates ratio as function of the total
temperature : it is of the order of 10 at nominal operating, Ti  120°K.

4.3. Flow Quality : Influence of Nitrogen Injection

The studies carried out in T'2 have shown particularly that the nitrogen injectors configuration
and their location in the aerodynamic circuit, are very important parameters, influencing considerably the
uniformity and the quality of the flow in the test section.

4.3.1. Test Sction Flo Unifority

At the beginning, we used a liquid nitrogen injector simply constituted of two tubes perforated
with many holes, and placed perpendicularly one to the other in the middle part of the low-velocity return
circuit. This did not give satisfactory results as concerns the test section flow in which noticeable trans-
verse temperature gradients were registered, and an effect of gravity of the liquid nitrogen droplets pro-
duced at injection was suspected.

This gravity effect could be effectively pointed out by special tests, in which we used two spray
nozzles welded onto an horizontal stainless steel tube where the direction of the nitrogen spray could be
adjusted. This is shown in figure 9 where is also presented the vertical temperature gradient measured in
the test section for various angles given to the injection spray bar ; as it can be seen the influence is
very important and the temperature uniformity does not correspond with the zero angle.

This led to an adaptation of the injection tubes for which the suppression of the lower branch, and
a convenient distribution of the holes finally permitted to obtain, as shown in figure 9, a reasonably good
transverse uniformity of temperature.

4.3.2. Tempratur'e and Pr~essure Fluctuations

The nitrogen injectors configuration also proved to have a considerable influence on the flow
characteristics fluctuations.

Using the cold wire technique, temperature fluctuations have been measured at the exit of the
stilling chamber and for a few tests in the test section flow.

Examples of results are shown in figure 10.

With the first injection configuration (A), important fluctuations were registered, the total tem-
perature fluctuating of several degrees around its means value. Complementary measurement made along the
circuit, between the injection section and the stilling chamber, showed in evidence the direct effect of
nitrogen vaporisation on this temperature fluctuation.

U . . . . . . . . . .. . . ..
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A second configuration (B) was carried into effect in the aim of avoiding vaporisation effects to
be yet experienced in the test section by improving the vaporisation process at injection and by increasing
the distance between nitrogen injection and test sections. It consists in a peripherical LN2 injection,
performed by a series of spray nozzles, at located at the exit of the mixing chamber which follows the
driving air injection corner.

It can be seen on figure 10 that this second configuration led to a much lower temperature fluctua-
tion.

Using the fast response time Kulite transducers, pressure fluctuations and their spectra in a large
frequency bandwidth have been also measured, at the test section wall. Very encouraging results were ob-
tained, showing in fact that the fluctuation and the spectrum measured in cryogenic operating are practi-
cally identical with those observed at ambient temperature. t

4.4. Dynamic Tests Related with Cryogenic Wind Tunnels Controls

A series of experiments on unsteady cryogenic flows have been carried out in the pilot facility
T'2.

On one hand, it was obviously very important to collect experimental results on the tunnel behaviour
in order to define the transfer functions of a cryogenic IDT circuit, for validly designing the control
system to be used in flow regulation.

On the other hand, it appeared that the facility was able more generally to give interesting experi-
mental informations for controlling transfer functions and mathematical models used to simulate the dynamics
of cryogenic wind tunnels.

Related with the problem of changing test conditions and predicting transient times between test
points in the European Cryogenic wind tunnel, E.T.W., we have been led to perform an experimental study on
the effect of a variation of the liquid nitrogen mass flow, on flow pressure and temperature as well as on
wall heat transfer.

The most important observations, of which an example is given in figure II, concerned the flow tem-
perature.

In this example, a quick and important change of the nitrogen flow rate is produced by closing and
re-opening the liquid nitrogen tank valve for a short time (less than the time taken by the flow to cover
the circuit length, V - 0.5s).

It is observed clearly that a temperature front is created, which propagates in the circuit about
at the stream velocity. It seems to diffuse longitudinally, the amplitude decreasing sensibly as function
of time and distance along the circuit.

5. THEORETICAL STUDIES : PREDICTION METHODS

Parallelaly to the experimental studies, it has been proved very useful to establish methods of
calculation which permit to have a theoretical estimation of the flow characteristics, in order to predict,
therefore to optimize the cryogenic operating of the Injector Driven Tunnel.

A first and very important problem is concerned with thermal losses on which depends to a large
extent the nitrogen consumption. We therefore established and applied systematically calculations methods
using the unstationary equations for radial heat transmission through a wall submitted on its internal side
to a quickly varying temperature flow.

The convective heat transfer was formulated with the hypothesis of a turbulent boundary layer. The
main practical problem in fact remained to know what are exactly the thermal characteristics of the materials.

Joined to the flow calculation methods presented thereafter, these heat transfer calculations led
to a good prediction of liquid nitrogen consumption, as it can be seen by comparison with experiments in
figure 8.

Special efforts have been paid moreover to establish calculations methods which permit to predict
the flow characteristics, in transient operating as well as in established conditions. We briefly present
the principle of two methods of which the basic equations are given in figure 12.

The first one is an exact unstationary method, using the hypothesis of one-dimensional flow, and
based on the resolution of the three unstationary equations describing the evolution of mass flow, dynalpy
and energy. Its interest is to give the evolution of the flow characteristics, pressure, temperature, mass
flow, as function of time and distance along the circuit ; it has been used especially in the analyzis of
the dynamic tests results.

The second method is a global "pseudo-stationary computation" for which the preceding equations are

integrated along the circuit length. Very simple and easy to use, it gives only the mean values of pressure,
m ss flow, temperature, as function of time, and cannot simulate the propagation along the tunnel.

A typical cryogenic run is compared in figure 13 with the global computation ; it shows a very
reasonable agreement for temperature and pressure for the starting process as well as for the established
flow.
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Figure 14 comes back to the dynamic tests involving a change in Nitrogen flow rate ; it shows that
the unstationary method leads to a fairly good representation of the temperature front propagation.
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EXPERIENCE IN THE CONTROL OF A CONTINUOUS FLOW CRYOGENIC TUNNEL

Robert A. Kilgore
NASA-Langley Research Center

Hampton, Virginia 23665, U.S.A.

SUMMARY

The concept of using liquid nitrogen to cool the test gas of a wind tunnel to cryo-
genic temperatures has lead to the successful achievement of very high Reynolds number P
flows in relatively small transonic tunnels. The economical operation of liquid nitrogen
cooled cryogenic tunnels is critically dependent on fast and accurate control of the
tunnel variables. In this lecture, the control problem of a continuous flow fan driven
cryogenic tunnel has been addressed, firstly by developing a lumped multivariable mathe-
matical model of a tunnel and validating the model by reconciling the responses of the
Langley 0.3-m transonic cryogenic tunnel to the responses of the mathematical model on a
simulator. Finally, the development of laws for the closed loop control of the tunnel
pressure and temperature and the successful implementation of a control system for the
0.3-m transonic cryogenic tunnel based on these laws are presented. An accuracy of ±0.25 K
in temperature and ±0.017 atm in pressure in the tunnel contrcl has been achieved.

LIST OF SYMBOLS

A area, m2 or percent
cm specific heat of metal, J/(kg-K)

C p specific heat of gas at constant pressure, J/(kg.K)
cv specific heat of gas at constant volume, J/(kg.K)

D circuit loss factor
e exponential
E energy, J
h enthalpy, J/kg
K gain, or temperature, K
m mass-flow rate, kg/sec
M Mach number
M mass, kg
N fan speed, rpm
p pressure, atm

6 heat flow, J/sec
r pressure ratio
s Laplacian mathematical operator
t time, sec
T temperature, K
u specific internal energy, J/kg
U internal energy, J
V volume, m 

3

y heat transfer coefficient, J/(m 2 K-sec)
z thermal impedance (m2 K-sLc)/J
a,$ cooling capacities of liquid nitrogen and gaseous nitrogen, J/kg
y ratio of specific heats
nfan efficiency
6 thermal mass, J/K
T transport time lag, sec

Subscripts and Superscripts

a acoustic
c tunnel circuit
F fan
G gas
i insulation
L liquid
m metal
set set point value
S static
* test section

The use of a dot over a quantity denotes the derivative of the quantity with respect to
dtime,
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Controller Terms

ET temperature loop error, K
ST temperature loop set point, K
KT temperature loop gain
AL liquid nitrogen valve area, percent
PT,IT,DT temperature PID controller gains
QDF fan power, kW
KL liquid nitrogen valve gain, kg/sec
KB bias
TGR temperature gradient, K/sec
LLT liquid nitrogen limit, percent
FF feed forward
Ep pressure loop error, atm
Sp pressure loop set point, atm
Kp pressure loop gain
AG,A1,A2 Gaseous nitrogen bleed valve area, percent
Pp,Ip,Dp Pressure PID controller gains
pF test section static pressure, atm

1. INTRODUCTION

Historically, capital and operating costs have tended to keep transonic wind tunnels
small, while the many problems encountered at high pressures have tended to keep operating
pressures low. The net result has been that existing (ambient temperature) tunnels operate
at Reynolds numbers which are, in general, far too low to insure proper simulation of the
flow experienced in flight, particularly with regard to shock-boundary-layer interactions
encountered on modern high subsonic and transonic aircraft.

Of the various ways of increasing Reynolds number that have been tried or proposed
for transonic tunnels, cooling the test gas to cryogenic temperatures (150 K or lower)
appears to be the best solution in terms of model, balance, and sting loads, as well as
capital and operating cost (Ref. 1). Personnel at the NASA Langley Research Center have
been studying the application of the cryogenic wind tunnel concept to various types of
high Reynolds number transonic tunnels since the autumn of 1971 and, through extensive
theoretical and experimental studies, have successfully demonstrated both the validity and
practicality of the concept. As a result of this work, the first major transonic tunnel
especially designed to take full advantage of cryogenic operation is now under construction
at the Langley Research Center. This tunnel, the U. S. National Transonic Facility (NTF),
will provide an order of magnitude increase in Reynolds number capability over existing
tunnels in the United States when it becomes operational in 1932.

It can be shown that for equal test Reynolds numbers and any arbitrary maximum operat-
ing pressure, a cryogenic tunnel uses less total energy, and therefore costs less to operate,
than an ambient temperature tunnel doing the same amount of testing. Even so, the operation
of large cryogenic tunnels will be very expensive in absolute terms. For example, the NTF,
when operating at its maximum Reynolds number of 120 x 106 at transonic speeds, will use
liquid nitrogen at the rate of approximately 450 kg/sec (1000 lb/sec). Although the average
LN2 usage rate in the NTF will be much less than 450 kg/sec, it is still highly desirable,
if not essential, that the tunnel be operated in an efficient manner in order to minimize
liquid nitrogen consumption.

The economical and efficient operation of a cryogenic wind tunnel is critically
dependent on fast and accurate control of the tunnel variables and, hence, the tunnel con-
trol system. This has been recognized at the Langley Research Center and studies have been
undertaken by two teams to enunciate the problem of cryogenic tunnel controls and to obtain
control strategies to realize fast, accurate, and economical control of the Langley 0.3-m
transonic cryogenic tunnel (TCT) and the NTF.

The first phase of the cryogenic tunnel process control consists of understanding
the physical processes occurring in the cryogenic tunnel through appropriate thermo and
fluid dynamical analysis, and obtaining a control compatible model of the tunnel process
which relates the tunnel variables to the tunnel control inputs.

A fan-driven closed-circuit cryogenic nitrogen wind tunnel can be looked upon as a
thermodynamical system wherein the tunnel resident nitrogen gas mass, while in motion over
the streamlined walls of the tunnel geometry, interacts with the walls of the tunnel (metal
and/or insulation) and the control inputs, viz., liquid nitrogen injected into the tunnel,
warmer gaseous nitrogen bleed flow out of the tunnel, and fan induced compression and wall
friction heating. This thermofluid dynamical interaction occurs both in the space of the
tunnel and in time. Any efforts at deriving a control compatible unsteady model of a
cryogenic tunnel aims at describing this physical process in its entirety. In view of
the complexity of the spatial and temporal unsteady thermodynamic interaction of the
tunnel resident gas with the walls of the tunnel and the various control inputs, different
approaches with various degrees of simplification can be taken to obtain an appropriate
model of the cryogenic tunnel.

In the case of the NTF modeling, the approach taken has been to solve the unsteady
duct flow equations for the full length of the tunnel by invoking the one-dimensional duct
flow laws of momentum, continuity, and energy. Two methods of resolving the unsteady
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spatial flow are being used. In the first method, the tunnel has been discretized into a
finite number of cylindrical segments, and the various duct flow equations have been set
up for each segment by allowing appropriate transit time for the segment boundary con-
ditions. In the second method, the continuous spatial problem is being solved. Both
techniques require considerable computational time. In either case, the cryogenic tunnel
model is implicitly contained in the software and provides dynamical solutions to a given
set of tunnel conditions and disturbances.

In developing the mathematical model of the 0.3-m transonic cryogenic tunnel, a third
approach has been taken. This approach consists of determining the average dynamical state
of the tunnel gas by considering the tunnel to be an autonomous pressure vessel wherein
ideal mixing of the mass-energy control inputs occur. This average dynamical state of the
tunnel gas is superimposed on the steady state spatial profile of the tunnel states, which
in turn is obtained by the duct flow equations of continuity, momentum, and energy.
Appropriate transport time delays are superimposed on the various control inputs to account
for temperature transport delay. However, mixing is assumed to be total within one circuit
time. The justification for separating the dynamical response to average state, and static
profile to duct flow is by observing that the system has maximum stored energy in the metal
of the tunnel structure followed by the internal energy of the mass of gas resident in the
tunnel. The kinetic energy of the tunnel flow, which contributes to the spatial unsteady
flow, can be noted as being, at its maximum, only 0.75 percent of the internal energy of
the gas. Hence, the kinetic energy of the tunnel flow has been ignored.

Such an analysis leads to an explicit mathematical model of the cryogenic tunnel, whose
parameters are the tunnel geometrical constants such as surface area, volume, etc., the
thermophysical properties of gaseous and liquid nitrogen, ani the characteristics of the
control elements. This approach for modeling fully accounts for all the mass and energy in
the system; but truncates the system dynamics by suppressing the circuit modes and acoustic
modes. Since these modes can be considered to be uncontrollable for the given degrees of
input freedom, this lumped approach has been taken to be adequate.

It is the aim of this lecture to present details of the development of a lumped param-
eter multivariable model, the use of the model to develop an interactive real-time cryogenic
tunnel simulator, the validation of the model, and the development of closed loop control
laws and their performance with specific reference to the 0.3-m TCT at NASA Langley Research
Center.

2. DEVELOPMENT OF MATHEMATICAL MODEL

2.1 Energy State Diagram

The internal energy associated with a finite volume of gas at a uniform pres-
sure p and temperature T is the total energy associated with the gas at the molecular
level and is a function of temperature as predicted by the third law of thermodynamics.
At absolute zero, the internal energy and gas specific heat tend to zero. This can be
expressed using the classical equation

U = f cvdT
0

where

c dQ
cv = d at constant volume.

The expression for the density of nitrogen gas can be used to estimate the mass of gas MG
for a given volume of gas V at pressure p and temperature T. The expression for MG,
from Reference 2, is

p r
MG = 338.90 - + 250 kg/m()T

The internal energy associated with this volume of gas is

U = MG CvdT
0

Assuming f cvdT = cvT we have
0

U = 253.49 p (1 + 250 )1 + 250 kJ/m 3
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Function fits for density and cv  in terms of p and T from Reference 2 have been used
in the above expression.

The mass-energy relationship for a unit
volume of gas is illustrated in Figure 1,
which shows the internal energy of the gas U 200 IDELINTERNLINSULATIO
versus its mass MG. The loci of constant
temperature, isotherms, on the diagram are 6

the lines of slope cvT radiating from the 16OBAR R O
origin. The loci of constant pressure, RASTR [CYRCTRS
isobars, are the lines which generally run
parallel to the x-axis. If the nitrogen gas U1 FA
were truly perfect statically, the isobars INTERNAL ENRGY ACHARGE 1 t A h

would be truly parallel to the mass axis. Mc CT IsOTURRA L. LEV LE HR SLO CT I LE 4G GCpt I

The real gas isobars have positive slope. a D FAN (0. Orl
The liquid-gas phase boundary runs near the
100 K isothermal line, and its true position 2 THERMPHYSICAL PROPERTIES OF
has been ignored. 0 NITROGEN S

VOLUME I m
Consider a representative point A on p=IATM

the diagram, corresponding to a finite mass o ....... Im 11111111
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of gas at a known pressure and temperature MASS OFGAS Kg
in a l-m3 volume. If any extra gas mass
or energy ii added to this system, the
point A appropriately shifts graphically Fig. 1 Energy state diagram.
to account for the new mass and energy state.
In the case of the cryogenic wind tunnel, the three control inputs and the thermal leakage,
either from the ambient conditions surrounding the tunnel or from the tunnel metal shell,
change the energy state of the system by moving the point A to new coordinates of pres-
sure and temperature. The addition of liquid nitrogen constitutes a reduction of energy
by negative enthalpy mLhL and an increase of mass by mhL . Bleeding of gas from the
system similarly represents a reduction of energy by negative enthalpy -mGhG, and a
dgcrease of mass by mG. Heat release from the fan QF and heat released from the wall
-Qm are true energy inputs. All of these inputs can be represented as mass-energy rate
vectors, and the sum of these control vectors provides the final state of system. This
analysis can be carried out graphically by vector manipulation as shown in Figure 1. The
same analysis can also be carried out analytically, by studying the open thermodynamic
system.

2.2 Thermodynamic Model of a Closed Circuit, Cryogenic Pressure Tunnel

The cryogenic pressure tunnel can be considered as a thermally autonomous pres-
sure vessel of volume V containing nitrogen gas of mass MG at a uniform pressure p
and temperature T. The vessel is assumed to be ideally insulated, insulation being
external to the metal wall. This vessel is assumed to be opened to a liquid nitrogen
source and a gas bleed valve which allow transfer of mass and associated enthalpy. The
vessel is also assumed to be opened to a fan shaft which creates the necessary fluid flow
and delivers the fan energy. Such a system
is shown in schematic in Figure 2. The
liquid nitrogen flow rate is taken to be mL
and occurs at a liquid pressure of p The
gas bleed valve allows flow of MG out of mL
the tunnel.

Assuming uniform mixing and ignor- -

ing the work done, the potential energy, and G T
the kinetic energy, and invoking the first PLENUM
law of thermodynamics, we have m

hL UL + PLVL 11 7. ... . .. . . ..

FAN

hG = UG + PGVG

then
Fig. 2 Thermodynamic model of a closed

+ + h= .h+ dU circuit cryogenic pressure tunnel.
-6m + F 0 LL G G HE

where

-QI = rate of heat release from tunnel to gas, J/sec

OF = rate of heat release from fan, J/sec

U = internal energy = MGu, J

u = specific internal energy, J/kg
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d ~dM du
- L + 6F + LhLGhG + un - Im+U) =mh G __ +

dtdt

du dT

-6o + p + + gas L hhGe u =) +M n - -

which can be simplified to

dT

For a perfect gas we have u = c T and hG = cT; hence

;L± (hL - cUT Gc - cv) T - 6, + 6F = M c dT(2)

The mass and energy crossing the boundary of the tunnel react with tunnel resident gas and
changes its state. This interaction of the control vectors can be shown on an energy
state diagram as the charge, bleed and fan mass-energy rate vectors. In order to run the
tunnel at a steady gas state, the Mach dependent 6 needs to be cancelled by the sum of
the negative enthalpies from charge and bleed, whicE in themselves should create no mass
change. By manipulating the magnitudes of these control vectors, either a balance con-
dition can be obtained or the tunnel state moved along any desired path. Details of such a
manipulation are given in Reference 2.

2.3 Role of Metal-Stored Energy in Cryogenic Tunnels

Cryogenic tunnel engineering design demands insulation of the cold test gas from
the ambient to prevent heat gains and the associated energy waste. Since these tunnels
are required to operate over a considerable pressure range, one to nine atmospheres, in
the case of the NTF, the insulator shell must possess the ability to withstand internal
pressure without leakage.

Most insulators are poor structural material, and storage of high-pressure
compressible fluids in the shell demands perfect safety and conformity to appropriate
pressure vessel code. These requirements dictate the use of structural metals suitable for
use at cryogenic temperatures for the pressure vessel integrity. However, the location of
the insulation of this vessel can be either internal or external. When the insulation
used is external to the tunnel shell, the structural metal is exposed to cold gases and
thermally interacts with the gas by releasing heat. Alternately, the insulation can be
internal to the tunnel, thereby isolating the metal from cold gases. In the latter case,
the need for very good surface finish on the insulator to obviate problems of boundary
layer growth demands the use of thin, highly finished, metal panels. This is particularly
true of the test section and contraction section wherein good aerodynamic contouring is
required. Thus, engineering design of cryogenic tunnels dictates the use of a considerable
amount of metal within the insulation shell.

When the insulator behaves ideally, the cryogenic tunnel can be looked upon as
an autonomous thermodynamic system. The metal-stored energy then becomes a part of the
tunnel thermal inertia and tunnel internal energy. The tunnel energy is now in the form
of gas molecule motion and lattice vibration of metal molecules. Any gross temperature
difference between gas and metal results in heat transfer between the two at the gas-wall
boundary, and under steady-state conditions the metal and gas are at the same temperature.
The magnitude of metal-stored energy can be estimated by studying the enthalpy and specific
heat of metals. (See, for example, Ref. 3.)

2.3.1 Metal to Gas Heat Transfer

The mechanism of heat transfer in a tunnel is a surface phenomenon and
is a complex function of the metal and gas properties such as thermal conductivity,
specific heat, gas density, and gas viscosity. A numerical estimation of the heat transfer
coefficient is now made based on constants validated by Bartz in Reference 4. Using
equation (6) of Bartz's work and using his notation,

=~~~~ [j P.) V). 8] (P.).

1

a 2) +Z4 ]0632 20167
- + 0.2M + 0.2: ' To

" t ..... ... . . -0



using constants of w = 0.8 and C = 0.026. This heat transfer coefficient has been
validated at the nozzle of a rocket. A number of values of heat transfer coefficient ¥G
were estimated using Pr = 0.73 and C* = 61.5 T0 -5 for various pressures, temperatures,
and area ratios. This set of data was function fitted to obtain a simple heat transfer
equation

YG = 8234 p 0.8 T-0. 22 M(l - 0.67M0-65) J/(m 2 K.sec) (3)

This heat transfer coefficient YG provides the local forced convection heat transfer on
a unit area of the tunnel metal-gas boundary and is a function of local pressure, tempera-
ture, and Mach number. It has been used by Balakrishna in Reference 2 to establish the
overall heat flow rate.

Uni r o fi tunnel surfac
The heat flow from the wall to the gas

is not only a function of surface convection I der md-ac
based YG, but also a function of wall Tunnel flow Tunnel ed

ernaifce
thermal conductivity, wall thermal capacity, Islaio
and wall leakage, if any. Consider a unit RG Rm m Rm R Ri R T
area of the tunnel wall thickness, starting -r-_ -_-^'_-.ab
from the gas boundary to the external tunnel CmT~m jj ff9
face, as shown in Figure 3. This cross o.dinsnalhatilowanogy
section consists of the tunnel metal wall
and the insulation. The heat flow occurring cm =1, Thermilacdtyof metali Jilrm2K)

under transient conditions can be obtained
from a simple electrical analog. Here l/R G  JMm =IzR Themilcnductivityometal wall JAmMm K..c
corresponds to the heat transfer coefficient IIYG Turbulenbundarylayerhetransfrcefficient JA.nci
YG associated with the turbulent boundary 2
layer of the tunnel flow discussed previous- I 111 Themalndudivityoenelayerofinsulation JiM KmV2c)
ly. Further, l/Rm corresponds to the 9 Thermal Cap tyone lyer insulation JAm

2 
K I

thermal conductivity of the metal wall T Average tunnel gas temperature. Tam Ambient temperature
thickness and cm corresponds to thermal Heat fl oeelu b
capacity of that layer. By making some I-I
simplifications and combining the wall and am. Z"* Termii ImpedanceoithenmAil
gas heat transfer equations, the heat 

flow

in a unit area of the tunnel wall on the
basis of one-dimensional heat flow, is, for Fig. 3 Metal to gas heat transfer mechanism.
ideal insulation:

T T cm5  1 + mms )]

Qm = 1 +(Rm+ RG) cns]

2.4 Temperature and Pressure Dynamics

The basic thermodynamic equation for determining the time rate of change of the
internal energy of the gas is

a face
a ... Gcv = + 6F + - rGcPT

with heat energy added to the gas being positive.

After mathematical manipulation, adding the transport delays involved in the

measurements, and using the definitions . MmcmTs c a Cv)T, and 8 = hL -c T. tI + tP - p

of Reference 3, the temperature dynamics of the tunnel can be written as

aT 1 + t G S) + aF -L S a G-TGs  QF-TFS
. . ... + - e (5)at (1+ t mS 00

where e - MGcv + M m.

From the ideal gas law the pressure of a confined gas is proportional to the
mass of the gas and its temperature, p m MGT. After taking the appropriate derivatives
and making substitutions, the time rate of change of pressure may be expressed as

ap p 3T P aG

at T at MG at

After substitution and manipulation, the pressure dynamics for the tunnel can be written
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ap p -T G S p T a8 p aM
p = = e - +-T + DbMp- (6)

at MG MG T at

ahere b = 0.197 - 7) for the 0.3-m TCT.

Equations (5) and (6) permit the description of the temperature and pressure response

characteristics of the gas in the tunnel due to the tunnel control inputs.

2.5 Additional Relationships

Other important functional relationships necessary for modeling a fan driven
cryogenic tunnel are given below. The specific constants of these relations for the
0.3-m TCT are also presented.

Mach number:

-taS
N e

KmV i+ (7)

where

tp = the plenum time constant, Ta = the acoustic time lag, and

Km = 600 (1 - 0.3M)p-0 "0 35  for the 0.3-m TCT.

Tunnel circuit time:

(0.0486)V j 2) 8tc - (1 + 250 T + 0.2M 2  (8)

LN2 flow rate:

iL  = KLAL = 3 . 4 7 /pL - p AL for 0 < AL < 100% (9)

where 3.47 corresponds to the 0.3-m TCT liquid nitrogen injection valve.

GN2 flow rate:

The mass flow out of a control valve can be expressed as

; C -pACdV RT

where C = speed of sound, p = density, g = gravitational constant. Assuming a C*= 0.7
and a valve coefficient Cd of 8, for choked flow out of the valve we have,

p p
mG = KG - AG = 21.8 - AG  kg/sec for p > 1.5 atm and 0 < AG f 100%.

(10a)

Wher the flow out of the valve is not choked we have,

K KG A [ - ( 1 21.8 - AG kg/sec for 1 < p < 1.5 atm

and 0 < AG < 100%.

(10b)

The value 21.8 refers to the 0.3-m TCT gaseous nitrogen bleed valve.



Mass of gas in tunnel:

pVrMG = 338.9 - + 250 - 0.033 M kg (11)
G ~ TI

Fan pressure ratio:

r = I + bM 2  
(12)

where, for the 0.3-m TCT, the experimentally determined expression for b is

b = 0.197 (l- 2rM)

Metal enthalpy:

The 0.3-m TCT is constructed of 6061-T6 aluminum alloy. The energy stored in the
metal is

2 3h 2.75T - 0.0026T kJ/kg (13)

Fan dynamics:

The fan speed control system for the 0.3-m TCT has a dynamic response charac-
terized by

N 1

Nse t  0.2s
2 + 0.56s + 1(14)

Cooling capacities:

The cooling capacity of the liquid nitrogen and the cooling capacity of the
gaseous nitrogen bleed can be expressed as

8 = hL - cpT, a (p - cv)T kJ/kg (15)

Fan heat:

The heat generated under isentropic compression in the fan is

KFP ,3/f
QF = 1 + 0.2M kw (16)

where

6965 A*c p b [Y-

Using the above functional relationships between the tunnel variables and the
control inputs, an explicit multivariable control model has been developed, and is shown
in Figure 4. This non-linear three-input and three-output model has fairly strong off-
diagonal terms pointing to considerable cross coupling between the control inputs and the
tunnel variables. In the following section, this model has been used to develop a real
time cryogenic tunnel simulator.

3. CRYOGENIC TUNNEL SIMULATION

The preceding set of expressions presented explain the total behavior of the cryogenic
tunnel process. The time responses of this non-linear multivariable model are somewhat
difficult to explicitly determine analytically. However, generation of the time responses
of this model can be achieved by simulating the tunnel on a hybrid computer. The
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Fig. 4 0.3-n TCT multivariable model.

development of such a hybrid simulator has
been detailed in Reference 2. The digital
part of the hybrid computer estimates the MACH NUMR
non-linear segments of the model and comn-
municates these quantities to the analog
computer which provides the real time GSTM
dynamical solutions, the update rate being PRESSURE
as high as 25 times a second. Manual control A
of the 0.3-in transonic cryogenic tunnel%
consists of a fan speed control rheostat,
and liquid nitrogen injection valve and
gaseous nitrogen exhaust valve control
stations. Displays of Mach number, Reynolds
number, temperature, pressure, and drive-
fan speed are provided on the control panel
for setting and maintaining test conditions.
Other displays include liquid nitrogen pump
pressure, fan drive motor power, and digital
valve status indicator lights. A similar
manual control panel and set of displays RPMntr
were developed for the hybrid computer _
simulation. using the hybrid computer con-
trol panel, shown in Figure 5, operator Fig. 5 Display and control panel for
inputs are made through potentiometers simulator.
which control the (simulated) liquid and
gaseous nitrogen valve openings and the fan
speed. The digital displays permit
realistic simulation of tunnel operation TOTAL 10 ---
including operator imposition of constraints TMP.,.9 SIMULATOR
such as maximum cool down rates or metal to K 100. ----- TNW
gas temperature differences. 9r

TEST 0.900 SIMULATOR'In order to validate the model of the SECTIONO0A
fan driven tunnel, experimental responses
of the 0.3-n TCT for transient and quasiys .0 |

steady conditions are compared with the
simulator generated responses for identical T.50
tests. at.[ T060

3.1 Transient Response Tests CNPT F . G I'lrlpan

The 0.3- transonic cryogenic I A 12 1 24 1 X r2 6 4 W . 72 78

tunnel and its simulator were disturbed from TIME.

their steady state equilibrium conditions
with identical control input disturbances, Fig. 6 Tunnel and simulator responses.
in the form of a positive liquid nitrogen
flow pulse, a positive gas bleed flow pulse
and a negative fan speed pulse of about
3 seconds. The resultant responses of the
0.3-r TCT and its simulator are now compared, reconciled and correlated with explicit
mathematical model terms. These responses are shown in Figure 6.

A positive liquid nitrogen flow pulse creates a negative total temperature pulse
response in the tunnel gas which decays down to steady state value in time. The tempera-
ture response has a transport time delay of about 0.9 tc as expected. The peak amplitude
of the temperature pulse, AT, can be related as AT I.WL AQL. The tunnel test section

Mach number demonstrates a positive pulse with a peak amplitude of AM. This change is
caused by pressure ratio change in the fan at constant speed due to temperature. Since
the fan is situated very near the liquid nitrogen input segment, no transport delay can
be found. This change in Mach number can be related to AT a tM/M a -AT/2T. The
tunnel total pressure response has a singular signature, typic f cryogenic tunnel
with large metal enthalpy. The tunnel pressure change is caused by the two opposing terms
Pn+ and a The gas temperature rate + is maximum at the start of the pulse, but
TG

3 eons TersutntrsoneGo h
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gradually diminishes because of gradually increasing wall heat release. Thus, initially

term RT is far greater than kA6L creating a negative pressure movement. The

diminishing R + falls below the value of A6 L during the pulse period and the

negative pressure movement stops and the pressure starts increasing. Beyond the pulse
period the pressure continues to increase because of continued wall heat release.

These features of pressure, Mach number, and temperature, shown in Figure 6 for both
the tunnel and the simulator, are seen to be in very good agreement. A gas bleed pulse
to the tunnel when in equilibrium shows a weaker pulse response in tunnel temperature.

This negative pulse amplitude AT is related to G AQG. The tunnel Mach number

response to the gas bleed pulse occurs through temperature and since temperature response
is very weak, there is negligible effect on tunnel Mach number. The response of total
pressure to gas bleed pulse is the most dominant response, and the tunnel pressure falls.

The amplitude of the tunnel pressure is related to - AQG. Both the tunnel and the
simulator agree by behaving similarly. G

The negative fan speed pulse of the tunnel results in reduced fan power. Since the
tunnel cooling is not reduced, the tunnel total temperature shows a negative temperature46F
response. The maximum AT corresponds to the function M- v . The tunnel test section

Mach number is also considerably affected by reduced fan pressure ratio. This Mach number
amplitude can be related to fan speed by AM/M z AN/N. Though temperature fall should
induce a positive Mach change, the effect of fan speed is most dominant. The tunnel
total pressure is somewhat weakly related to fan pressure ratio and shows a pressure drop
pulse which is proportional to bMp.

3.2 Quasi-Steady-State Tests

In addition to the transient response test, studies on the cool down of the
tunnel from ambient and warmup of the tunnel to ambient, using excess liquid nitrogen flow
and excess fan heating respectively, were conducted in order to validate the long-term
dynamics of the heat transfer model:

The basic energy equation of the cryogenic tunnel process is

dT Surface

MGcv - + CVT - ;G) = 6F + ;LhL - rGcpT - 6
dt

where

Surface mc T
f am ms /\

In order to prove this heat transfer model, time histories of average metal temperature Tm
and gas temperature T were recorded for ordered energy input terms. Matches between
temperature, metal to gas temperature difference, and time were sought for the tunnel and
simulator quasi-steady-state responses.

3.2.1 Cool-Down Studies

The tunnel cool-down test consisted of starting with both the metal and
gas at ambient temperature and running the tunnel with excess liquid nitrogen flow while
the tunnel pressure and low fan speed were maintained constant.

Under these conditions because of constant pressure and

6P< ;~ - c PT) because of low fan speed, then

dT Surface

dt

T

Qm . (T T I Tm"
1 + tme
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Both the tunnel and the simulator were COOL-DOWN CODITIOS
balanced at equilibrium conditions of 290 K, C 2-1.02 .IT 2SVALPING
1.5 atm, and 1200 rpm. The liquid nitrogen 3 M FAN-I 2RPM0I14o22MACHI
supply pressure was maintained at 6 atm. TUNEL PRESSURE - L ATM.
The tunnel cooling was started by rapidly 2
opening the liquid valve to 12.5 percent SIMULATO IA (SIMULATOR
open, corresponding to about 1 kg/sec flow. 1 ITUNNEL)
The tunnel pressure was maintained at 1.5 atm 2Osn GAS
throughout the cool down. Gradually the
tunnel metal cooled down, and time histories
of gas temperature, metal temperature at a
forward diffuser leg location, and the test
section Mach number were recorded. Figure 7 I .... _,_.............

shows the time histories of tunnel gas and 0 1 2
average metal temperature as the tunnel was TIME. mlnues
cooled from 290 K to about 100 K in about
35 min. It may be noted that the simulator Fig. 7 Cooldown time histories.
and tunnel temperature histories match
reasonably well. An initial gas to metal
temperature difference of about 65K (at 290 K) and a final difference of 15 K (at 100 K)
occur in both the tunnel and simulator. The simulator and tunnel temperatures agree to
within 5 K over most of the cooling period except at the very end where the difference is
10 K. This can be attributed to heat gains through some uninsulated flanges and supports
in the actual tunnel which make the cool-down process a bit slower. The Mach number time
histories of the tunnel and the simulator during the cool down agreed to better than
0.005, starting from an initial value of 0.140 and ending with a value of 0.228. The
total quantity of liquid nitrogen consumed for cool down from 290 K to 105 K was determined
for both the tunnel and simulator. The tunnel value was 1825 kg against a simulated
consumption of 1800 kg. Thus, a fairly good match between the tunnel and the model for
a quasi-steady-state cool down confirmed the heat transfer modeling used.

3.2.2 Warmup Studies

The warmup tests for the 0.3-m TCT were started with a cold tunnel running
at a fairly high Mach number. With the liquid nitrogen flow fully cut off and the tunnel
pressure maintained constant, we have

L= mG = 0 and QF >> ;GcPT

dT Surface
MGcv - 2 F - 6m

dt

where

M c Ts

f 6 I + mtms

and

S( + 0.2 M2 ) 3

For these studies, both the tunnel and the simulator were cooled to 100 K and operated at
equilibrium conditions at a pressure of 2 atm and a Mach number of 0.6.

The warmup was started by cutting off the liquid nitrogen flow and
maintaining pressure and Mach number constant by fine adjustment of the gas valve area
and fan speed. Records of gas temperature and the average metal temperature were taken as
functions of time. The warmup profile of the tunnel and the simulator at M = 0.6,
p - 2 atm from 100 K to 300 K is shown in Figure 8. The metal to gas temperature dif-
ferences agree very well. However, the physical tunnel shows an initial warmup rate lower
than the simulator. This difference has been attributed to an initial tunnel pressure of
slightly less than 2 atm. Subsequently, the tunnel and simulator warmup gradients match
quite well. The metal to gas temperature difference in the tunnel and the simulator
agree to within 2 K, indicating the adequacy of the heat transfer model. A detailed recon-
ciliation of the 0.3-m TCT, its real time simulator and the mathematical model is available
in Reference 2.

In summary, the cryogenic tunnel transient and quasi steady responses to
various input commands are adequately described by the process equations derived from
the first principles. These equations can now be used to develop closed loop control laws.
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Fig. 8 Warmup time histories, M = 0.6,

p = 2 atm.

4. TUNNEL CONTROLS

The aim of tunnel control is to precisely and quickly regulate the tunnel variables
of total temperature, test section Mach number, and total pressure, using the control
inputs of liquid nitrogen mass flow, fan speed, and gaseous nitrogen bleed flow. In
the case of the 0.3-m TCT, a control system performance of ±0.25 K in total temperature,
±0.017 atm in total pressure in the bandwidth of 2 to 3 radians/second is the goal.
Figure 9 shows the 0.3-m TCT from a control viewpoint. Details of the design and operat-
ing characteristics of the 0.3-m TCT can be found in References 5 and 6. The following
paragraphs describe some of the subsystems of the 0.3-m TCT that relate directly to
tunnel control.

In order to control tunnel temperature, the liquid nitro,en injection valve area AL
must be dynamically varied by a control law in the presence of a steady liquid nitrogen
supply pressure PL. A liquid nitrogen valve, typically having a full area control speed
of 1/2 second and a flow ranging to 1000, is considered adequate. In the case of the
0.3-m TCT, four digital control valves, each having a resolution of 1 in 1024 (a 10 bit
valve) with binary weighted area and having the individual elements operated by solenoid
valves, have been used. The advantages of digital valves are very fast response and
perfect linearity. Because of precise area control, the digital valves can be used to
accurately measure the flow rate of liquid nitrogen into the tunnel.

The tunnel total pressure can be controlled by dynamically varying the gaseous
nitrogen bleed valve area AG~ by an appropriate control law. Again, a fast response valve
with a speed of 1/2 second for full area control and a range of about 1000 is considered
necessary. In the case of the 0.3-m TCT, a digital valve with a resolution of 1/256 hav-
ing binary weighted sonic nozzles controlled by pneumatically piloted solenoid actuators
has been used. The range improvement of about 1/1000 is obtained by using two parallel
valves with fixed and controlled bias opening for operation under conditions of high
mass flows and low pressures.

The tunnel Mach number is controlled by fan speed control, wherein the fan is designed
to operate away from the surgeline throughout the tunnel envelope. In the case of 0.3-m TCT,
the fan speed control is obtained by controlling t) two pole induction motor by maintain-
ing constant voltage/frequency ratio from a 5 to 1, Hz variable frequency voltage and
power source. The fan speed is directly related to supply frequency.

The control law designs are briefly discusred in the following paragraphs. By
assuming local linearity for small perturbation, and by ignoring the off-diagonal coupling
terms of the mathematical model (see Fig. 4), single-input single-output (SISO) control
Laws are derived. Two control laws, one for tunnel total temperature control using liquid
nitrogen mass flow control and the other for tunnel total pressure control using gaseous
.1iroqen bleed mass flow control, are discussed. Details of the development of these
-vwtrol laws are given in Reference 7.

4 1 r-mperature Control

;n r.qure 10 the temperature control loop is shown which has been designed by
,- q.1so root locus analysis. This has resulted in a non-linearly gain scheduled

; .)f the type M/T. However, because of strong interaction from the fan
I- *Pon in Figure 4, the control law uses feed forward of either the measured

-. -r Secondly, in view of the non-linear behavior of the system, the
.. .,litionally used based on an error magnitude dependent logic. Further,

i n i ini ismmll~i ail n mil.3
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Fig. 10 Automatic temperature control scheme.

to avoid rapid cooling rates for the tunnel walls, a limit has been placed on liquid flow
rate which again is used with an error magnitude dependent logic. All of these features
have been incorporated -n the temperature control schematic shown in Figure 11.

4.2 Pressure Control

The tunnel pressure control schematic is shown in Figure 12, which has been
designed using SISO root locus control analysis. This analysis has resulted in a non-linearly gain scheduled PID control law with a gain schedule of /(p 3) *for the total
pressure loop. The tunnel pressure control law realization is shown in Figure 13. As can
be seen, this scheme includes the logic for augmenting the digital valve area for low
pressure runs by using existing analog valves.
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changes, are shown in Figures 14 and 15. Typically a settling time of about 20 seconds
can be noted for each loop. It demonstrated the ability of SISO control laws to performproperly in the presence of cross coupling.

The control laws were then mechanized on a custom built microprocessor based

controller~~~~~~~~ wo-n at 10 sapessc Th mirpocso bae cotole ha bee ---
cesfll comIssoe an prve foShpoa neoeo une prto. Tetne
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Fig. 14 Siulator closed-loop responses, Fig. 15 Simulator closed-loop responses,

high temperature. low temperature.

which shows a cool down of the tunnel from
300 K to 100 K at a constant pressure of
2.1 atm. Once the tunnel temperature K

reaches 100 K the tunnel pressure is raised
to 5.5 atm at constant temperature. Sub-
sequently, a number of Mach number changes
and angle of attack changes (from -80 to 160)
for a high blockage model were made while
maintaining temperature and pressure at
100 K and 5.5 atm. The disturbances due to
Mach number and angle of attack changes on 2.1atm 170atm
the tunnel temperature and pressure have 04 l2K
been successfully countered by the control IoK
system resulting in the rapid convergence 10atm
of the tunnel conditions. Following each
change in test condition, tunnel temperature 0 20 40 60 so 100 120 140

recovered to within ±0.25 K in about 20 secs fl& minutes
and pressure to within 0.017 atm (±0.25 psi)
within 20 to 30 seconds. Despite the non-
linearities and cross coupling in the cryo- Fig. 16 Typical 0.3- TCT test with closed-
genic wind tunnel process, the control law
designs based on simple SISO analysis have loop control of p and T.
provided good accuracy and stability in the
control of both total pressure and total temperature as well as greatly reducing the time
taken to get from one set of test conditions to another under manual control.

5. FUTURE PLANS

Despite the demonstrated success of the control scheme described in the previous
section, further improvements are planned. For example, one of the limitations on temper-
ature and pressure control is caused by a lack of resolution within the existing controller
of the analog to digital conversion of the temperature and pressure signals. The existing
10 bit converter is being changed to provide 16 bit resolution. This modification, along
with some other minor changes, should result in improvement in temperature control from
the present ±0.25 K to ±0.1 K and improvement in pressure control from the present ±0.017
atm to ±0.005 atm.

In addition, provision is being made for the automatic control of Mach number by clos-
ing the loop on fan speed in order to control the ratio of test section static pressure
to total pressure.

The ultimate goal of the 0.3-m TCT control effort is to reduce the cost of operation
of the tunnel while at the same time providing the needed degree of stability for the test
conditions. Future work toward this goal will include refinements to the mathematical
model by the use of identification techniques for more precisely determining the tunnel
parameters and the development of some optimal control schemes in order to allow either
energy or time minimization in the operation of the tunnel.

6. CONCLUDING REMARKS

in this lecture the efforts of synthesizing a control compatible mathematical model
from first principles, and validation of the model by comparing experimental responses with
mathematical model responses, and finally the design of a tunnel controller for the Langley
0.3-m TCT and its successful performance have been described.

It has been shown that, despite the non-linearities and cross coupling in the cryogenic
wind tunnel process, control law designs based on simple single input-single output analysis
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provide good accuracy and stability in the control of both total pressure and total
temperature for the 0.3-m TCT. In addition, the use of automatic control schemes has
greatly reduced the time previously required under manual control to change from one
set of test conditions to another. Thus, the goals set for the 0.3-m TCT of efficient
operation and stability in test conditions have been realized by the straightforward
application of automatic control schemes.

Since no specific assumptions with respect to the dimensions of the 0.3-m TCT are
made in the development described herein, it is expected that the methodology used for

the 0.3-m TCT controls development would yield satisfactory results for other tunnels

having different dimensions if they were otherwise similar to the 0.3-m TCT. In this

case, "similar" implies having a closed circuit, being cooled by the direct injection of

U42, and having roughly the same ratio of metal to gas enthalpies. Whether or not the

approach used to develop the control schemes for the 0.3-m TCT can be generalized to

other continuous-flow cryogenic tunnels remains to be demonstrated.
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The control system that was used in the Douglas Aircraft four-foot blowdown wind tunnel prior to the
modification of the facility to a cryogenic operation is reviewed. The control requirements for a
cryogenic blowdown tunnel and the Mach and Reynolds numkber controls are discussed. The proposed method to
be used to control the temperature in the cryogenic tunnel is shown. The start of a blow sequence in acryogenic blowdown tunnel and the detrimental effect that it has on a pre-cooled model is considered. A

transient protection system, to be evaluated in the one-foot pilot tunnel, that will shield the model
during the start of a run is shown. The conventional method of measuring model attitude by correcting the
pod angle for sting and balance deflections is shown to be inadequate in a cryogenic blowdown tunnel and
alternate methods that can be used are discussed.

INlCUCTION

The Douglas Aircraft Company four-foot wind tunnel began operation in 1959 as a supersonic tunnel
with a maximum Mach number of 5.0. A transonic cart became operational in March 1962 giving the facility
a trisonic capability and was known as 4-WT. Figure 1 illustrates the tunnel circuit and identifies the
major operating components.
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FIGURE 1. FOUR FOOT TRANSONIC rAND TUNNEL -MACH 0.6 TO 6

The original control system was built using conventional hydraulic and electrohydraulic devices
driven by state-of-the-art vacuum tube electronics. The control equations for each controller were
mechanized using analog computers. A control modernization program, initiated in 1972 to increase
reliability of the electronice, improve maintainability, and improve run efficiency, is described in
reference 1. The design approach was to a) replace vacuum tube electronics with state-of-the-art
equipment based on solid-state technology, b) replace analog computers in each controller with one central
digital computer which controls all systems, c) use a modular concept so that each controller is self
contained, and d) use similar circuits, power supplies, amplifiers, etc. wherever possible to reduce spare
parts requirements and enhance maintainability. The modernization program was completed in 1974 and is
the systm that was in operation when the tunnel was shut down in 1976 for the modification of the tunnel
to operate at cryogenic temperatures. The following discussion will review the control system that was in
operaion when the modification was initiated and the additional controls required to maintain tunnel
total tesperature dam to 180 degrees Rankine.
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COWWRL ROQUIRMENXS

The short run times of a blowdown wind tunnel make it imperative that a computer controlled control
system be used to maximize the output of the tunnel. The cryogenic addition to the facility increases the
performance envelope by a large factor which adds to the requirement for adequate control systems for all
pertinent variables. Figure 2 illustrates the many control systems necessary to effect the necessary
results from a cryogenic blowdon wind tunnel.

PT = TOTAL PRESSURE

P- = PLENUM PRESSURE ( FREESTREAM STATIC)
PTJ = EJECTOR TOTAL JET PRESSURE

T, MODEL P1i EJECTOR

CONTROLLER SUPPORT CONTROLLER

CONTROLLER (PT.1)

MODEL

POSITION MODEL
VALV CHABER__ / UPPRT ; OMALVE

CONTROL SUPPORT VALVE

VALVED COMMANDDIFS

VALVETEST MMANDS COMMANDS

NUMER DIFFUSER
CONTROLLER CONTROLLER CONTROLLER CONTROLLER

I (TRANSONIC ONLY)

FIGURE 2. MAJOV CONTROL SYSTEMS IN THE 4-TWT

The 4-WI control systems are listed as follows

Freestream Total Pressure
Transonic Plenum Bypass Valves (Mach >.7)
Variable Diffuser (Mach K.7)
Ejector Total Pressure
Transonic Plenum Auxiliary Suction System
Model Support - Pitch and Strut Position
Model Support - Roll Position
Temperature Control - Liquid Nitrogen Pressurization
Temperature Control - Liquid Nitrogen Flow
Pressure/Temperature Safety Interlocks
Auxiliary Air System (2000 PSI)

The PDP-11/34 computer, the decision maker and director of the control system in the 4-Off, is
configured with the following:

64K bytes memory
Two RK05 Disk Drives (2.5M bytes each)
Floating Point Processor
LA36 DEC Writer
Real Time Clock

The pomputer is dedicated to controlling the 4-CWT during a blowdown. The software system is
executed every 32meec. During the 32msec the A/D converters (32 channels) are inputed and various control
parameters are computed. The output through D/A converters is used to control (12) servo hydraulic
Systems of the 4-OWT. The software also monitors all safety parameters of the 4-CWT and will abort the
blowdown in the event of a component failure.

The primary tunnel flow parameters and the accuracy desired for each is as follows:

Mach number t.001
Reynolds number t100,000
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ach number is a function of the tunnel total pressure and the free stream static pressure as related
to the test section plenum chamber pressure. Reynolds number is a function of free stream static, Mach
number, and the square root of the free stream static temperature. The control systems necessary to meet
the basic flow conditions of Mach and Reynolds nuamber are:

Tunnel total pressure and temperature
Free stream static pressure

In addition to the basic flow conditions, the model attitude must be controlled in pitch and yaw
modes in order to obtain the aerodynamic characteristics of the configuration being tested.

There are also many interactive or auxiliary support systems that must function in order to permit a
smooth and efficient tunnel operation. Included in this category are:

Safety interlocks for both pressure and temperature
Ejector total pressure
Exhaust cloud control
Model temperature control
Balance temperature control

Figure 3, is a flow chart which describes the overall control system and illustrates the interface
between the PDP-ll/34 ccmpter/controller, and the 4-NT control sub-systems. This particular system is
well suited to the Douglas Aircraft four-foot wind tunnel. It is flexible, fast, and reliable. However,
in order to perform as the design intends the system requires readily available software skills.
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FIGURE 3. COMPUTER INTERFACE WITH 4.CW" CONTROL SYSTEM
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Prior to the cryogenic modification the tunnel ach and Reynolds numbers were set by controlling the
tunnel total and the free stream static or plenum chamber pressures. Heat sinks in the storage tanks
helped stabilize the temperature of the air as the tank pressure decreased during a blow. This system
will also be utilized during cryogenic operation by presenting the temperature control system with a
steady initial temperature before the air from the tank is exposed to the liquid nitrogen injection
system. It is anticipated that the tunnel total pressure control system will function in the cryogenic
mode much as it had in the standard temperature operation except that the pressure will be influenced by
the liquid nitrogen injection. In other words, the total pressure sensor in the stilling chamber will
continue to seek the desired total pressure value regardless of whether circuit losses or changes in
pressure due to cooling of the air by the liquid nitrogen are causing a disparity in the total pressure
reading. The total pressure control system therefore is essentially the same for cryogenic or standard
operations. Standard operation is when the tunnel is operated without the liquid nitrogen cooling system
and the tunnel total temperature is basically the temperature in the storage tanks.
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The tunnel total temperature will be sensed by a thermocouple in the settling chamber that has been
correlated with the test section mean temperature. The basic temperature control will be to vary the
valve opening in the liquid nitrogen supply line. The relatively long reaction time between the valve and
the temperature monitoring point in the stilling cham er dictate that a temperature measurement near the
injection station must be incorporated in the control equation for telegraphing to the control station in
the settling chamber that corrective action to the temperature error has been taken and has been effective
at the injection station.

The accurate control of the test temperature is a difficult problem because of the lag time between
changes in UL2 injection rate and the changing heat transfer from the tunnel circuit to the air stream.
It takes from about one-half second at Mach 1.0 to one second at Mach 0.5 for the air stream to travel
from the injection point to the sense point. If the sense point were moved closer to the injection
location an error in magnitude would result because the difference between the upstream sensor and the
stilling chamber sensor is not constant, i.e., on start-up the internal components are relatively warm and
transfer heat to the air stream, as the run progresses, these compnents cool down and transfer less and
less heat to the air stream. On closely coupled runs the initial temperature of components will not be
the same. These characteristics combine to create a varying differential between the stilling chamber
temperature and a temperature sensed immediately down stream of the injection station.

The proposed solution to this problem is to use two sensors for control. The stilling chamber
temperature is sensed and compared to the set-point. The computer also determines the rate of change of
the upstream sensor and must decide whether to affect a change in the injection rate. Corrective action is
based on the error signal which is the sum of the error in set-point and the rate of change of the
upstream sensor. The following exaples illustrate how the system will operate:

1. The difference between set-point and stilling chamber temperature is zero and the rate of change
of the upstream sensor is zero. The error signal is zero and no change is made.

2. There is a difference between set-point and stilling chamber temperature and there is a large
rate of change in the upstream sensor. The computer would receive an error signal and take
action to reduce the rate of change of the upstream sensor. The temperature control valve
function is described by the following equation:

Ph = Pj + KI (En-El) + K1 K2 EnAT

where:

Ph = valve position command
P, = last valve position command
KI  = gain, f(WRCH)
K2  - time constant, f(MAOI)
K3 = gain, 7W
AT - program sample TIME = .032 seconds
En = temperature error

- Tset + [Tt + K3 (Tin-Ti4)]
Tin = temperature near the injection station
Ti = last temperature near the injection station
Tt - temperature in the stilling chamber
IJ ! - last temperature error

The Mach number or free stream static pressure is controlled below Mach = 0.73 by varying the area at
the downstream throat section. This control is also utilized below Mach - 0.73 to keep the Kach number
and the free stream static pressure constant as the losses in the test section increase, for instance, as
the model angle of attack increases the effective critical area decreases which would allow the Mach
number to decrease if corrective action was not taken. At Mach numbers above 0.73 this correction, as
well as the basic Mach number control, is made by opening the by-pass valves between the plenum chamber
and the diffuser.

TUNNEL S'Ws

The start of the tunnel for a cryogenic blow is very critical for the case where the model has been
pre-cooled by the spray cooling technique, shown in Figures 4 and 5, and is not protected. It can be
assumed that no liquid nitrogen will flow until the main tunnel control valve has opened. If the reverse
were true, that is, if liquid nitrogen were allowed to flow before the tunnel control valve was opened, a
pool of liquid nitrogen would collect along the bottom of the injection chamber and eventually flow into
the stilling chamber. This pool would contiaue to evaporate during the course of a blow giving an
unsteady temperature distribution in the test section. The assumption that no liquid nitrogen flows until
the main control valve opens therefore is a realistic one that adds to the interaction problem that will
exist between the pre-cooled model and the relatively warm stagnant air that is trapped between the main
control valve and the test section.

L2L
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FIGURE 4. MODEL PRE-COOLING FOR WING, FUSELAGE, FIGURE 5. MODEL PRE-COOLING FOR EMPENNAGE
WING NACELLES ANO PYLONS AND AFT NACELLE AND PYLON

When the model pre-cooled temperature has been achieved, the spray is turned off, zero and calibrate
information is taken, the tunnel starting sequence is initiated, and the tunnel total pressure and
temperature reach equilibrium in the time shmn below in Figure 6.
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FIGURE 6 ESTIMATED CHARACTERISTICS OF 4-CWT STARTING TRANSIENT

During the starting process the pre-cooled model has been subjected to the trapped warn air described
earlier for only a short, time period, however, the aerodynamic heating virtually destroys the model
pre-cooling aR shown in Figure 7. Overcooling the model to a temperature near the boiling point of liquid
nitrogen would not appreciably modify the time required for the model teeperature to recover from the
starting transient for a test at a tunnel total temperature of 10OR. This effect becomes less critical
as the desired tunnel terature is increased. However, the test conditions where the majority of blows
will be mede, will be at tunnel total temperatures that are as close to the saturation temperature as
possible, in order to achieve the highest test Reynolds number. It is quite clear that soeform of
protection for the model, during the tunnel start, is required.
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TEMPERATURE AT MIDCHORD OF UPPER SURFACE OF PRECOOLED SOLID 2-D STEEL AIRFOIL
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FIGURE 7. ESTIMATED MODEL SURFACE TEMPERATURE RESPONSE TO 44CWT STARTING TRANSIENT

Sophisticated pre-cooling methods that could be used that would also protect the model during the
tunnel starting process are a retractable model conditioning enclosure described as a clamshell and shown
in Figure 8 or injecting the model into the tunnel from an enclosure that would pre-cool the model to the
desired taperature. Each of the above methods would be operationally omplicated, require considerable
time to design, fabricate, and install, and would require a significant capital expenditure to incorporate
into the facility. Ukdoubtedly, one of the above methods will be added to the facility in order to obtain
quality data without expending excessive quantities of liquid nitrogen, unless the scheme to fabricate
models with Composite materials proves successful and eliminates the requirement to pre-cool the model aswell as the need to protect the model during the starting transient. However, when the facility first
operates with a pre-cooled model installed in the test section it must be protected from the tunnelstarting transients in order to minimize the time required for the model to reach the desired adiabatic
wall teperature.
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FIGURE S MODEL CLAMSHELL PRE-COOLING SYSTEM
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TRANSIENT PIUIEC7IVE DEVICES
One method that is being evaluated in the one-foot cryogenic pilot tunnel, l-OAT, is a wedge shield

that will spray liquid nitrogen into the on-coming air stream as shown in Figure 9.

/ / /// / // / / / // / ,/ / / ///// /7/// / /
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HEAT TRANSFER FROM WARM AIR PULSE TO COLD MODEL REDUCED BY
o REDUCTION OF FLUID VELOCITY OVER MODEL
o COOLING OF AIR FLOWING AROUND MODEL BY COLD SHIELD STRUCTURE (HEAT SINKI
o FURTHER COOLING OF AIR AROUND MODEL BY LN 2 SPRAY FROM SHIELD

FIGURE 9. 2-D MODEL TRANSIENT PROTECTION CHECKOUT IN ICWT

The reaction of the air stream on the liquid nitrogen will be to break the liquid nitrogen into small
droplets that will be carried back past the wedge and hopefully set-up a region of cold air that willsurround the model. When the air stream becomes cooled by the tunnel liquid nitrogen injection system,the shield would be retracted out of the test section into the plenum chamber.

Another method being considered would utilize the translating capability of the tunnel support pod
and move the model to the bottom test section wall. With the model near the wall, a section of the wall
could be oriented to serve as a blast fence that would shield the model from the tunnel air stream as
shown in Figure 10. The flow quality that the model would be exposed to with the wall section deflected
must be evaluated. The flow at that point would undoubtedly be quite rough, but the flow field where the
model is located should not have a significant dynamic pressure head.
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FIGURE 10 MODEL SHIIELD DURING START USING DEFLECTED WALL SECTION
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MODEL ATTITUDE CONTROL

The blowdown cryogenic wind tunnel further complicates the life of the test engineer who is trying to
resolve the drag of a configuration from a body axis six-component strain gage balance. -The
aerodynamicist watches his career rise or fall by counting those elusive drag counts that depend on his
knowing the angle of attack to a very close tolerance. For instance, an error in angle of 0.01150 will
represent a one count error in the drag coefficient, 0.0001, at a normal force coefficient of 0.5.
Determining the angle within this close tolerance is very difficult under ideal conditions but under
cryogenic blowdown conditions it is not possible using standard techniques. The technique normally used
in conventional blowdown tunnels is to accurately measure the pod or sting angle where it is not effected
by the load on the model and to deduce the true angle of the model by calibrating the change of angle due
to the load and the load point on the model. Using this technique the angle can be resolved to t.020 .
Laboratory tests have shown that this procedure is not advisable where the heat transfer is not uniform
along the sting or from top to bottom of the sting. The non-uniform cooling can give the sting a *hot
dog" effect which is an order of magnitude greater than the desired accuracy and not repeatable.

The emphasis therefore is to develop an angle of attack system that will measure the model attitude
directly. Accelerometers or dangleometers have been used in continuous flow tunnels with reasonable
success - generally in the ±0.02 to 0.03 degree repeatability. The damping characteristics can be set so
that accurate angle information can be obtained. This is more difficult in a blowdown tunnel where the
required damping characteristics increase the reaction time such that the system lag cannot accurately
track the angle during the sweep technique used in a blowdown tunnel. Other solutions that must be
considered are laser beams or other optical systems that can track the model attitude through its angle of
attack range. In any case, the normal control system to be used for model attitUde would be a sting or
pod measurement while the system to determine the true model angle of attack would be used to resolve the
body axis data into the desired aerodynamic coefficients.

JMFERENE

1. A. B. Smee; "MAL 4-TWr Control Modernization Program". Presented at the 37th Semi-Annual Supersonic
Association Meeting, Aberdeen Proving Ground, Maryland, May 4-5, 1972.
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THE EUROPEAN TRANSONIC WINDTUNNEL ETW

by

J.P. Hartzuiker and R.J. North

Technical Group ETW
c/o National Aerospace Laboratory NLR

Anthony Fokkerweg 2

1059 CM AMSTERDAM

The Netherlands

SUMMARY

This lecture contains a progress report on the European Transcaic Windtunne! ETW. The

high-Reynolds-number transonic tunnel is described on the basis of preliminary design re-

sults.

Also the construction of a cryogenic pilot tunnel (PETW) and supporting programs on

model design and instrumentation are discussed.

LIST OF SYMBOLS

c mean aerodynamic chord

M Mach number

n fan speed

Po total pressure

4 mass flow

Re Reynolds number

To  total temperature

1. INTRODUCTION

The Governments of France, the Federal Republic of Germany, the Netherlands and the

United Kingdom are co-operating under a Memorandum of Understanding with the intention to

build a transonic windtunnel for high Reynolds numbers.

This Mou covers the Preliminary Design of the European Transonic Windtunnel ETW. The

windtunnel will be of the cryogenic type. Also included in the MoU is the construction of

a scale model of the tunnel, the Pilot ETW (PETW). In parallel a program is performed on

-K l,
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model design and instrumentation under cryogenic conditions, in close co-operation with

the national programs of the participating countries.

The present MoU covers the time period from early 1978 until mid 1981. The Prelimina-

ry Design of ETW has been finished and PETW is under construction. The Steering Committee

ETW, consisting of members named by the respective Governments, has established an interna-

tional Technical Group of 11 members. This Technical Group is situated at NLR, Amsterdam

until the site of ETW has been chosen. The Group directs the contracts for Preliminary De-

sign ETW, the design and construction of PETW as well as other contracts (special studies,

model design, etc.).

A follow-up MoU is being prepared, covering a period of about 2 years in which the Fi-

nal Design of ETW will be done.

This lecture summarizes the results of Preliminary Design of ETW, whereas short des-

criptions will be presented of PETW and the programs on model design and instrumentation.

2. ETW

2.1 General

The ETW will be a closed-circuit continuous transonic windtunnel. Liquid nitrogen

will be injected to obtain the low working temperatures desired for testing at high

Reynolds numbers. The advantages of working at low temperatures have been explained in ear-

lier publications 1,2 and will not be repeated here.

The selection of a cryogenic windtunnel has been made on the basis of extensive en-

gineering studies, which were reported earlier2 .

An artist's impression of ETW is presented in figure 1.

Fig. I - Artist's impression of ETW

i
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2.2 Aerodynamics and performance considerations

2.2.1 Specifications

The principal requirements for ETW were laid down by the Large Windtunnels Working
Group (LaWs) of the Fluid Dynamics Panel of AGARD in 19723 and 19744 following the philo-

sophy that it should enable model tests to be made over a range of Reynolds numbers which,

if not extending to full-scale, would permit extrapolation to flight conditions to be made

with confidence. The Reynolds number (based on model mean aerodynamic chord) should be va-

riable between 25 x 106 and 40 x 106 at the design point 4 - 0.9.

The maximum Mach number should be M - 1.35. After adoption of the cryogenic option in
19772 the ETW specifications were settled. The test section size of 1.95m x 1.65m was cho-

sen as the minimum at which the required model detail can be adequately represented. This

size was chosen to minimize capital investments.

Furthermore the conservative assumption was made that on the model local flow satura-
tion would take place at a local flow Mach number of 1.7. This, together with the given
test-section dimensions and the required Re - 40 x 106, leads to a maximum stagnation pres-

sure of about 4.5 bars.

2.2.2 Performance

The operating envelope at design Mach number M - 0.9 is presented in figure 2.

4 POW90B OUMPARY 36 POE UTIAR

-0-I::: :: :::: 1:::::: ::::::

NEW, S'IrAGNAI*IMN TSST NCm AC: PWE. 0

E over the Mach number range

Fig. 2 - Operating envelope of ETW

at design Mach number

The maximum fan power is dete. Ained by Re - 25 x 106 and 4.5 bars to be about 36MW.

The off-design performance for ETW is shown in figure 3 for the Mach number range

from H - 0.15 to 1.35. In the same figure a comparison with existing European facilities is

made.
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2.2.3 Productivity

The possible modes of operation have been considered in the light of productivity,
nitrogen consumption and costs. A number of 5000 polars per year is foreseen, each of

about 15 (force polars) to 60 seconds (pressure polars) duration. About 3 runs per day of

approximately 10 minutes and 10 polars each are considered at about 2 hour intervals for
model access, modification and re-installation.

2.2.4 Flow quality

ETW is meant to provide aerodynamic data at high Reynolds numbers of high standard in
a relatively short running time. This implies that the flow quality has to be excellent.
Quantitative requirements for turbulence and noise level as well as for pressure fluctu-

ations have been defined in reference 5.

The free stream turbulence level should be less than 0.1%. In view of the concern
about the influence of accoustical disturbances on boundary-layer transition and develop-

ment a test section level noise of little more than that from a turbulent boundary layer

on a flat plate should be aimed at.

The preliminary design had further been based on steady and unsteady uniformities in

K of 0.001 for subsonic and 0.003 for supersonic operation respectively. The maximum de-

viation in temperature is 0.25K (all 2crvalues).

2.2.5. Aerodynamic circuit

A circuit optimization study has been conducted6 to define the most economic circuit
configuration based on the combination of capital and operating costs consistent with the
above flow quality, the defined test spectrum and the operational requirements. From this

study the main circuit features were defined. In the course of preliminary design the first
corner was opened up sligbtly and some diffusion was introduced in the first cross leg, in
order to minimize losses in the 2nd corner (where a catch net is placed) and to obtain
some contraction into the compressor. Figure 4 shows the present ETW circuit. A short des-
cription of the main circuit features follows.

{OZE TEST ECTM,

43.25 a

Fig. 4 - ETV aerodynamic circuit

The wide angle diffuser (AR - 2.4) has 2 conical segments and 2 spherically shaped

filling screens. The honeycomb (L/D - 25) and 2 anti-turbulence screens are designed to
meet, in connection with the contraction, the flow quality requirements of 0.1% turbulence
level and maximum flow misalignment of 0.1 0 in the test section.
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*, The total contraction ratio of 12 is obtained by a fixed 3-dimensional contraction and

a 2-dimensional nozzle. The flexible nozzle is to assure good flow quality in the superso-

nic range up to N - 1.35.

The slot configuration in the test section selected consists of 6 slots on the floor

and ceiling and 2 on each side wall with remotely controlled finger type re-entry flaps.

Side wall divergence can be remotely set between 0 and 0.250.

The high-speed diffuser design is chosen to be conservative to prevent separation un-

der any extreme inlet disturbances caused by plenum re-entry flow and model wake.

An alternative high-speed diffuser with a variable geometry sonic throat is developed

for use in place of the fixed geometry diffuser if deemed desirable for Mach number control

and pressure fluctuation suppression for the regime 0.6<MNC1.0. A final decision on the

diffuser choice will be done after testing both options in the scale model of ETW.

2.3 Design of components

2.3.1 Pressure shell and insulation

The pressure shell is formed by the plenum around the high-speed leg and by the rest

of the aerodynamic circuit. The plenum contains a rectangular downward extension, the mo-

del access lock, which will be discussed later.

A drawing of the pressure shell is presented in figure 5. The shell will be of welded
construction fabricated from austenitic stainless steel and will incorporate removable

flange bolted sections at the compressor and at the screens.

-- - ----- ---

N W VENT MANIFOLD N MCM

M ;I

Fig. 5 - Pressure shell design

I I T~mmt.. , .MS11

, -n.

Fig.6--Col ,o arun F-.7 et-s inuato

SEE pressu Ao

-. 4.MI
XMI

PEO~
owl

ML ACCESS LOCI

Fig. 6 -Cold box around Fig. 7 -Details of insulation

the pressure shell in cold box



The shell will be supported by spherically ended vertical struts, stabilised by 3 la-
teral guide. and anchored at the fixed point of compressor thrust reaction.

The complete tunnel circuit will be contained within a reinforced concrete Ocold box'

which will incorporate a number of removable roof panels for access to major equipment

(figure 6).

To achieve the necessary cryogenic environment for the pressure shell the 'cold box'

will be lined with fibre glass insulation blankets to a total thickness of 0.4m (figure ').

The blankets will be covered with a fine mesh stainless steel wire screen and faced final-

ly with perforated stainless steel sheet.

It should be noted that the floor area alone within the 'cold box' will incorporate

a layer of rigid fibre to provide support for personnel during casual access.

A vapour barrier will be applied to the interior surfaces of the insulated concrete

to provide protection against condensation. The severity of local cold spots where pres-

sure shell supports and guides are to be secured will be minimised by the use of insulated

bearing pads.

2.3.2 Test Section

The test section is 5.65m long. It is of rectangular section 1.95m wide and 1.65m high

giving an area of 3.2m2.

Ventilation with slotted walls is used; with 6 slots in roof and floor, and 2 slots

in each sidewall. The final wall open area ratio will be chosen during Final Design, but

the design allows for a maximum area ratio of 12%.

Most models will be sting mounted, but provision is also made for floor-mounted half

models. For sting supported models, a circular arc strut will be used giving a pitch angle

range of -1O to +250 (figure 8). However one of the interchangeable model carts is planned

as a special purpose cart with a support strut giving a pitch range of -10° to +35.

N1,

LIFT TABLE

Fig. 8 -Typical model support
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Testing will be possible in continuous sweep or pitch/pause mode, pitch rate being

variable up to about 4 degrees/sec. Side slip will normally be obtained from a combination
of pitch and roll, but a "double roll" sting to provide wings-level sideslip will be avai-

lable for small incidence and side slip cases.

Finger type re-entry flaps at the rear of the slots will be used, starting at the

strut leading edge station. It will be possible to trim the flaps remotely over a range of
about 200. At high sting incidences, part of the re-entry flap area in the floor has to

retract to clear the sting and roll unit; this has led to some compromise in re-entry flap

design at this point.

Sidewall angle is adjustable to allow for boundary layer blockage along the test sec-

tion, and area blockage compensation for the support strut and roll unit is also built in

to the sidewall profile.

2.3.3 Model access and handling

As mentioned earlier, the ETW productivity target, once the tunnel operational, is

for 5000 test polars to be carried out per year using single shift working. Sophistica-
ted model access and handling arrangements will be necessary to achieve this.

An interchangeable model cart system is planned. A cart will be removed from the tun-
nel to a safe human working environment for adjustments or changes to the model. To con-

serve nitrogen, it will be possible to keep the tunnel pressurized when the cart is removed.

4 carts are planned, 3 sting support carts and I half-model cart.

To reduce the number of mechanisms inside the tunnel and to compromise the structu-
ral continuity of the pressure shell as little as possible, an access concept was chosen

with vertical cart insertion/removal and a single isolation valve in the plenum. Figure 9
shows the essential features of the system which requires a downward extension of the ple-
num underneath the test section, here referred to as the access lock. Removal and replace-
ment of the cart through the roof of the plenum was also considered, but was not found to
be as attractive. The carts consist of part of the test section floor and the complete mo-

del support.

DELCARTFLOOR GATE

RETE .

HANDLING

qF..,ACCESS

LOCK

EL CART RAILS
MODEL ACCESS LOCK

Fig. 9 - Model access system
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The sequence of operations for cart removal is:

1. Model is pitched to full positive incidence, so that the top of the support will not

foul the test section roof on removal.

2. Cart is lowered from the tunnel into the access lock.

3. Access lock is isolated from the rest of the tunnel circuit by a horizontal pressure

door, which is stored in the plenum under the first diffuser when the tunnel is run-

ning.

4. Access lock is vented to ambient pressure.

5. Access lock vertical pressure door is opened.

16. Cart is driven out of the access lock on to a transfer cart.

7. Cart is carried to the desired location on the transfer cart.

CNECK - OUT ROOIM

HANDLING. .

TCN I ON ING

. .. ................. ------

--- -------
o

- - - - - - - - -- - ------ .

LOCK

CART RGIGS

A IIA.

Fig. 10 - ~odel handling lay-out

Figure 10 shows the layout of the part of the ground floor of the building associated

with model handling. The cart rigging bays and "warm hall" are regions of human access. The
Promote handling hall" (RHH) will be a nitrogen area. The transfer lock provides environmen-

tal isolation between them. Air in the "warm hall" will be very dry at all times. There

will be a changeover from ambient (i.e. moist) air to very dry air in a cart rigging bay a

few hours before the cart is due to go into the RHH. This atmospheric control is intenaed

to minimise any moisture contamination problem in model and cart when they are cooled.

Carts are driven between the rigging area and the RH on the transfer cart. Once in the

PHH, the cart goes for cooldown into one of the "temperature conditioning rooms" (TCR's)

or into the "variable temperature check-out room" (VTCR).

Adjustments or changes between runs to a sting mounted model can be accomplished in

the *quick change room" (OCR) attached to the TCR (Figure 11). It is anticipated that the

QCR will be used for routine changes or adjustments which might take an hour or so to com-

plete. A breathable (dry air) atmosphere will be provided in the QCR before human entry.

The model will be heated up, prior to being worked on, using an enclosure containing infra-

red lamps. After model work is complete and personnel have left, the cart is rolled back
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into TCR 2 and the model is cooled down again with LN2 spray mist. Critical model tempera-
tures will be monitored during warm up and cool down.

Adjustments or changes to a half-model will take place in TCR 1 (Figure 12). It is ex-

pected that the warm up and cool down times for the half-model will be considerably longer

than those for the sting mounted model.

TEMPERATURE

RO2

MODEL CART r kWkfED MIXI. CART

Fig. 11 - System for model Fig. 12 - Half-model cart

configuration changes

In view of the probable complexity of the models and the high cost of tunnel operatior4
great efforts will have to be made to achieve reliable operation of all model and cart sys-

tems. This will be the main function of the variable temperature check-out room, where a
complete pre-test check-out at any temperature will be possible. The VTCR can also be used
simply for cart cooldown, if required.

A possible activity schedule during a testing day is presented in figure 13.

C o f OiL iCR .r!,ITUMC CO-hTMOM O fI
M - CJR .. 'A B., ', '-51 RN] CART

MC - MWC c R vTCR VAR-LE T ERATUE CRECK - OCT RO
TMI I TIR m -cARNN Nm C1 EL

CAT T A .- .... C. R9 , KTUK M CHIC , " ,C--

FigT.ITI13W - TpicalT oprain seqen

MMLa ii

w IMH IK IN IS ~ ~ O

Fig. 13 -Typical operating sequence
during testing day

2.3.4 Compressor and drive system

To overcome the circuit losses for the large Mach number range specified for ETW (up
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to M - 1.35), the compressor has to provide pressure ratios as high as 1.42 in the cryoge-

nic environment as well as at ambient temperatures. Efficiencies should be high as the los-
ses are not only paid for in terms of compressor energy consumption but also in additional

LN2 use. These requirements present some difficulties for the aerodynamic and the mecha-

nical design of the unit.

The size of ETW does not allow the compressor drive to be built into the nacelle.

Therefore the compressor has been placed just downstream of the second corner to allow a

short drive shaft pdnetrating the pressure shell and the cold box wall.

A layout of the compressor is presented in Figure 14. The compressor has two stages

with inlet and outlet guide vanes, the inlet guide vanes being variable to provide full

control for the compressor which is mainly speed controlled. A straddle bearing arrange-
ment with the bearings installed in heated compartments, surrounded by the low temperature

gaseous nitrogen, was chosen.

Fig. 14 - Compressor lay-out

The aerodynamic design of the compressor is a compromise. It was not possible to de-

sign for best efficiency at the most frequent high subsonic operating conditions of the

tunnel and at the same time provide sufficient surge margin for the top Mach number con-

ditions.

The blade profiles have a modified NASA 65A series thickness distribution with circu-

lar arc camber lines.

The drive system for the compressor has to provide a maximum power of about 37MW over

the speed range from 650 to 1300 rpm, the lowest speed required being about 200 rpm.

The need to perform fast set point changes between tests to save LN2, requires a 30%

overtorque capability of the motor. A synchronous motor fed from a 50 Hz power source was

recommended as a relatively simple and reliable prime mover.

However, actual energy prices at the site yet to be selected for ETW might lead to

other solutions, including on-site power generation with a gas turbine.

2.3.5 Nitrogen systems

Liquid nitrogen will be used for cooling of the tunnel. Based on the required produc-

tivity and the expected test spectrum it is estimated that about 40.000 tonnes of LN2 will

be needed annually. A reservoir capacity of about 1200 tonnes is required.

A schematic of the LN2 system is presented in Figure 15.

I2
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Fig. 15 - L2 system

An economic analysis has indicated that on-site production of LN2 is the preferred so-

lution. Such a LN 2 plant would need a capacity of about 120 tonnes per day.

The test requirements include significant transient flow rates in addition to steady-

state requirements. A pressurized tank design is chosen, as indicated in Figure 16, to as-

sure good control and reliability of LN2 injection. A schematic of the LN 2 injection sys-

tem is presented in Figure 17. The main injection control is by a digital valve with se-

condary nozzle unit selection by on-off valves.

NOZZLES
LN2

PRESSUIZED .N TA- ON-OFF VALVES

X PRE8UIZED
Lid2 TAW~

XIlrI VALVE

DWTAL VALVE

Fig. 16 - Pressurized LN2  Fig. 17 - LN2 injection system

distribution system

Gaseous nitrogen will be blown off from the second cross leg, through a manifold sur-

rounding the ducting. Via a silencer, the nitrogen is led into the exhaust stack where it

is mixed with surrounding air. The mixing is forced by two fans and by an ejector system

which draws outside air into the stack.

The mixture of GN 2 and air is blown into the atmosphere at an adequate velocity to

prevent any safety and fogging hazards. The exhaust stack will be about 2.3 m in diameter;

in the present design it is about 50 m high.
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2.3.6. Control and data system

As mentioned above, large quantities of liquid nitrogen will be used to cool down the

tunnel, as well as to compensate the heat input from the fan. The cost of nitrogen may

represent from 30 to 50% of the total operating cost. An analysis of typical tunnel opera-
tion has indicated that test-related liquid nitrogen represents around 55% (about 40% for
data acquisition and about 15% for starting, stopping and set-point changes). Figure 18
presents a breakdown of the LN2 consumption for a typical yearly testing program. It il-
lustrates the importance of maintaining set-point accuracy during data acquisition (Mach
number, pressure and temperature control during a polar) and of minimizing liquid nitrogen

consumption between set-points.

I POST-MAINTENANCE CHECKS DATA
START/STOP

DEPRESJRIZATION rM TRANSENT

PRESSURE CONTROL

DISTRIUTION USSES

ATMOSPHERE EXCHANGE & CART COOLING

INSULATION LOSSES

COOL-DOWN & INITIAL CHARGE

A===1===.............. I.....MTEST RELATED

0 10 20 30 40 50 60
PERCENT OF TOTAL LN2 CONSUMPTION

Fig. 18 - Annual LN2 consumption

At an early stage of preliminary design it was decided to pursue a comprehensive con-
trol program with the following aims:

- study of the flow dynamics in the circuit,

- study of the feasibility of predictive control techniques for required set-point

accuracy and minimisation of LN2 consumption between set-points,

- preliminary selection of control hardware.

Concerning the flow dynamics study, the set-point conditions are controlled by LN2 injec-

tion and GN2 exhaust, by the fan operating condition, and by second throat and nozzle areas
and they are affected by model attitude. It is clear that this is a highly coupled and non-
linear system. A simplified model has been developed which has the following characteris-

tics:
- three control volumes

- temperature propagation at the gas velocity

- heat transfer with the shell, the honeycomb and the model.

In order to validate the mathematical model developed, experiments were performed in seve-
ral existing European windtunnels (fan changes, model attitude variations, second throat

changes in the NLR High Speed Tunnel and in the DFVLR Im x Im tunnel, and LN2 variations in
the ONERA/CERT cryogenic induction tunnel, T'2). These experiments have shown that the

simplified dynamic model predicts the low frequency behaviour of a closed-circuit tunnel
in a satisfactory way.

Figure 19 illustrates the open-loop response of the test-section conditions to a con-

tinuous pitch polar, as calculated by the simplified model. The highly-coupled nature will
require a sophisticated control system and in the course of preliminary design a predictive
control technique was chosen for fast control of the facility.

_____
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Typical results of thiu technique are presented in figure 20, where it is shown that
*the set point conditions can be kept within the required tolerances, when the model is

pitched, by the use of drag flaps behind the test section. Analysis of the results of ap-
plying the simplified model indicated that typical set-point changes (eg & H4 = 0.03,

6T 6K or 4Apo - 0,15 bar) can be achieved in about 4 circuit tines (around 10 s at
M - 0.9 and low temperatures). Figure 21 also illustrates the case for a change in total
tenperature of 6K. - - WCI

TOUERAWC

21. 10.S

~3L> + 4 0.001 V

0 S 1 0 16a 20

Fig. 19 - Open-loop response Fig. 20 -Closed-loop response
to continuous pitch polar to a continuous polar using
(2 degrees per second) drag flaps and fan speed for

Mach number control
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Fig. 21 - Set-point change

(predictive control)
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As the application of this model is limited to low frequencies due to the assumptions
made, a general model with less restrictive assumptions is being constructed. It is inten-
ded to verify the settling time estimates from the simplified model, to check the high fre-

quency stability of the tunnel and to get detailed predictions of the time history of flow
parameters around the circuit (eg for the calculation of temperature stresses).

The conceptual design of the computer-based control and data system is a three-tier
hierarchical network following the same general principles used for the RAE 5m Tunnel and

the NASA NTF for the same reasons:

- the necessity for a versatile and flexible system adaptable in the light of changing
user demands, technical developments, and locally-favoured design philosophies.

- the separation of functions so that design and development of both hardware and
software each can proceed without interference with unimpeded access to the compu-

ter.
- the possibility of continued operation with some malfunction of parts of the system.

As a corollary it would be possible to start with a basic system and expand it in

the light of experience.

- the possibility of using optimum computer hardware, operating systems and program-
ming languages for each function.

- the use of mini-and microcomputers for which the pace of technical development is

faster than for larger machines and the cost of computing power less.

The control and data system, envisioned so far, will contai.n the following main items:
- a supervisory computer, managing all lower levels

- a control computation computer, calculating optimum trajectories for tunnel parame-

ter control
- a control distribution computer, which routes commands to the individual control-

lers (M, po, etc.)

- a tunnel monitor computer, monitoring temperatures, stresses, etc.
- a model data and control processor, taking care of model control and acquisition

of data from the data system on the model cart
- a data display computer

The data system will have to deal with the problem of the transmission of small sig-
nals from the model to the recording system. One solution might be to mount redundant da-
ta systems on board the cart and transmit the amplified signals, preferably in digital

form, at volt levels. This would require substantial space on the cart which may not be
available in practice: in this case remotely controlled means of disconnecting multiway

cables must be developed.

Because of the brief run duration (several minutes) only a limited amount of online
data processing will be necessary for the conduct of the test. However, some processing
will be essential for safety purposes and it is possible that some intervention with the
progress of test runs will be possible by the operators. It is to be expected that visual
displays of raw and processed data will be widely exploited. Sufficient computing capacity
will be provided for a complete preliminary processing of data acquired during a run within
about 30 minutes afterwards.

3. PETW

A pilot tunnel for ETW is now under construction at NLR in Amsterdam (PETW). Final de-
sign was finished early 1980, and the tunnel is expected to become operational in 1981.
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The main goals of PETW are:

- check of ETW design concerning aerodynamics and flow quality

- check of mathematical models which describe the dynamic behaviour of TW (controls)
- experience in operation of a cryogenic windtunnel.

An artist's impressipn of PETW is presented in figure 22.

r!
Fig. 22 - Artist's impression of PETW

The aerodynamic circuit of PETW is a scaled-down version of ETW (scale 1:7.2), it

has the same operating range (as far as pressure, temperature and Mach number are con-

cerned). Supersonic Mach numbers are generated by nozzle blocks instead of by a flexible

nozzle. The high-speed diffuser can be replaced by a sonic throat, to study the effects on
flow quality and on the dynamic behaviour of the circuit (controls).

Access to the test section is obtained by a large hatch (P 0.7m) in the cylindrical

plenum. The tunnel shell is made of an aluminium alloy.

The compressor is a fixed geometry two-stage fan, powered by a 1MW electrical motor.

Maximum speed of the fan is about 9000 rpm.

The nitrogen system is sized for a maximum flow rate of 6 kg/s. LN2 is stored in

a reservoir with a capacity of about 15m 3 . Injection of LN2 is either by pressurization of

the tank or by a LN2 pump. The injection system consists of 18 nozzles (3 nozzle types),

arranged in 5 independent groups, in order to be able to cope with the large range in flow

rate (0.07 up to 6 kg/s). Gaseous nitrogen blow-off is through a manifold in the second

cross-leg. The nitrogen is released into atmosphere through a stack. To prevent safety and

environmental problems, a heater (using natural gas) will be installed such that the nitro-

gen exhausts at ambient temperature.

The cold box, enclosing the tunnel (except in the test-section area) is made of re-

movable panels, providing easy access to the structure. The cold box is purged with GN2 ,

kept at a pressure slightly higher than atmosphere. The test-section area is insulated by

easily removable rigid foam, directly applied to the structure.
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PETW will be, at least in the beginning, manually and remotely controlled from a con-

trol room adjacent to the tunnel.

4. MODELS AND INSTRUMENTATION

In comparison with present-day testing techniques, the design and construction of

models and the instrumentation for ETW will present problems.

The problems for model design and construction are related to:

- the low temperatures,

- the wide temperature range and the rapid temperature changes,

- the extra internal space required for heated and insulated instrumentation,
- the smooth surface finish required because of the high Reynolds numbers,

- the relatively high dynamic pressures,

- the changes of shape at the rear of models which may be hecessary to accommodate

large diameter stings.

The principal problems of model measurements are as follows:

- force balances will either have to work over a wide range of temperatures and be
insensitive to rapid temperature changes or be heated and insulated,

- pressure measurements will have to be made by electronically-scanned devices since
conventional pneumatic scanning (Scanivalves) may be too slow for the desired pro-

ductivity. It is assumed that internally-mounted pressure instrumentation will be

heated and insulated.

- transducers which cannot be insulated and heated will pose special problems if it

is necessary to measure steady as well as fluctuating components.

The above mentioned problems are actively studied in the USA in connection with NTF and
the McDonnell-Douglas cryogenic tunnels. In Europe the problems are attacked under the

ETW Cryogenic Technology program. The work is partly funded by ETW, and partly by the
national programs of the participating nations. Studies are underway on the subjects of:

- materials

- model design and construction

- strain-gauge balances (heated and unheated)

- electronic pressure scanners

Also, the same program includes fundamental studies such as those related to minimum opera-

ting temperature.

The difficulties are well-known and it is intended that workable solutions will be

found in the period before ETW is operational.

5. CONCLUDING REMARKS

Preparations are now being made for a new Memorandum of Understanding between the par-
ticipating nations, which will cover the Final Design of ETW. After that construction can

start, which will take approximately 4 years according to the present planning.

Li
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CHARACTERISTICS AND STATUS OF THE
U.S. NATIONAL TRANSONIC FACILITY

William B. Igoe
NASA Langley Research Center

Hampton, Virginia 23665, U.S.A.

SUMMARY

The U.S. National Transonic Facility, a major application of the cryogenic wind
tunnel concept, is under construction at the NASA Langley Research Center and is scheduled
to become operational in 1982. It will have a closed return fan-driven circuit with a
2.5 meter square slotted test section, be pressurized up to 8.85 atmospheres, and provide
chord Reynolds numbers of 120 million based on a chord of 0.25 meter at transonic speeds
using cold nitrogen as the test gas.

SYMBOLS

wing mean geometric chord Abbreviations
M Mach number
p pressure IGV inlet guide vane
q dynamic pressure GN2  gaseous nitrogen
R_ Reynolds number based on c LN2  liquid nitrogen
T temperature RPM revolutions per minute
AT temperature change

Subscripts

L local
min minimum
t stagnation conditions
-free stream

1. INTRODUCTION

The U.S. National Transonic Facility (NTF) is a transonic wind tunnel primarily
intended to provide a high Reynolds number test capability for aerodynamic research and
the development testing of commercial and military aircraft configurations. The NTF is a
conventional closed circuit, single return fan-driven wind tunnel capable of continuous
operation and capable of achieving a chord Reynolds number of 120 million at a Mach number
of 1.0 by operating at elevated pressures and cryogenic temperatures.

The need for this high Reynolds number test capability became convincingly evident
in the 1960's. In the U.S., it received early attention by Heppe et al.,1 and subse-
quently by Howe,2 Jones, 3 Lukasiewicz, 4 and others. International recognition of thi
testing requirement was shown at the AGARD Paris conference on Transonic Aerodynamics in
1968 and more extensively later at the AGARD Gbttingen conference on Facilities and
Techniques6 in 1971.

The emphasis here on Reynolds number or scale-related effects is not meant to down-
grade the importance of other transonic testing deficiencies. For example, reduced or
correctable boundary-induced and model-support-induced interferences, improved flow
quality and accuracy of measurement, and more realistic propulsion simulation techniques
are all important goals. However, as indicated by Howe,2 even though proper simulation of
Reynolds number effects will not solve all of the problems of disparity in wind tunnel
test results, there are some problems that cannot be studied even with all available
ingenuity, without such simulation.

Many different types of test facilities 6'7 were studied to see what type might best
fulfill the testing requirements. These facilities ranged all the way from impulsively-
driven flow facilities on the one hand to ground-track facilities and free-flight model
testing on the other. Most of the concepts fell in the stored-energy, intermittent-flow
category and were variations of the blowdown concept. These included Ludweig tube,
piston, and injector driven wind tunnels. Although highly ingenious, these concepts were
generally limited in their run-time, inolved high dynamic pressures, or were costly to
build and operate.

It was not until the cryogenic wind tunnel concept was successfully demonstrated at
Langley in 19729 that the desired high Reynolds number test capability finally seemed
within reach from a practical and economically acceptable viewpoint. This demonstration
involved the development of a practical cooling system, integration of cryogenic tech-
nology into the tunnel design, and aerodynamic proof of concept tests. From a historical
standpoint, it is interesting to note that the use of modest cooling was first proposed
by Margoulisw in 1929 and that theoretical benefits of further temperature reduction was
pointed out by SmeltLO in 1945. In the U.S. this concept has evolved into what is now
called the National Transonic Facility (NTF), a pressurized transonic wind tunnel with a
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2.5 meter test section, located at the NASA Langley Research Center in Hampton, Virginia.
In Europe, the AGARD countries of France, Germany, the Netherlands and the United Kingdom
have jointly supported a similar initiative, designated as the Large European High-
Reynolds-Number Transonic Windtunnel (ETW).

2. THE REYNOLDS NUMBER GAP

The magnitude of the gap in test Reynolds
number between U.S. ground test facilities and
flight is shown in Figure 1 for past, present,
and projected future airplanes. This figure 0 PAST
indicates that the disparity in Reynolds num- 0 a FUTUE
ber between flight and existing U.S. wind
tunnels might have widened to as much as an 11
order of magnitude for the large airplanes /cX
foreseen for the future. g /

RE 1TAT
The lack of high Reynolds number test W C-5

capability has in the past reinforced the o7M
tendency towards conservatism in the design 40 hELCTR
of aircraft. As a result of what may be EXIIN U.S.
excessive conservatism, the potential advances DC-I
in performance and efficiency have not been I I I ,
fully realized. With increased emphasis on o .2 .4 .6 .8 1.0 1.2
energy efficiency, new generations of aircraft
will rely heavily on newly developed aerody-
namic technologies which will be even more
sensitive to Reynolds number effects than Fig.l The growing Reynolds number gap.
those of the past, and for which the conse-
quences of excess conservatism will be even
greater than before. Without new high
Reynolds number facilities for adequate
research and development, the new aircraft
designs may be unable to take full advantage of the new technologies without running
undue risks of performance guarantees not being met, or of major deficiencies or problem
areas being encountered.

3. SIZING THE NTF

The sizing and performance requirements for the NTF were established by a subpanel
to the U.S. National Aeronautics and Astronautics Coordinating Board as indicated by
Nicks in Reference 11. The responsibility for both the aerodynamic and mechanical design
was vested in a Project Office at the Langley Research Center with Robert R. Howell as
the overall Project Manager and Linwood W. McKinney responsible for the aerodynamic design
and performance.

The rationale behind the selection of the size, yiessurization and performance
requirements for the NTF has been discussed by Nicks. In essence, the objective has
been to achieve full-scale Reynolds numbers for the cruise or other design point, and to
cover as much of the performance envelope as possible for current and future commercial
and military aircraft, and aerospace vehicl,s.

An example of the kind of sizing
studies that led to the selection of the T.minCRYOATMc1.4. NGDLSPAN.I.Sm

NTF performance requirements is illus-
trated in Figure 2. The left side of the ALT, t E
figure shows a flight envelope in terms of m CRUISE 120 ' 7 NTP
altitude versus Mach number for a large 16CRU / -/\
commercial airplane. Also shown are lines 7 -ENVELOPE
of constant Reynolds number and the cruise s2.-
point. The boundaries are established at 12- N F /the bottom by sea level altitude, at the CAPABILITY ' "
left by maximum lift, at the upper right
by maximum power, and at the lower right 0 - CRUISE
by the structural limits of the airframe. 4- EXISTING TUNiNGE 0
When transferred to a Reynolds number
versus Mach number plot on the right side 0 . . .0 ..o
of this figure, the flight envelope trans- N
fers to the dashed boundary where the
bottom is the maximum lift limit, the left Fig. 2 Comparison of flight envelope of
side is the sea-level limit, the top is
the airframe structural limit, and the 747 airplane with NTF test envelope
right side is the maximum power limit. (from Reference 15).

.-I
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Preliminary estimates of the wind tunnel Reynolds number performance envelopes were
superimposed on the aircraft performance envelopes as shown in Figure 3 for different

TYPICAL REOUiIMENTS - MLITARY

X LI TETSETO 2.Sm SQUARE TYPICAL BOMKR TYPICAL BONER
LARGE COMARCIAL TRANSPORT c 5O~m '-. eom

160 
20)-xlp 5. m , .2 in ,'

I H TUNNEL
TUNNEL POWER IMWI PRESSURE late)

)200 108 RC IO -CRUISE /

7 .14 o0 .2 C N
.4 TYPICAL FIG4TR ADVANCED TRANSPORT

201 10 4.27. m C 9,4

ReLD-COMBLAT5
0 0.2 0.4 0.6 Di3 1.0 1.2

0 05 1.0 1.5 0 0.5 1.0 1.5

Fig. 3 Matching of aircraft and wind tunnel %

performance (after Reference 11). TYPICAL REOUSREHENTS - CON4NERCIAL
6 SUBSONIC TRANSPORT SUPERSONIC TRANSPORT

3008.53 I &2341l

values of tunnel pressure and maximum drive
power. Similar plots were made for other 20
aircraft configurations of interest as R CRUIS
shown in Figure 4 where only a single value I0- -NI
of pressure and power are shown for the E- l -ISTING WIND
wind tunnel performance estimates. On the ,TUNNES
basis of these and similar studies, the 0
size, pressurization, and power require- ADVANCED TRANSPORT SH1TTLE

ments for the NTF were selected. The 0 E 119 .

selection itself was, of course, a com-
promise, balancing maximum Reynolds number Rc 100
requirement, maximum usable dynamic pres- M3sure, and capital cost. I ,=

0 0.5 1.0 1.5 0 0.5 I.0 1.5 .

The sizing criteria mentioned above, % %
combined with the constraints imposed by Fig. 4 Comparison of aircraft requirements
dynamic pressure and costs resulted in the with wind tunnel performance (from
performance and dimensional character-
istics shown in Figure 5. In this figure, Reference 12).
and in subsequent usage, the Reynolds
number is based on a wing chord equal to
one-tenth of the square-root of the cross- MACHNUMIR (ITOl.2
sectional area of the test section. The REYNOLDS NU04BR 310'7120- OAT1M.0. f 0.25ll
temperature range is established at the
lower end by the liquefaction temperature PRESUR ITOIDAM
of nitrogen at one atmosphere of approxi- EMPERAURE 78 0 339 K
mately 78 K and at the upper end by a TESTGAS NITRON. AIR
temperature limit of 339 K on structural TESTSECIIONSIZE 2. Sm SOJAN[
materials used in the construction of the NTHC .am
tunnel. AREA & 02

CIRCUITLENGTH 151.5

4. FACILITY DESCRIPTION V1 ,12.0
DRIV POWER. IOMINUES CONTINUOUS

The NTF is, in most respects, a INAiORs 0.21 IIII,
rather conventional wind tunnel with only SYNCHONOUSMTOR MI 3111M

a few unconventional features. Refer- TOTAL 91.01M 11 4Mw

ences 12 through 18 present descriptions
of the NTF as its characteristics have Fig. 5 NTF geometry and performance
evolved during the design process. What
follows is essentially a review of these characteristics (after Reference 16).

previous publications, and borrows
material freely from them.

By using the cryogenic approach to high Reynolds numbers, the NTF achieves its per-
formance of near full-scale conditions at lower cost and at lower model loads than con-
cepts based on ambient temperature operation. In addition, as shown in Reference 19,
with temperature as a test variable, testing modes are possible in which, at a given
Mach number, the dynamic pressure, and hence the model loads, can be kept constant while
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Reynolds number is varied as illustrated in Figure 6; or in which the Reynolds number is
kept constant while dynamic pressure is varied as illustrated in Figure 7; or in which
the dynamic pressure and Reynolds number are kept constant while Mach number is varied
as illustrated in Figure 8.

M -1.-=0.25 m I-nnWm2
.  

m

I. mr 
33
9
K 

Pt. 8PURE MACH NUMBER
STUDIES

DYNAMIC PURE REYNOLDS NUWER
PRESSURE. TREYNOLDS I STUDIES2 1.SU min NUMNER, J TU0[

t8 km 
R,. mn

- PURE REYNOLDS 40/ L,/ . NMER STUDIES .

fI2STUDIES0

min* LO Am T,. ma= 33q K
p I p I I I Ox O , ,
0 20 a o a RE .R.E ., 120 .. o 1. . I

REYNOLDS NUMBER,_ R,

Fig. 6 Constant Mach number operating Fig. 7 Constant dynamic pressure operating

envelope, envelope.

R 0 sx 106, - .25m

40- PURE MACH NUMIER
STUDIES
PURE AEROELASTIC AI-o ma
STUDIES -. '

DYNAMIC p . at
PRESSURF.

q,kNm 221

%-Tt1, mnn

I | I I I I

.2 .4 .6 .8 1.0 1.2 1.4

Fig. 8 Constant Reynolds number operating
envelope.

4.1 General Arrangement
.50.%5 m

The circuit lines and overall &.CmDIA

dimensions of the NTF are shown in ER3 LOW SPEED DIFFUSER FAN CE
Figure 9. The tunnel circuit is
about 61 m long and about 15 m
wide between centerlines, giving a I1 10,87m 14.5CONACTION
circuit length of about 152 m and IIA D5 S'Ai
an enclosed volume of about
6512 m3 . The NTF is being con-
structed on the site of the deacti- DIA cOmIR
vated 4-foot supersonic pressure CORFR 4 PLUM HIGH SPEED
tunnel and will use some of the OING COIL SCREENS 823m DIA DIFFUSER
equipment from that tunnel includ- WIDE ANGLE DIFFUSER 2.0 I ANGLE
ing induction drive motors, drive
control system, cooling towers,
and the adjacent office building.
The plane of the tunnel circuit is Fig. 9 Planview of NTF circuit (from Reference 18).
tilted about 90 with the center-
line of the fan being below the
centerline of the test section.
The fan and test section centerlines lie in horizontal planes, and the walls of the test
section are oriented horizontally and vertically. The reason for the tilt was to accom-
modate the fan centerline positioning, and to minimize large below-grade excavation
requirements in the test section - plenum region.

4.2 Thermal Insulation

Thermal insulation for the tunnel (shown shaded in Figure 9) is internal rather than
external to the pressure shell. Being internal, the insulation shields the pressure shell
from large temperature changes as the tunnel temperature is varied during the cryogenic
mode of operation. Because the pressure shell with its large thermal inertia is not
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directly involved in changes in gas temperature, liquid nitrogen consumption is reduced,
and since thermal cycling of the pressure shell is avoided, its service life is also
enhanced.

As can be seen in Figure 9, in the high speed portion of the tunnel, from corner
number 4 to corner number I, the insulation is completely isolated from the flow by the
internal aerodynamic liner. In the remainder of the tunnel circuit, except for the fan
shroud region, the insulation is separated from the flow stream by a relatively thin
metal liner. For economy of fabrication, the liner plates are flat, leading to a polygo-
nal (24 sided) cross section in those parts of the tunnel where these plates are
installed.

The insulation itself is a closed-cell, high-density, rigid foam of modified poly-
urethane material. It is attached to the inside of the pressure shell in thicknesses
varying from about 15 to 19 cm. It has excellent fire-retardant properties, an important
feature for all materials used in a wind tunnel such as the NTF which can be highly
pressurized with either air or nitrogen.

4.3 Principal Components

The principal components of the sCRE S UPSTREAM & FAN
NTF circuit are shown in Figure 10. TURNI VAS SU CT CONTAINMENT
In the cryogenic mode of operation, DT .R, --
nitrogen is used as the test gas, with SHROUD UPST
cooling accomplished by the injection NACELLE
of liquid nitrogen directly into the ON2  L.
tunnel circuit. The liquid nitrogen ExHusT ACOU2TIC INJECTORS

injection nozzles are located upstream ST J

of the fan nacelle. It has been shown -,-

by Adcock20 that liquid nitrogen
injection upstream of the fan results
in lower power requirements and lower TRUSS SUPPORT FOR HAT TEST SECTION

liquid nitrogen flow-rates compared to NUT EXCHANGER WINDOW HIGH SPEED DIFFUSER
downstream injection. This location
may also be favorable with respect to I= CONACTION,
the complete evaporation of the TST SECTIO.
injected liquid as well as with WIDE-ANGLE DIFFUSER CONTRACTION MOOE SUPPORT SECTION

respect to the level of injection
noise which reaches the test section. Fig. 10 Principal components of NTF circuit
At ambient temperatures, either air or
nitrogen can be used as the test gas (after Reference 15).
with cooling accomplished by a conven-
tional chilled-water heat exchanger
inside the tunnel circuit.

The aerodynamic design of the NTF has been strongly influenced by the need for
economy of operation. The cryogenic concept permits the achievement of high Reynolds
numbers at relatively low energy consumption levels compared to other high Reynolds nun-
ber ground test facility concepts. However, even for the cryogenic tunnel, the overall
consumption of energy is high and must be carefully managed. The main item of energy
consumption for the NTF in the cryogenic mode of operation is the energy required to
produce the liquid nitrogen used for cooling.13 To minimize the cost of nitrogen required
to pressurize the tunnel and also to reduce the cost of the pressure shell, the volume of
the NTF circuit was designed to be as small as practical.

The corners of the circuit are mitered to form 900 turns. The turning vanes in these
corners have what is known as arithmetic progression spacing, introduced by Dimmock

21 for
gas turbine research and used successfully in other wind tunnels.

4.3.1 Wide-Angle Diffuser

The wide-angle diffuser, shown in Fig-
ure II, is located immediately upstream of the e-TRUSS SUPPORt

settling chamber and was designed in the manner
described in Reference 22 to have a nearly con-
stant static pressure along the walls. This
desired pressure gradient, with its reduced
tendency for boundary-layer separation, is
obtained by proper curvature of the walls.
The centrifugal force acting on the flow as
it follows the curved wall contour is balanced
by the stream pressure gradient as the flow is
slowed due to the increased area of the wide-
angle diffuser. At the downstream end, the
flow direction must be returned toward the
axial direction. In the NTF, the turning will
be accomplished by the finned-tube heat
exchanger which also supplies the downstream
pressure lose of 3q to Sq required to prevent Fig. 11 NTF wide-angle diffuser.
flow separation from the diffuser walls. The
aerodynamic loads on the heat exchanger are
supported by a truss with radial and annular
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elements located near the downstream end of the wide-angle diffuser. The annular ele-
ments have been shaped so as to conform to the flowfield curvature in the streamwise
direction.

The wide-angle diffuser geometry is axially symmetrical, with an exit-to-inlet area
ratio of 2.08. The length-to-inlet diameter ratio is 0.465, and the exit wall angle is
about 610. The use of a wide-angle diffuser upstream of the settling chamber allowed the
return duct of the tunnel circuit to be kept to small diameter, but still permitted a
large settling chamber and a high contraction ratio with its attendant benefits on tunnel
flow quality.

4.3.2 Turbulence Damping Screens

The exit of the wide-angle diffuser is followed by a settling chamber about 5.8 m
long. There are four turbulence damping screens in the settling chamber, spaced about
0.6 m apart with the last screen about 1.5 m from the start of the contraction. The four
screens are each the same; square mesh wire cloth woven of approximately 0.8 mm diameter
wires at a spacing of about 0.4 cm between wires, with a resulting porosity of about
0.65.

4.3.3 Contraction Section

The area ratio of the contraction is 14.95 to 1. It was designed to produce uniform
flow at the throat under choked conditions, or in other words, to have an essentially
straight sonic line. The prescribed area distribution for the contraction was calculated
by a streamline curvature method (ref. 23) for axially symmetrical flow using the exact
equations for an inviscid compressible flow.

The NTF contraction, shown in Figure 12,
consists of three subsections. The first part
is axially symmetrical with the prescribed area
distribution matched exactly. The second sec-
tion is a transition section where the cross-
sectional shape changes from round to flat-
sided with circular arc corner fillets. Here,
the prescribed area distribution is matched
only approximately. The third section is a
continuation of the essentially square cross
section with corner fillets. In this third
subsection, the corner fillet shape changes
from circular arc to flat about 2.8 m upstream
of the test section.

The length of the contraction is about
14.6 m. An upstream section of the contrac-
tion, about 11.8 m long, is a movable struc-
ture which can be detached from the rest of Fig. 12 NTF contraction section.
the contraction, and moved upstream within the
pressure shell to permit deployment of one of
two isolation valves which seal the test sec-
tion and plenum from the rest of the circuit.
The isolation valves permit access to the test section Without depressurizing the entire
tunnel circuit. The operation of this component of the model access system will be
described subsequently.

4.3.4 Test Section

A plan view of the NTF test section is
shown in Figure 13. The design of the NTF
test section closely resembles that of the
Langley 8-foot transonic pressure tunnel, 10
especially in the flow reentry region at
the downstream end of the test section.
The cross section is nominally square,
2.5 m wide; with flat fillets at 450 angles F-->
in the corners resulting in a tpst section
cross-sectional area of 6.203 m-. There"LtsT SCTION
are six longitudinal slots in the horizontal 2.5m SUAR /RNT FLAPS
(top and bottom) walls, and'two in the ver-
tical (side) walls. The length of the
slotted region is approximately three test L
section widths. The vertical walls are ah
parallel but the horizontal walls have
flexures at the upstream end which permit
variation in wall angle from about 0.50 con-
verged to 1.00 diverged. The vertical walls Fig. 13 Planview of NTF test section
have provision for three large windows for (after Reference 13).
flow field observations. Smaller ports are
located in both the vertical and horizontal
walls for lighting and viewing.

A
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Remotely adjustable reentry flaps are located at the downstream end of each slot,
occupying the rear 20 percent of the length of each slot. The position of these flaps
can be varied to control test section flow gradients and to minimize power consumption.
The range of flap angle adjustment is from 40 toward the flow to 150 away from the flow
on the horizontal walls, and from 00 to 150 away from the flow on the vertical walls.

4.3.5 Model Support Section

The model support section, located immediately downstream of the test section, is
rectangular in cross section with corner fillets which are tapered in the streamwise
direction. The vertical walls adjacent to the model support strut are indented to relieve
strut blockage. The horizontal walls of this section are attached to flexures at their
downstream end. The angle of inclination of the horizontal walls can be varied from 00
(walls parallel to tunnel centerline) to about 4.50 inward (leading edge toward flow).
The offset vertical height between the horizontal test section walls and the model support
section walls is variable from near zero offset to about 20 cm independently on the top
and bottom walls. This offset vertical height can be varied as a function of Mach number
to accommodate varying reentry flow requirements and thus to minimize tunnel power
consumption.

Generally, test models will be sting supported from a circular arc strut permitting
a pitch range of 300, nominally -110 to 190 but this can be varied using offset sting
supports. The pitch angle can be varied
at rates up to 40 per second with capa-
bility for both pitch-pause and continu-
ous sweep operation. The model roll MAXIMUAIMOKLLOADS. NORMAL WIN9.910LS1

AXIAL 41.4 IN R. 3%LWangle range is ±1800 at roll rates up SIDE #A4.mOmLW
to 100 per second. Sideslip angles are PITCH ANGLE RANG -11 DEG TO 19 DEG ACCURACY 0.01'
obtained from combinations of the pitch R UPTO 4 K0SEC
and roll. Wall-mounted half-span models RAGE 118i DEC ACCURACY 003'
can be accommodated in the test section T UP10KVS1C
for tests where large model sizes are ACCESSTIMETOMOOL lMIN
required. These and other operational COOLDOWWWARMUPTIM. AT = MK 4.1 hrb.9 hr
characteristics of the NTF are summa-
rized in Figure 14. AT=SK OTIILIMIT

4.3.6 Test Section Access Fig. 14 NTF operational characteristics

The test section and model sup- (after Reference 16).
port section are surrounded by a
plenum 8.23 m in diameter. As can be
seen in Figure 15, isolation valves
are located at the upstream and down-
stream ends of the plenum. In order CONTRACIO
to deploy the isolation valves, with . RUACTD) HIGHSPED
the flow at rest the contraction and LNMi DFUE
high-speed diffuser are retracted T
upstream and downstream, respectively.
The isolation valves are then remotely
moved into the closed position and
locked to the pressure bulkheads at
either end of the plenum. With the
valves in the closed position, the ATIOL U ISOLAIOVALV

plenum and test section can be L0S0I
brought to atmospheric pressure. In
this condition, the plenum and the
test section access doors can be
opened, and access tunnels can be Fig. 15 NTF test section isolation system.
inserted from both sides providing
direct access to the model at ambient
temperature and pressure conditions. A "room temperature" work environment can be main-
tained by fans which circulate air through the access tunnel, and heaters which are used
to bring models to a temperature suitable for model work.

After model work is completed, the pro-
cess is reversed. The access tunnels are
withdrawn, the test section and plenum doors
are closed, and the pressure is equalized
across the isolation valves. The isolation
valves are then remotely disengaged and
moved to the stored position, the contraction
and high-speed diffuser are returned to their
operating positions, and the tunnel is readied
for resumed operations.

4.3.7 High-Speed Diffuser

The high-speed diffuser, shown in Fig-
ure 16, is located inuediately downstream of
the model support section. It consists of Fif
two sections, a three-stage transition Fig. 16 NTF high-speed diffuser.
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section and a conical section. The three stages of the transition section approximate
the area distribution of a cone with a half-angle of about 2.60, the same angle as the
actual conical section. The transition cross-sectional shape progresses from a rectangu-
lar section with flat corner fillets to a fully round section in the three stages of
nearly equal length. The flat corner fillets are faired out within the first stage of
the transition. Except for these fillets, the shapes in the transition section consist
of flat panels, joined at the corners of the cross section by quarter-round conical
sections. The diffuser, including the model support section, has an overall area ratio
of 2.92 to 1.

As noted earlier, the high-speed diffuser, like the contraction, is a movable
structure. It can be detached from the model support section, and moved downstream
within the pressure shell to permit deployment of the isolation valves.

4.3.8 Fan Drive System

The fan is located 8.85 m down-
stream of corner number 2. As shown
in Figure 17, the upstream fan
nacelle fairing is bent through that Dwu11A1S FN INLT GUIDE
corner. The single-stage fan has VANES
25 fixed-pitch blades with fan load-
ing changed by 24 variable inlet
guide vanes (IGV) upstream of the
fan, or by variable rotational speed.
There are 26 fixed downstream stators.
The fan blades are fabricated of
fiberglass reinforced plastic. ACOUSTIC SHAFT MAIN

4.3.8.1 Acoustic Treatment GUIDE VANE

ACTUATOR RING
Acoustic panels are located in ACOUSIC LINERS

the fan nacelle and the adjacent
tunnel walls at the nose and tail FO

cone of the nacelle. These panels
are intended to attenuate fan noise
propagating upstream and downstream Fig. 17 NTF fan section assembly.
from the fan station. They use a
dual Helmholtz resonator concept and
are designed to provide about a
13 dB reduction of fan noise at the
test section.

4.3.8.2 Drive Motors and Gear Box

The fan will be powered by two variable-speed wound rotor induction motors and a
synchronous motor with 10-minute maximum power ratings of 49.2 MW and 44.8 MW, respec-
tively. As shown in the upper part of
Figure 18, the induction motors are
coupled to the fan drive shaft through a
two-speed gear box with gear ratios (motor
to fan speed) of 835/360 in low gear and FAN TWOiKED

835/600 in high gear. The purpose of the GER W
two-speed gear box is to provide a better
match of the motor torque available to the NEWSWcmmOUS
fan torque required at different operating MT U IN M XIVING VAIAW SPIED
temperatures. The synchronous motor is too- -0 MZW
in-line with the fan drive shaft and 11 "|
rotates at fan speed at all times. SmoCHmemOS M"t

The maximum (10-minute rating) shaft IMsO AF7 IDUCTION
power available from the drive motor com- O TORS I R

bination as a function of fan rotational HIGmTIO
speed is shown in the lower part of Fig- 0
ure 18 for both the high and the low gear 'e
ratios. The synchronous motor is oper-
ated at the fan shaft speed corresponding 0 Is = 1 m 40 sW
to the maximum speed of the induction FANM
motors in the low gear ratio, and is
brought up to synchronous speed by the
induction motors. The rotational speed Fig. 18 NTF drive system power
of the induction motors is controllable (after Reference 13).
within 1/4-percent over the entire range
using a modified Kraemer drive control
system.

Under high power conditions, when the power of both the induction and synchronous
motors are required, the fan is rotated at the synchronous motor speed of 6 Ha (360 RPM),
and tunnel speed control is accomplished by variation of the inlet guide vane angles.
At lower power conditions where only the induction motor power is required, tunnel speed
can be varied either by inlet guide vane angle variation or by motor rotational speed
variation.
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4.4 Performance

With the power characteristics shown in Figure 18, and tunnel pressure ratio and fan
performance characteristics, the tunnel operating envelopes have been calculated by Gloss
for a range of tunnel Mach numbers from 0.1 to 1.2. The envelope shown in Figure 19 for
a Mach number of 1.0 is typical. The envelopes are in the form of stagnation pressure
versus Reynolds number with lines of con-
stant stagnation temperature superimposed. M_ = 10.015m
The maximum operating envelope is shown by 10
the cross-hatched line. The boundaries on 3300 0 2 16 110 125
the figure are formed on the left by the PS /SRE/'
maximum operating temperature or inlet 8 / / ITI fl,-'

IGV I AT0ATLguide vane limits, across the top by drive LIMIT 9" / 0
power or shell pressure limits, and on the 6 ! 1
right by permissible saturation conditions. Z).am ML/ / L1.
Two saturation lines are shown, one for - "

saturation conditions corresponding to a ,. O INUoCTION MOTTO LIMIT
local Mach number of 1.4; the other for IL/ GA A)
saturation at free-stream conditions. The 2 ! INDUCTION MOTOR LIMIT

lower power boundaries are for the induc- 90K 14IGH Ai

tion motors alone in the low gear or high 0 1 i 1 - 100
gear settings. RZ

In general, the maximum Reynolds num-
ber occurs where the permissible satura- Fig. 19 NTF operating envelope for 6 = 0.25m
tion lines intersect either the shell
pressure limit line (as is the case for and M., - 1.0 (from Reference 16).

Mach numbers from 0.1 to slightly above
1.0) or the maximum power limit (as is
the case for higher Mach numbers up to
1.2). An envelope of maximum Reynolds number for the NTF is shown as a function of Mach
number in Figure 20 for two saturation boundaries. The upper boundary is for saturation
at free-stream conditions. Condensation studies
by Hall described earlier in this lecture 0.25 m
series have indicated that the onset of con- X IT, NTF
densation effects may not be apparent until TCRYOF COD ELLPRESSRfIM
free-stream conditions are reached or even SA-URATI-AI /POWRLIMIT
exceeded. A more conservative boundary corre- 120 -M= M F.

sponding to saturation conditions at a local 5 = ..4 - AM

Mach number 0.4 above the free-stream Mach num- , \ N \

ber is also shown. With a representative wing \ 5 2.
chord length taken as 0.25 m, the conservative A "// \
saturation boundary reaches a maximum Reynolds C 6\ - 2.0

number based on chord of about 120 million at \ \ 1.5
a Mach number of 1.0. The free-stream satura-
tion boundary reaches a Reynolds number of N 1.0
about 135 million. It should be noted that the WATE0 RCOL0
increase in Reynolds number from 120 to 135 20 T=39Kz S .

million obtained by lowering the stream temper- TU-ELSNO.S"
ature closer to condensation conditions is 0 .2 . . .0 1.0 1.2
achieved with no increase in dynamic pressure. M.
At these peak Reynolds numbers, the dynamic
pressure is about 3.35 atm for either boundary. Fig. 20 NTF maximum Reynolds number

As indicated earlier, the NTF will be (fro Reference 16).

capable of operating in an ambient temperature
mode using either air or nitrogen as the test
gas with cooling accomplished by a conventional chilled-water heat exchanger. The cooling
capacity of the heat exchanger corresponds to a power input of about 35 MW. With this
heat duty, the maximum Reynolds number for the NTF in this mode of operation is as shown
by the lower dashed line on Figure 20. In addition, the maximum Reynolds number for
existing U.S. wind tunnels is also shown on the figure for comparison.

4.5 Tunnel Control

Because of the direct impact that the tunnel operating time has on the cost of opera-
tion, the control of the tunnel processes in changes of temperature, pressure, and Mach
number assume major importance in the NTF. To minimize the cost of high Reynolds number
testing, it is necessary to insure that the operating time interval required to obtain
data is as small as possible.

The need for completely automatic control of the test conditions has been recognized
and, as noted in a previous lecture in this series, work is underway to develop fast,
accurate, and economical control of the NTF. The Langley 0.3-m transonic cryogenic tunnel
(0.3-m TCT)24'25 is being used to help refine some aspects of the mathematical model being
developed for the NTF. In addition, experience with the automatic controls of the 0.3-m
TCT gives confidence that the control requirements for the NTF can be achieved.

4.6 Problem Areas

As indicated by Howell, 18 there are certain technical areas connected with the
design of the NTF which still have some unresolved aspects. These areas include the
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tunnel operating constraints which may be imposed by thermal stresses, the performance
of seals in a highly variable cryogenic environment, and the control of the tunnel flow
processes. In all cases, the design of the tunnel has been made sufficiently adaptable
so as to be capable of dealing with these aspects if the need should arise.

4.7 Status of Construction

The NTF has been under construction since March 1977 and is at present about 85 per-
cent under contract.18 As can be seen in the aerial view of the construction site shown
in Figure 21, the construction of the
pressure shell is well along towards
a hydraulic pressure test date
planned for August 1980. After com- 1EWORY
pletion of the hydro-test, the instal-
lation of the internal thermal insu-
lation will proceed, along with other
internal items which could not be
installed prior to the hydro-test.
The planned date for the completion
of construction is the end of 1981,
and operational readiness is
scheduled for the fall of 1982.

5. CONCLUDING REMARKS

Construction is well underway
on a major application of the cryo-
genic wind tunnel concept, the U.S.
National Transonic Facility at the Fig. 21 Aerial view of NTF cnstruction
NASA Langley Research Center. This
new tunnel is scheduled to become site (2/4/80).
operational in 1982. Not only will
it provide an order of magnitude
increase in Reynolds number over existing U.S. tunnels, but because of the ability to
vary pressure, Mach number, and temperature independently, it will also be able to per-
form the highly desirable research task of separating aeroelastic, compressibility, and
viscous effect on the aerodynamic parameters being measured. It thus represents a sig-
nificant step forward in fulfilling the requirements for new and improved research
facilities in the field of transonic aerodynamics.

The new tunnel will have a closed return, fan-driven circuit with a 2.5 meter square
slotted test section, and will be capable of operating at stagnation pressures up to
8.85 atmospheres. By virtue of its cryogenic feature, using cold nitrogen as the test
gas, it will provide chord Reynolds numbers, based on a wing chord equal to 0.1 times the
square root of the test section area, of 120 million at transonic speeds.

Although the cryogenic concept permits the achievement of high Reynolds numbers at
relatively low energy consumption levels (compared to other high Reynolds number ground-
test facility concepts) the overall consumption of energy is high and must be carefully
managed. The NTF employs internal thermal insulation, a compact circuit design, exten-
sive automation, and rapid data acquisition to combine high efficiency with high pro-
ductivity and thus to minimize the consumption of liquid nitrogen which represents its
main source of energy consumption.
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SUNWARY

The modification of the Douglas Aircraft four-foot trisonic wind tunnel to operate at cryogenic
temperatures is nearing completion. This lecture will summarize the current status of the modification
and will review the major areas that required work to convert an existing facility to one that can operate
at cryogenic temperatures down to 1800 Rankine (1000 Kelvin).

Photographs showing the status of the modification at the end of February 1980 are included. In
addition, the status of the development of the instrumentation and test techniques is also reviewed
including model design, fabrication, and inspection techniques, force and moment, and pressure
instrumentation, boundary layer transition detection methods, model angle of attack measurement, model
pre-cooling evaluation, and selection of material for the verification model.

The current schedule of the tunnel checkout and calibration, and the development of instruaentation
and test techniques is discussed as well as the verification test which will provide the data necessary to
evaluate the performance of the modified four-foot tunnel at cryogenic temperatures for the Mach number
range from 0.5 to 1.0.

INThFJXTIO4

The Langley Research Center of NASA successfully demonstrated that the use of very cold gases as the
test medium was not only feasible but that the available technology was prepared to meet the challenge of
the cryogenic wind tunnel. The preliminary work at the Langley Research Center reviewed various tunnel
concepts that could apply the cryogenic principles including a blowdown-to-atmosphere intermittent wind
tunnel.

The Douglas Aircraft Company had considerable background on the need for high Reynolds number test
capability and the high capital investment required to achieve the desired level of Reynolds number. A
study of the application of cryogenic temperatures to the existing four-foot blowaon tunnel quickly
indicated that significant Reynolds numbers could be obtained on a small model without increasing the
dynamic pressure and loads on the model. Studies conducted in-house and by the Fluidyne Corporation
further indicated that the existing tunnel could be modified so that operations could be conducted at
temperatures very close to the boiling point of liquid nitrogen.

Managemet approval to proceed with the modification was given in August 1976. The successful
operation at cryogenic temperatures of a one-foot pilot tunnel, 1-WfT, in May 1977 was the critical
technical check point required to substantiate that the project was indeed feasible and practical.

The project proceeded from the pilot tunnel to the four-foot modification with in-house engineers
doing the design and the D facilities group acting as the general contractor. Although the early tests
in the 1-OWT pilot tunnel program answered a large percentage of the design questions, the tunnel has
since been used to provide additional design information such as the steam injector to minimize the
possibility of the condensed cloud touching down on adjoining property or on busy streets that are near
the-facility.

A parallel program has also been underway to develop instrumentation and test techniques required to
take advantage of the high Reynolds rmber capability provided by the cryogenic temperatures. Although
there are still many unanswered questions to be resolved the current test technique development program
should provide the information necessary to conduct a successful verification test program.

The blowdown wind tunnel characteristic of short run times is the primary reason that an existing
facility can be modified to operate at cryogenic temperatures. Figure 1 shows the effectiveness, for a
short time period, that a thin layer of insulation will have on preventing the very cold temperature of
the tunnel flow from significant heat transfer to the tunnel structure, that has an embrittlement
temperature of -200F. The net effect was that the majority of the tunnel primary structure would only
require a thin layer of insulation which mode the entire project feasible.
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The major areas of modifications required to convert the tunnel to a cryogenic facility are shown below.

ire s e, GaM

1. Liquid nitrogen storage tank 40,000 gal capacity
2. Liquid nitrogen ri tank 9,000 gal. capacity
3. Liquid nitrogen distribution system Plumbing and control system for transferring LN2

from storage tank, to rui tank, to injection
stations, and to model pre-cooling system

4 . Axial flow control valve Upgrade flow quality and increase rm time
5. Liquid nitrogen injection chamber 60 ft x 6 ft dia. cryogenically ompatible

material
Houses se 2  injection system.

6. Relocate storage tanks, shutoff Provide apace for 182 run tank
valves and feeder linrs

7. Perforated plate in transition Prevent separation in wide angle diffuser
section from hb 2 injection
chamer to stilling chambder

8. Rebuild settling chamber acoustic Absorb noise generated upstream of stilling chamber
section with cryogenically
compatible materials

9. Replace test section walls Use cryogenically colmpatible material with me hole
geometry (normal holes), and porosity (22 open)

10. Reinforce muffler tower structural safety factor rea ed an result of
increased back presre and loads due to clo
control doors at exit

11.* Stemn injection at mffler exit Increase exhaust temperature to prevent touci
Of cloud

12. Install insulation throughout Prevent non-ompatible materials from reesig
tInnl to protect structure abrittl int temperatures

13. Incorporate safety equipment Quard against hazards that can result fro t redood
oxygen and/or cold temperature enviromeit

14 Obtain cryogenically tmpatible Update instrumentation as required
tunnel calibration instrumentation

15. Modify control system to include New requirement of cryonic tunnl
temperature control

16. Checkout modification and calibrate Establish flow characteristi@ throughout
tunnel temperature and pressure ranges

18. Conduct verification test Establish data quality of cryogenic blaisAm twunel



The majority of hardware in compLeted and installed. The last major hardware item to be installed is
the sffler steam injector and exit doors on the mffler tower. Figure 2 is an isometric sketch of the
modif ied facility. Figures 3 through 12 show the status of the modifiLcation near the and of February
1960. At the time that this lecture is presented, the checkout of the facility should be underway.
Figure 3 is a view of the 40,000 gallon 1142 storage tank. Figure 4 show the now arrangement of ducting
the air from the storage tanks to the header tank Just upstream of the control valve. Also shown are the
two shutoff valves. The upright tank in Figure 5 is the run tank that transfers the 1162 to the injection
chmErw at a flow rate up to 300 gallons per second at a pressure of 300 psia. Figure 6 shows the run
tankfill line, in the f oreground, and the line to the injection Chamber. Figure 7 shows the now axial
flow control valve installed and Figure 8 shmws the L112 injection chamber in place. Figure 9 shows the
control valves for the two 1112 injection stations. Figure 10 shmws workman installIn the acoustic pauela
in the stilling chamber. The man in the foreground is standing in the section where the honeycomb and
fine mesh screens will be installed. Figure ll show. the 1.29% DC-l0 model installed in the test section
for a spray noxzle pre-cooling evaluation. Figure 12 shows the muiffler tower in the background bef ore the
installation of the exit flow control doors. In the lef t foreground is the steam injection system
installation. The right foreground shows one of f ive air storage tanks. The air supply has a total
capacity of 34,000 cubic feet at a pressure of 525 pas.

I STOGAGI TANKSANDASE G ANINRNTN
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FIGURE 5. 0,000 GALLON L.N. RUN TANK FIGURE 6. IN2 LINES INTO AND OUT

AND 2 AIR STORAGE TANKS OF RUN TANK

FIGURE 7. NEW AXIAL FLOW FIGURESB. LN2 INJECTION CMAMBER
AIR CONTROL VALVE

FIGURE 9. LN2 CONTROL VALVES FIGURE 10. ACOUSTIC PANELS
BEING INSTALLED

FIGURE 11. OC-10 MODEL INSTALLED FIGURE 12. EXHAUJST END0 OF T'WML

FOR PRE4OOLING TEST
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The management approval to proceed with the cryogenic modification of the Douglas Aircraft Company
four-foot blowdown wind tunnel also initiated the development of test techniques and instrumentation as
well as the design and fabrication of models. The basic plan applied to all phases of the model program
was to conduct analytical studies and then to check out the particular item in a cryogenic static test
environment or to test it in the one-foot cryogenic pilot tunnel where actual test conditions could be
simlated. The major items that required careful scrutiny before application to cryogenic testing are
discussed in the following paragraphs.

M DSIQ , FABRICATICN, AM INPCTIN

The precision required in a high aspect ratio model sized for a four-foot wind tunnel represents a
major challenge to the model technicians and inspectors. The results of early studies into this critical
area indicated that major improvements in machinery and equipment, and in the working environment would be
required. Work was acoomplished before the end of 1978 to upgrade the working conditions by providing a
temperature controlled environment, isolating machine foundations from ambient ground vibrations, adding
now numerical control equipment, and providing a dedicated inspection area with accurate and stablecoordinate inspection equipment. This equipment is now in service and is being used to make the cryogenic

models that are required to develope instrumentation as well as to fabricate checkout and verification
models.

STRAIN GGE BALANCE

The decision was made early in the program to use existing internal strain gage balances and provide
the necessary enviroamental control to keep the balance at a stable temperature. Satisfactory results
have been obtained in the one-foot pilot tunnel (1-OqT) with the fuselage of a DC-10 model that will be
used to verify the acceptability of data from the four-foot cryogenic tunnel (4-CWT). Improved versions
of the balance beaters and the balance to sting interface heater will be checked in both the 1-OIT and the
4-OWT as part of other instrumentation checkout tests that will be discussed later in this report.

PRESSURE TRANCERS

The two systems under consideration for measuring approximately 250 mddel static pressures are the
conventional mechanical stepping modules and the new electronically scanned pressure sensor modules (ESP).
The ESP system with individual transducers and multiplexer is the preferred system because of the short
time required to record the pressure data. The system requires environmental control due to its
sensitivity to temperature changes. Modified insitu calibration procedures that are necessary due to
space limitations in the model should minimize the temperature sensitivity effects. Checkout of the ESP
units will be made in both the 1-Wf and the 4-OW tunnels under cryogenic conditions to establish that
the system is ready for the verification test with the DC-10 model.

BCUIIARY LAYER 7RAA1WTCH DEIECTICZ4

The wide range of Reynolds numbers that will be encountered in the cryogenic tunnel establishes the
requirement to be able to detect the point of boundary layer transition from laminar to turbulent. There
are many techniques that have been used to detect transition. Hot film sensors, subtiniature kulite
transducers, and listening to and recording the rumble through pressure taps in the wing are all methods
that have been used in the past and all will be considered for use in the cryogenic tunnel. The real
trick is to select the method that can essentially be a part of the model and can be used throughout a
test program to monitor the natural transition location or to determine if the artificial means used to
fix its location is satisfactory. In order to establish the technique to be used on three dimensional
models a two dimensional model (a planform sketch is shown in Figure 13) will be tested in the 1-OT. The
model includes 26 hot film senors distributed on the upper and lower surfaces, 13 Kulite transducers in
the upper surface, and 12 static pressures in the upper surface, all of which will be used to detect the
transition point.

A1D1TIOC L IQ - 2D MODEL

The model also includes 118 static pressures in the upper and lower surfaces to obtain spenwise
distributions to check the two dimensionality of the flow across the span of the wing and chordwise
distributions to obtain the section lift and pitching mment coefficients. Data from a traversing wake
rake aft of the model with seven each static and total pressures, and temperature probes will be
integrated to obtain the section drag coefficient.

The two dimensional model will also be instrumented with 47 thermocouples to measure the model
surface temperature distributions. The correlation of the aerodynamic coefficients and the temperature
distributions will be used to determine the acceptable temperature differential between the model wall and
the air stream. A short segment of porous leading edge is installed in the model that will dispense dyed
crLY0geic fluid for observing surface flow visualization.

Tunnel instrumentation will include 18 static taps along the top wall to detemine effects of changes
to the boundary layer displacement thickness, 10 thermocouples along the top and bottom wall to mntor
the time history of the test section wall temperatures, one Kulite pressure transducer in the top wall to
check the boundary layer fluctuating pressure, and one hot-filniVot-wire probe pounted from the ceiling to
measure free stream turbulence and temperature fluctuation levels.
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FIGURE 13. 20 TEST TECHNIQUE DEVELOPMENT MODEL

NW40D ANGLE OF ATVWM

The development of an accurate angle of attack system that measures the model attitude directly is
mandatory as indicated in an earlier lecture on control of pertinent variables in a cryogenic blowdown
wind tunnel. The "hot dog" effect caused from non-uniform cooling in the model support strut and sting
essentially eliminates the conventional system of measuring the pod angle and correcting for sting and
balance deflections due to aerodynamic loads on the model.

Three systems are currently being studied at the Douglas Aircraft Co. The first is the use of an
accelerometer whose output is proportional to the sine of the angle and an on-board electrolytic bubble to
indicate zero angle of attack. The second method is a polarization technique that incorporates two
analyzer/detectors that sense the change in angle between a polarized light bean and the orientation of an
analyzer/detector. The third method under evaluation is a laser system proposed by the Boeing Aircraft
Coany.

RWEL PiCOMfIM a 7RAIEN SIE

The spray system that was selected for the model pre-cooling is currently being setup in the test
section for checkout and evaluation. The transient shield to protect the model during tunnel start from
warm air trapped between the valve and the test section will be evaluated using the two dimensional model
in the 1-aft. The results of the pre-cooling test and the transient shield check-out will be evaluated to
determine if the systems are adequate or if a clamshell type enclosure is required to provide an adequate
pre-cooling system and eliminate the need for a transient shield to protect the model during the tunnel
start.

SELB IMCH OF MTEIAL

The selection of stainless steel or beryllium copper as the material to be used for the IC-10
verification model will depend upon the careful analysis of several tests that are to be conducted in the
near future in both the 1-CWT and the 4-01T. One of the tests is a checkout of the pre-cooling system
using a stainless steel slab wing with a large number of thermocouples installed throughout the model.
The main consideration in this test with regard to material selection will be the temperature uniformity
that can be obtained with a stainless steel material and the spray nozzle type pre-cooling system. The
improvement in temperature distribution can be significantly improved if the wing were made out of
berylliu copper. Analysis of data from the two dimsional test in the 1-OWT will also be used to aid in
the selection of the material to be used for the verification model. The principal input that will result
from this 2-0 test is the allowable tolerance on the deviation of model temperature from adiabatic wall
conditions for acquisition of valid data in the 4-Off. The third test that will provide insight into the
selection of the material for the wing, fuselage, and empennage is an air-on test in the 4-CWT using the
stainless steel slab wing where the time required to stabilize the model temperature distribution after
the tunml flow conditions have been set, and the change in that distribution as the model is pitched
through an angle of attack range will be acquired and analyzed.
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If the results of these tests indicate that the spray nozzle pre-cooling system and the transient
shield appear adequate but that improvement in wing temperature distribution is necessary, then the
selection of beryllium copper as the material for the wing, fuselage, Empenage, and nacelles and pylons
would be seriously considered, assuming of course that an acceptable Charpy impact strength level can be
obtained.

If the results indicate that a sophisticated model pre-cooling system much as a clamshell. arrangemnt
is required there is no need to give further consideration to the use of beryllium copper.

One alternative that is being considered, that could eliminate the need for a pre-cooling system, is
to fabricate the model from composite materials which my have a low enough conductivity so that the heat
transfer effects would he insignificant.

The current schedule for the comp~letion of the facility modification, the checkout and calibration of
the tunnel, and the development of test techniques is shown in Figuare 14.

JIFIMAIMIJ JAISJOIN J PMIAJMIJJ AISJOIND I

wNPAv NOULE PRIE40OLING CHECKcOUT 4CW7

2-0 TEST TECHNIGUE DEVELOPMENT I1GEV

STAINLESS STEL MODEL

SERYLLIUM COPE MOCEL

INSTRUENTATION CHECKOUT t.CWT

ANOLE-OF-ATTACK DEVELOPMENT-
POLARIZEO LIGHT SYSTEM

CHECKOUT oF "Wr

CALIBRATION OF 4CWV

CHECKOUT OF 1.20 PERCENT DC10 MODEL
AND INSTRUMENTATION IN 4CWT

DESIGN, PAN, AND CHECKOUT MODEL
HEAT SHIELD FOR 4CM OE

DESIGN. PM. AND INSTPUMENT 1.20 PERCENT
DC-10 VERIFICATION MODEL

CONDUCT VERIFICATION TEST IN 44GEVL Z

DESIGN. FAD, AND CHECKOUT CLAMSHELL z z 2
TYPE PRE-COOLING SYSTEMM

FIGURE 14 CIMNENT CRYOGENIC DEVLOPMENTT WSCHDULE

The pre-cooling checkout test will determine the error band within which the spray system can
pre-cool the model over a range of desired temperatures and the temperature variation throughout a model
that is fabricated of stainless steel. The analysis of the pre-cooling data, the heat transfer effects
and thermal responses from the two dimensional test in the 1-CWT, the effectiveness of the transient
shield also obtained from the two dimensional test in the 1-Wf, the thermal response of the stainless
steel wing from the DC-10 model and the instrumentation checkout test in the 4-01T will all be used to
assess the adequacy of the spray nozzle pre-cooling system. At this point a trade-off study can be made
to determine if a more sophisticated and efficient pre-cooling system would offset the capital expenditure
of a clamshell. type pre-cooling system.

The completion of the checkout of the DC-10 model and instrwmtaticn in the 4-OfT is also a key
milestone to be reached before the material selection for the final instrumented wing can be made. Once
the wing material has been determined the design and fabrication of the model can be completed and the
verification test can he conducted if the ombination of spray nozzle pre-cooling and material selection
has been demonstrated to be a satisfactory technique. if a sophisticated pre-cooling system is required,
a delay in the verification test would be necessary to design, fabricate, install, and checkout the
lurdeare.

Dilworth, Semud, Meagher and Aociatesp LID. (D0M) of Toronto, Ontario, Canada has been granted an
exclusive license for aspects of the tunnel design associated with the conversion of the Douglas Aircraft
focr-foot wind tunnel to operate at cryogenic temperatures.
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SUMMARY

This lecture presents the project for a new cryogenic intermittent tunnel, the induction driven
tunnel T2 at ONERA/CERT, which uses high pressure air as a driving gas and nitrogen as a cooler.

A description of its main characteristics at ambient temperature operating is given at first. Then,
the various aspects of its transformation for a low temperature operating are analysed : modifications of
the circuit - thermal insulation technique - liquid nitrogen injection - regulation systems - cryogenic
operating node and expected performances.

RESUME

On pr~sente le projet d'une nouvelle soufflerie cryoginique A rafales, la soufflerie A induction T2
de l'ONERA/CERT, qui utilise l'air I haute pression come gaz moteur, et l'azote come fluide rdfrigdrant.

On donne d'abord une description de see principales caractdristiques dans le fonctionnement A tem-
p6rature ambiante. On analyse ensuite lea diffirents aspects de so transformation pour un fonctionnement A
bass. tempfrature : sidifications du circuit - technique d'isolation thermique - injection d'azote liquide-
systlme de r&gulation - mode opfratoire cryogfnique et performances attendues.

1. INTRODUCTION

The solution selected by ONERA to provide itself with a cryogenic facility within reasonable delays
and cost, is to adapt the existing transonic injector driven tunnel T2 for a short cryogenic runs operating.

This wind tunnel was installed and has been operating now at the ONERA Toulouse Research Center
since 1975.

At that time AGAID considered a Large European High Reynolds Number Tunnel (LEHRT) which should
permit to attain full scale Reynolds numbers by means of pressurization, and three main projects have been
developped:

- The Ludwieg Tube, from DFVLR, Germany,

- The Evans Clean Tunnel, from RAE, Greet Britain,
- The Injector Driven Tunnel, from ONERA, France.

With a run duration of 30 seconds (at maximum mass-flow),
a test section of 40 x 40 cm,
a Mach number from 0.3 to I.1.
a stagnation pressure from 2 to 5 bars,

the T2 wind-tunnel represents about the one tenth scale pilot unit of the ONERA project for the Large
European Wind Tunnel.

A description of its main characteristics at ambient temperature operating, is given in the first
part of this paper.

The simple idea which led us to T2 cryogenic adaptation, was to combine a cryogenic operating with
an induction one, in the hope that the small duration of the flow will only provide a small diminution of
temperature of the circuit walls.

Systematic tests made on a small pilot facility, and described in a first paper , have confirmed
that such a solution was feasible and have permitted to define the solutions to be hold for the cryogenic
adaptation of the T2 wind tunnel. The various aspects of this adaptation, as well as the cryogenic opera-
tin$ mode and the expected performances, are analysed in the second part of this lecture.

2. THE WIND-TUNNEL MAIN CHARACTERISTICS AT AMBIENT TEMPERATURE OPERATING

2.1. Aerodynamic Circuit - Power Supply Facilities

T2 is a transonic closed return circuit wind-tunnel, which consists of the components shown in
figure II. ......---



- There is at first the stilling chamber, 1.8 by 1.8 meter cross-section, fitted out with honey-
comb and grids, and surrounded by a cylindrical shell which supports the pressure forces,

- then the convergent, with a contraction ratio of 20, also contained in a conical shell,
- the test-section, 0.4 by 0.4 meter,equipped with solid walls for the results thereafter presented,
- it is ended with a second throat, which can be choked for Mach numbers above 0.6.

FIGURE 1 Wind Tunnel T2 General Lay out.

T2 is an induction driven tunnel, and a first characteristic aspect is that the driving air injec-
tion is provided through the first corner turning vanes trailing edges. The injection involves seven two-
dimensional jets which rapidly mix with the induced flow in a mixing chamber. So the emission of jet noise
is located far from the test section, and essentially directed towards the return circuit, this being pro-
pitious to a damping of acoustic fluctuations.

The second typical aspect is that the flow removal is located just upstream of the injector. Taking
advantage of the pressure level in the tunnel, it is simply performed through the porous walls of a rectan-
gular cross section duct acting as a diffuser after the test section. The interest is that the injector has
to drive only the difference between the mass flow in the test section and the removed mass-flow, also that
the suction of the wall boundary layers reduces the total pressure loss of the circuit.

After the mixing chamber comes the second diffuser, which leads to about Mach number 0.3, and after
it, the low velocity return circuit closing the tunnel.

The power supply facilities, also schematised in figure I, include the following components
- a compressor, providing about 0.5 kg/second mass flow at 80 bars,
- a tank of 45 m3 for the storage of compressed air,
- a heater for maintaining the injection total temperature near the ambiant,
- a pressure reducer provided with a regulation system insuring a constant injection pressure

using a laminating concept, it generates a low noise level,
- exhaust pipes and valves, ended by a general valve and a sound-proof exit system.

2.2. - Multi-Injector Turn Vanes System

The choice of the injector parameters I rpH P eUqa AIR
resulted from a thorough discussion of an in-
jector drive system, based on the equations
and parameters which were presented in paper
13, and which led to the choice of a reaso-
nable compromise between high efficiency and
aerodynamical or technological requirements. 04.

As concerns the induced flow, a com-
promise between a velocity sufficiently high -----
for having a good efficiency and the neces-
sity to avoid supersonic flows development
between the vanes, led us to choose an indu-
ced flow Mach number MI - 0.6.

As concerns the driving flow, the ef-
ficiency obviously increases with the jet I
pressure, but it is necessary on the other
hand to limit the storage pressure at a reaso-
nable value. The jet Mach number, 1.6, was
therefore the result of another compromise.

The last parameter is k , the injec- FIGURE 2 Injector Corner System.
tor exit to mixing cross section area ratio.
It appeared very important to provide for its
variation, in order to study its true in-
fluence on performances and flow qualities.
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As shown in figure 2, the solution held for this variation, was to partition the inside of each vane so
as to form 14 little nozzles giving the required Mach number 1.6, and to supply them with compressed air
by groups of 3 or 4, separately.

2.3. Performances and Flow Qualities

Two main parameters influence directly the performances of the wind tunnel, as well as its flow
qualities.

At first there is the area ratio between the mixing chamber and the driving gas injection sections,
the value of which is very important for optimizations. Let us note that an interesting particular func-
tionning can use the value of A which realises the equality between jet and induced flow static pressures
avoiding the formation of shock systems, this "adapted injection" has the advantage of reducing the jet
noise.

The second important effect is that of the sonic throat, put at the rear of the test section. It
influences mainly the flow qualities in preventing the jet noise from travelling upstream to the test sec-
tion ; but it proved necessary to have a carefully shaped second throat, with a limited supersonic expan-
sion, giving Mach number, say, r-t higher than 1.15. Then it was possible to limit the additional loss due
to the second throat, and use it at test-section Mach numbers from 0.6 to 0.9.

Figure 3 is concerned with the drive system
performances, that is, with the entrainment ratio
defined as the ratio of the test section mass flow to
the injected mass flow, and with the required jet to
induced flow pressure ratio.

The influence of the area ratio A has been
studied, in varying the number of the injector drive 7 A20
nozzles. Finally a configuration with A - 29 and
the second throat choked has been retained for test
section Mach numbers between 0.6 and 0.9. 6

It can be said that the performance is good,
since we have an entrainment ratio of the order of 8 1. .
while the required pressure ratio is about 3.5. 05 06 M OA 09

Also is shown the influence of the area
ratio : a smaller A gives a decrease of the en- P.
trainment, but requires a lower pressure ratio.

Mbeycriterion 
mom

.................. :. H

05 a 06 07 0.8 09

FIG. 3 Drive Sy.ten Prfoivrano.

Within the qualification tests requirements

M.46 which were asked to the three candidate tunnels for
0 t.Mnu LEHRT, we made a thorough analyzis of the T2 wind

g n ' , e; tunnel flow fluctuations.

Thanks to a carefully shaped second throat,
and to an optimization of the area ratio and the jet

1 nozzles configuration, it was possible to reduce con-
U Stilling Chamber siderably the fluctuations and obtain finally results,

4 f examples of which are shown on figure 4.
The pressure fluctuations spectra measured

* at the test section wall are given with the conven-
tional coordinates,e and F, reduced frequency and

6 reduced pressure fluctuation.
Test sectione At high frequencies, the noticeable fluctua-

__ tion increase obviously arises from the walls bounda-
1 Mry layer noise. The level remains low up to a reduced
0 at UA 01 OA 1.0 frequency 1 - I, that is in the frequency range where

the flow fluctuations may have effect on the main phe-

PZG. 4 Pressure and Velooity Fluotuation. nomena (buffet, flutter...) to be studied in transonic
aerodynamics.

Qualities obtained for the flow then appear
compatible with the requirements which were asked at

that time for the turopean Wind Tunnel. Stress is made of these requirements strictness : the required
level is such more stringent than Mabey's criterion which is often used for normal wind tunnels.

Below is shown the longitudinal turbulence intensity measured in the stilling chamber and in the
test section. Quite independent from Mach number, the turbulence remains at low levels, one thousands order
in the test section.
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2.4. Wind Tunnel Equipments

The wind tunnel T2 is used mostly as a research unit, devoted to point out and to specify the
detailed characteristics of subsonic transonic flows, for example in elaborate studies which sould give
the necessary elements for assessing theories and calculation methods of viscous and non viscous flows.

To that effect, the wind tunnel has been equiped with various measurements devices, especially
with short response time probes. These are notably static and total pressure probes with incorporated
Kulite transducers. Their response time is sufficiently short to allow a fast probe translation, and ex-
plore for example a boundary layer in a single 30 to 60 seconds run, with a good accuracy.

Detailed boundary layers and wakes probings are currently performed for steady and unsteady
flows on two dimensional airfoils and swept wings.

Problems related with wall corrections have been particularly studied, and the T2 wind tunnel has
been fitted with self-adaptive walls.

These are flexible solid walls, with a small thickness, which can be adjusted to take the shape
that would have the model streamlines in unlimited flow.

For this, a measurement of the pressure and
wall direction gives the two components of the flow
velocity along the wall. A calculation of the exter-
nal transonic flow field is joined, which allowr to
specify the conditions we should have at the wall in
unlimited flow. Then the wind tunnel and the compu-
ter work simultaneously in an iterative process
which leads to the shape of the unlimited flow
streamlines.

A photograph of the adaptive walls installed
in the T2 test section is shown figure 5 ; each wall
is distorted by 16 hydraulic jacks, monitored by a
micro computer. i

Using a NACA 0012 airfoil, a systematic imple-
mentation study has been carried out. A good conver-
gence towards the unlimited flow conditions could be
realised, at various Mach numbers and pitch angles. PIG. .5 Self-Adqptive Wait.
The study underlined the capital influence of adapta-
tion on measured transonic flow characteristics,
shock wave location, drag and lift...

3. CRYOGENIC ADAPTATION

Coming now to the cryogenization of the wind tunnel, let us recall the two main aspects of the
solution, which were underlined with the tests made in the pilot unit T'2 :

- A very favourable influence, with respect to the driven gas mass flow rate, of a driving gas
temperature superior to that of the driven flow ; i.e injection of driving air at room tempera-
ture and cooling of the flow with a quick supply of liquid nitrogen in the return circuit.

- A very good thermal protection of the metallic walls with a thin inner insulating coating. Du-
ring the 30 to 40 seconds run, tie metal remains at room temperature, while the surface tempera-
ture of the insulating material falls down very quickly to a value practically equal to the
adiabatic wall temperature.

Modifications to be brought to the wind tunnel circuit resulted both from this cryogenic operating
mode, and from the analysis of some safety requirements imposed by a circuit made in ordinary steel, for
which a low temperature operating had not been originally foreseen.

Most of the circuit components remain in fact practically unchanged : the low velocity return
circuit, the stilling chamber, the test section and the injector corner will be lined simply with an in-
ternal thermal insulator layer, with a thickness of 5 to 10 millimeters.

The components to be rebuilt are the following:

There is at first the part of the circuit which comes after the injector corner ; taking account
of the informations given by the T'2 tests, we shall have the liquid nitrogen injection immediately after
the injector corner, with a peripherical injector system. For safety reasons, it has been decided to change
also the second diffuser and the second corner, and make them in stainless steel.

There is also the exhaust chamber, which has to work now at low temperature, with an exhausted mass
flow rate practically doubled with respect to the ambient temperature operating. Also will be described how
it has to be equipped with a control system for regulating the tunnel pressure.

3.1. Thermal Insulation Technique

Some generalities about the requirements concerned with the insulating materials which can be
appropriate to our problems are given at first :

- They must have a good compressive strength ; we have to run the tunne, up to 5 bars,
- Also a good fatigue strength to pressure load and temperature cycles is required ; the pres-

sure will vary from atmospheric to several bars, the temperature from ambient to cryogenic
at the beginning of each run, and conversely at the end, this in a few seconds.
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We can distinguish the low velocity return circuit, and the high speed parts, where problems are
somewhat different.

In the return circuit the velocity is sufficiently low to tolerate some surface roughness. We can
find a material with a very low conductivity and a low heat capacity which insures a good thermal protec-
tion as well as a quick establishment of the surface temperature.

In the high speed parts, the heat transfer is higher and the wall temperature establishment is
more rapid a priori, but a problem is to have limited friction losses and to insure good junctions, for
example between walls and windows of the test section. The insulant must have a sufficiently smooth sur-
face, and this can lead us to be a little less exigent about its thermal properties.

Using the heat transfer calculation method which was presented in the first paper I
, systematic

calculations have been performed, in order to show in evidence the behaviour of internal insulants as
function of their thermal properties.

Examples of results concerned with an insulant of a given thickness protecting the steel shell of
the low velocity return circuit are shown in figure 6. 0n the left is shown the influence of thermal con-
ductivity when keeping the heat capacity constant, on the right the influence of heat capacity with an
assumed constant thermal conductivity.

The dotted line represents the flow temperature, assumed to fall down to 120"K in about 10 seconds.
The wall temperature evolution is shown and the corresponding heat transfer is given below.

TO A) anflumne. of A TO ) Influence of pcT(K) A)n. . xT (K) )nr o
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Two main aspects of the internal insulation are underlined

- Although the rigorous establishment to the adiabatic wall temperature should be obtained in an
infinite time, there exists for the short flow duration considered, some kind of steady state
regime, where the wall temperature and the heat flux attain and keep a practically constant
value. For this first established regime it is observed that the wall temperature is all the more
near the flow total temperature, and the heat flux all the less important, as the thermal conduc-
tivity is lower.

- But the time taken to attain this pseudo-established regime also depends on the thermal characte-
ristics ; at fixed heat capacity it increases with a decreasing conductivity ; at fixed conducti-
vity it also increases with an increasing heat capacity.

It is obvious that such calculations are very useful for choosing among various insulants a best
compromise. Some.aterials which could be used in the T2 insulation are listed in the following table.
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CTHERMAL CHARACTERISTICS
( I . CAN BE USED FOR )( AT OC

INSULATION I' I. I SPEEDRVASTECIS
C LOW SPEED HIGH SPEED SPCA

PARTS PARTS :PARTS

(Klegecell I . I .I*Good thermal characteris-
((P.V.C. foam)! 0.G2 0.094 0.223 I X X I tics.

I . I .Failures under strong
( I . . . I gradient.)

----------------- T----------- --------------------------- ------------- -----------)
(Special cork! It Es to set up.1 0.07 0.846 0.085 1 . X I Es((norcoat) I .I-*Smooth surface.

(-------- --------------- ------------------- ----------------------- --------------- )

(foamrthn 0.03 0.075 0.44 I X . X I*Can be injected.

((PltalfCE 0.06 1.890 0.03 !X K X Expensive material.

Te.3 225f0lon. Useful in a lot of cases((PTFE) 0.).57 01
I but high conductivity.

------------------------------- ----------- ---------------------- ----------------------------- )
(Polyurgthane II)
((cotng 0.13 1.410 0.10 X Thin layer protection.

(HB fuller)
J --- ---

3.2. Liquid Nitrogen Injection-Device

It has been shown by the teats performed in the pilot rig T12 that a substantial improvement of the
flow qualities are obtained when locating the nitrogen injection as far as possible upstream of the test
section, and improving the vaporization process at injection.

Exactly as in T'2, the injection in T2 will be performed just after the driving air injector corner,
in the chamber where the mixing between driving and driven flows in carried out.

A peripherical liquid nitrogen injection has been chosen. It is performed along two circle lines
along which are distributed 16 spray nozzles supplied separately with liquid nitrogen (Figure 7).

0I. In4. t at' Em nt r

PIG. ~ ~ ~ ~ ~ ~ ~ la 7 hnvhroa iE necinDeie
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Each of them can be open or closed by its own electrovslve and they have different diameters giving
individual progressive mass flow rates. This permits to estab'ish the laws to be chosen for the total ni-
trogen mass flow, for conveniently regulating the flow temperature during the run. The resolution is 1/1000
of the total nitrogen mass flow rate, this one being of 10 tu 20 kg/second.

The whole system is isolated thermally from the external medium by means of an envelop surrounding
the circuit component and filled with insulating balls.

Some details about each injector element are shown on figure 8.

For limiting the thermal losses, the internal
wall of the nitrogen injection chamber will be coated Pressure
with some adequate thermal insulating material. An AdIc0
insulating ring also separates the spray nozzle from 190ve
the metallic shell.

Storage
Each individual electrovalve has its own pur-

ging pipe, permitting the injection device to be
cooled up to here before the run ; the remaining me-
tallic spray nozzle has a sufficiently small mass to
be rapidly cooled by conduction at the beginning of LN2
the run.

Finally there is a flexible coupling connec- 3 bars
ting each injector with the nitrogen supply pipe.

Spray nozzles will have flat or axisymmetric S10RAGE TAW
jets, with a diameter of I to 5 millimeters. 

Flow

) Metow

r ---- -- ---

A schematic diagram of the system which sup- Presur
plies the injectors with liquid nitrogen is shown in drpp e
figure 9.

The storage tank is predicted to have a 20 m3
volume. It supplies a run tank with a 2 m3 volume,
largely sufficient for two runs at maximum nitrogen Co-ue
consumption : the run tank is pressurised up to 18 cotlctro.
bars, using gaseous nitrogen. €t

The injection is accomplished, as said pre-
viously, through 32 spray nozzles, each of one being
controled by its nwn electrovalve.

The pipe between run tank and injectors has
a 15 cm diameter, giving a low pressure loss. A flow-
meter is located just after a safety valve permitting PIG. 9 Liquid Nitrogen Supply Syste.
to stop the nitrogen supply. A pressure drop valve
could be used in addition to the injectors electro-
valves, for the nitrogen mass flow regulation.

3.3. Exhaust System - Regulation Diagram Exhaust

Figure 10 gives a sketch of the first dif- ---
fuser, which is the component through which is
exhausted a fluid quantity corresponding to the in- lru
jected driving air and liquid nitrogen, and which is a
located just after the test section, between the se-
cond throat and the injector corner.

The exhaust is performed through porous bronze
walls, of which the porosity has been chosen notably
to avoid recirculation from the plenum chamber.

There are four exhaust pipes (30 cm diameter)
gathered in a collector pipe, before separating the
flow in two parts :

- A pipe taking the mast important part of the
mass flow : 3/4 of the total exhausted mass
flow when its pre-positioning valve is comple-
te ly o pe n . Val "

- A regulating pipe with a system of eight elec-
trovalves giving a series of different and so-
dulated mes flow rates and allowing to regu-
late the exhausted mass flow as function of
the wanted flow conditions, mainly the test
pressure.

Finally, a synthetic diagr4m sumarizing the Va
various regulation components which are involved in
the tunnel control is shown in figure I). - atmospher

The three flow parameters are the Mach number
and the total pressure and temperature. PIG. 10 : lhauat S1 tm.
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The Mach number is defined by the second
throat area.

The total pressure and temperature have to
be established at the wanted values and kept cons- W
tant during the run by the control system.

The control system comprises three main
components : 

k~ = - 9 - "

-The driving gas injection control, involving [
the pressure reducer which insures a regulated
constant pressure by using a laminating concept
for generating only a low noise level. This
pressure reducer is followed by the multi vanes
system which distributes the mass flow through
the various corner vanes trailing edge nozzles.

- The liquid nitrogen control, involving adjust-
ment of the run tank pressure and regulation of FIG. 11 Tunnel Control Diagram.
the nitrogen mass flow rate using the various
spray nozzles electrovalves.

- The exhausted flow control, with the main valve pre-,,ositioning and the control of the regulating by.
pass flow by the series of eight electrovalves.

3.4. Possible Operating Modes

It has been shown in paper 131, that the theoretical methods we developped for flow establishment
calculations, could be controled very reasonably by the experiments carried out in the T'2 pilot unit. This
gave us a very useful tool for predicting and optimizing the cryogenic operating mode to be hold for T2.

Figure 12 a represents the results of flow
establishment calculations which correspond to a
case in which : the driving gasinjection mass flow O(k9A) Q(kq
Qi being assumed to be established at its nominal iJ T
value, the cooling is insured by a very fast liquid -

nitrogen process. .. .LN2

The dotted lines correspond to a nit-ogen 10I
mass flow established instantaneously to its nominal
value. We remember that this led in T'2 to an esta- -f,-
blishment of flow temperature in 6 to 8 seconds. As o 0 5 10 0 S 100

this establishment time is essentially proportional 2" dso, Mmh-b

to the circuit length, we would have in T2 a much hh MO-No

too long tine, 20 to 25 seconds.

The solution for decreasing the temperature a .e0
establishment time can be to have a liquid nitrogen
mass flow overshoot at the beginning of the run.
The calculation represented by the full lines in
figure 12a, shows that it seems possible effectively
to establish the flow temperature in not more than 8
to 10 seconds in T2, with a moderate and acceptable
nitrogen over.flow. '.

Ta..pe. 
tWK u2Vav

A second type of operating wh.ch can be con- -- ') *
sidered, consists in starting the ru-a with a much 0 s 10 I
lower flow Mach number, that is to say with a dri-
ving gas mass flow having at first a low value
(Figure 12b).

The temperature is decreased by injecting at FIG. 12 Possible Operating Modes.
the same time a liquid nitrogen mass flow which cools
the flow appreciably. Finally the driving gas and ni-
trogen flow rates are increased simultaneously and
the flow establishes at the wanted pressure and Mach
number.

This second type of operating may offer the advantage of involving a somewhat lower nitrogen con-
sumption. Its main interest is to establish the temperature rapidly, while the other characteristics, es-
pecially the flow pressure, are established in a more progressive way.

3.5. Expected Performances and Corresponding Consumptions

The last two figures show the operating envelope extension that brings the T2 cryogenic adaptation,
and the price which has to be paid for this extension.

It has been said that two-dimensional airfoils having a 10 cm chord are studied currently in T2
test section, thanks to its equipment with self-adaptive walls.

It does not seem that major problems will be encountered for also using self-adaptive walls at low
flow temperatures ; the Reynolds number based on a 10 cm length is given in figure 13, as function of Mach
number and stagnation pressure, at ambient operating and at 120K.

. ... . I.. .. '.. . . . . . . . .... , .. ...... . . . k .. .. .. __ ... .. ±Z -'A
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We could obtain in the transonic flow range a Reynolds number varying from 2 to more than 20

millions, an interesting performance for a wind tunnel which is yet a small facility.

The price to be paid is concerned mainly with the nitrogen consumption.

Taking for example the conditions :

Mach number 0.8 - total pressure 4 bars - total temperature 120*K, we reckon the nitrogen consump-
tion to be about 15 kg/s in established flow (300 kg for 20 seconds) plus 20 kg/s during a 8 seconds flow
establishment, which can give an overall consumption of 500 kg per run within the previously stated condi-
tions.

Finally we compare in figure 14 the nitrogen consumption of the cryogenic induction driven tunnel,
with the direct blow-down tunnel and with the continuous flow fan driven tunnel.

The conclusion is that the cryogenic induction driven tunnel stays in an honourable position bet-
ween these two other solutions.
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INTRODUCTION

For the purpose of this bibliography, a cryogenic wind tunnel is defined as one

which operates with test gas stagnation temperatures below 150 K. The intent is to list
publications that might be useful to persons interested in building or using a cryogenic
wind tunnel. Also included are some publications of historical interest that are directly
related to key events in the evolution of the cryogenic wind tunnel. The arrangement is
chronological by date of publication.

Considerable effort has been made to include the relevant literature. Some relevant
papers have not been included due to the fact that they are not generally available. It is
hoped that these papers will eventually be published in the open literature where their

contribution will be available to all.

As is the case in any rapidly growing field, omissions will occur due to oversight. It
is hoped that omissions of this type will be called to the attention of the compilers so
that subsequent updated versions may be more nearly complete and, therefore, more
useful.

There are several books, papers, and bibliographies that, although not dealing directly
with cryogenic wind tunnels, have been found to be useful sources of information. These
items have been added to the end of this bibliography as citations 118 through 124.

An author index is included at the back of this paper.

In many cases, abstracts used are from the NASA announcement bulletins "Scientific

and Technical Aerospace Reports" (STAR) and "international Aerospace Abstracts"
(IAA). In other cases, authors' abstracts were used. License was taken to modify or
shorten abstracts, using only parts pertinent to the subject of the bibliography. If a
paper has appeared in several forms, mention is made of this fact. Accession numbers,
report numbers, and other identifying information are included in the citations in order

to facilitate the filling of requests for specific items.

When requesting material from your library or other source, it is advisable to include
the complete citation, omitting the abstract.

Availability sources of the different types of materials are given below:
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Acquisition Number Type of Material Source

A xx-xxxxx Published literature American Institute
available from AIAA of Aeronautics and
or in journals or Astronautics
conference, etc., Technical Information Service
as indicated. 750 Third Avenue

New York, NY 10017

B xx-xxxxx Tech Briefs (NASA) National Technical
Information Service

5285 Port Royal Road
Springfield, VA 22161

N xx-xxxxx Report literature National Technical
available from NTIS as Information Service
shown in the citation. 5285 Port Royal Road

Springfield, VA 22161

Otherwise Available from NASA Scientific and
NASA, STIF. Technical Information

Facility
P.O. Box 8757
B.W.I. Airport, MD 21240

A "#" after an acquisition number (A xx-xxxxx or N xx-xxxxx) indicates that the
document is also available in microfiche form.
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Contract NASA-MSC-T-1813A. (Available from U.S. Center in a cryogenic low-speed continuous-flow tunnel and
Government Printing Office. Washington. D.C. 20402. in a cryogenic transonic continuous-flow pressure tunnel have
Catalog #C13.46:648). demonstrated the predicted changes in Reynolds number,

Tables of thermophysical properties of nitrogen are drive power, and fan speed with temperature, while operating

presented for temperatures from the fusion line to 3500 R with nitrogen as the test gas. The experiments have also

for pressures to 3000 psia, and from the fusion line to 1500 demonstrated that cooling to cryogenic temperatures by
R for pressures above 3000 psia to 150,000 psia. The tables spraying liquid nitrogen directly into the tunnel circuit is

include values of entropy, enthalpy, internal energy, density, practical and that tunnel temperature can be controlled

specific volume, velocity of sound. specific heats (Cv and within very close limits. Whereas most types of wind tunnels

Cp). thermal conductivity, viscosity, thermal diffusivity, could operate with advantage at cryogenic temperatures, the
Prandtl number, and the dielectric constant for selected continuous-flow fan-driven tunnel is particularly well suited
isobars. Additional tables are included for values of: to take full advantage of operating at these temperatures. A
(aP/aV)T. (aP/1T)p, V(aH/V)p, (/aU)v, V(aP/aV)T. and continuous-flow fan-driven cryogenic tunnel to satisfy

(aV/aT)p. which have special utility in heat transfer current requirements for test Reynolds number can be
calculations. Tables of selected isobars for the liquid and constructed and operated using existing techniques. Both
vapor phases, and for the saturated vapor and saturated liquid capital and -3perating costs appear acceptable.
are included. An equation of state is presented for liquid and *NASA, Langley
gaseous nitrogen for the temperature and pressure ranges of
these tables. In the determination of the equation of state, all
of the P-p-T (pressure-density-temperature) data available 11 *Wilson. John F.; *Ware. George D., and *Ramsey.
from the published literature were reviewed, and appropriate James W.. Jr.: Pilot Cryo Tunnel: Attachments, Seals, and
corrections made to bring experimental temperatures into Insulation. Presented at the ASCE National Structural
accord with the International Practical Temperature Scale of Meeting, Cincinnati, Ohio. April 22-26. 1974. (Available

1968. The coefficients of the equation of state were STIF).
determined by a weighted least squares fit to selected P-P-T This paper describes !ests performed in evaluation of
data and simultaneously to Cv data determined by flange attachments, seals, and the structural support
corresponding states analysis from oxygen data, and to data insulation for a pilot cryogenic wind tunnel. The overall
which defined the phase equilibrium criteria for the saturated dimensions of the pilot tunnel are 9.9 meters long, 3.7 meters
liquid and saturated vapor. A vapor pressure equation, high. and 1.2 meters maximum diameter, with a 0.34 meter
melting curve equation, and an equation to represent the octagonal test section, and a 12/1 contraction ratio. The
ideal gas heat capacity of nitrogen are also presented. The fan-driven closed circuit tunnel at NASA Langley Research
equation of state is estimated to be accurate to within 0.5 Center was designed for operation at clyogenic nitrogen
percent in the liquid region, to within 0.1 percent for temperature and required knowledge of material behavior
supercritical isotherms up to 15,000 psia. and to within 0.3 and performance in addition to that available from the
percent from 15,000 to 150,000 psia. The vapor pressure literature. The design conditions for the tunnel are pressures
equation is accurate to within ±0.01 K between the triple up to 5 atmospheres (507 kPa) and temperatures from 78 K
point and the critical point. (-3200 F) to 322 K (+1200 F). The cold temperature, in

*Nat. Bur. Stds.. Boulder Labs., Boulder, Colorado 80302 conlunction with the pressure, required tests and studies in
the following areas Compatible bolting, adequate sealing.

9 *Kilgore. R. A.; *Adcock, J. B.; and *Ray, E. J.: Flight and effective insulating materials.

Simulation Characteristics of the Langley High Reynolds *NASA, Langley
Number Cryogenic Transonic Tunnel. AIAA paper 74-80,
12th Aerospace Sciences Meeting. Washington. D.C., Jan.
30-Feb. 1, 1974.9 pp. (A74-20761,. 12 *Ray, Edward J.. *Kilgore, Robert A.; 'Adcock. Jerry

The characteristics of the Langley 34 cm (13.5 in.) pilot B.; and *Davenport, Edwin E. Test Results From the

cryogenic transonic pressure tunnel are described, and the Langley High Reynolds Number Cryogenic Transonic Tunnel.

results of initial tunnel operation are presented. Tests of a AIAA paper 74-631. 8th Aerodynamic Testing Conference.

two-dimensional airfoil at a Mach number of 0.85 show Bethesda, Md., July 8-10, 1974. Also, Journal of Aircraft,

identical pressure distributions for a chord Reynolds number vol. 12. no. 6. June 1975. pp. 539-544. (A74-353954A.

of 8,600,000 obtained first at a stagnation pressure of 4.91 NASA has recently developed and proof tested a pilot
atmospheres at a stagnaton temperature of +1200 F and cryogenic transonic pressure tunnel. In addition to providing
then at a stagnation pressure of 1.19 atmospheres at a an attractive method for obtaining high Reynolds number
stagnation temperature of -2500 F results at moderate aerodynamic loadings and tunnel power.

'NASA Langley this unique facility enables the independent determination of
the effects of Reynolds number, Mach number, and
aeroelasticity. The proof-of-concept experimental and

10 *Kilgore, Robert Ashworth The Cryogenic Wind theoretical studies are briefly reviewed. Experimental results

Tunnel for High Reynolds Number Testil.l Southampton are included which indicate pressure distributions for a
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two-dimensional airfoil and strain-gage balance characteristics to be insignificant for operating pressures up to la atm. The
for a three-dimensional delta wing model. characteristics of the Langley pilot transonic cryogenic
*NASA, Langley tunnel are described and the results of initial tunnel

operation are presented. Tests of a two-dimensional airfoil at
13 'Polhamus, E. C.. *Kilgore, R. A.; *Adcock, J. 8., and a Mach number of 0.85 show identical pressure distributions
'Ray. E. J. The Langley Cryogenic High Reynolds Number for a chord Reynolds number of 8,600,000 obtained first at a
Wind.Tunnel Program. Astronautics and Aeronautics. vol. 12, stagnation pressure of 4.91 atm at a stagnation temperature
no. 10. Oct. 1974, pp. 30-40. (A74-45305.0. of 322.0 K and then at a stagnation pressure of 1.19 atm at a

stagnation temperature of 116.5 K.
A pilot version of a new type of transonic tunnel was

placed in operation in the fall of 1973. In the tunnel the NASA. Langley
cryogenic method is used to obtain a high Reynolds number.
The cryogenic concept employs low temperatures to increase 16 *Adcock. Jerry B. *Kilgore. Robert A.. and *Ray,

the Reynolds number through reducing the viscous forces Edward J. Cryogenic Nitrogen as a Transonic Wind-Tunnel
rather than increasing the inertia forces. The cryogenic Test Gas. AIAA Paper 75-143, 13th Aerospace Sciences

approach offers the desired Reynolds-number increase with Meeting, Pasadena. Calif. Jan. 2022. 1975. 9 pp.
no increase in dynamic pressure, and therefore no increase in (A75-18341 #.

model loads, A series of aerodynamic experiments have been The test gas for the Langley Pilot Transonic Cryogenic
made in the pilot tunnel to confirm the cryogenic concept at Tunnel is nitrogen. Results from analytical and experimental

transonic speeds. A brief description is given of the project studies that have verified cryogenic nitrogen as an acceptable
for a large tunnel which has evolved from the investigations, test gas are reviewed. Real-gas isentropic and normal-shock

NASA, Langley flow solutions for nitrogen are compared to the ideal
diatomic gas solutions. Experimental data demonstrate that

14 *Kilgore, Robert A.. *Goodyer, Michael J., *Adcock, for temperatures above the liquefaction boundaries there are

Jerry B., and *Davenport, Edwin E. The Cryogenic Wind no significant real-gas effects on two-dimensional airfoil

Tunnel Concept for High Reynolds Number Testing. pressure distributions. Results of studies to determine the

NASA-TN-D-7762, Nov. 1974. 96 pp. (N 75-12000#. minimum operating temperatures while avoiding appreciable

Available NTIS). effects due to liquefaction are included.

Theoretical considerations indicate that cooling the *NASA, Langley

wind-tunnel test gas to cryogenic temperatures will provide a
large increase in Reynolds number with no increase in 17 "Reubush, David E.. The Effect of Reynolds Number

dynamic pressure while reducing the tunnel drive-power on Boattail Drag. AIAA paper 75-63, 13th Aerospace

requirements. Studies were made to determine the expected Sciences Meeting. Pasadena, Calif.. Jan. 20-22, 1975. 7 pp.

variations of Reynolds number and other parameters over (A75-18286#).

wide ranges of Mach number, pressure, and temperature, with An investigation has been conducted in the Langley pilot
due regard to avoiding liquefaction. Practical operational transonic cryogenic tunnel to determine the effects of
procedures were developed in a low-speed cryogenic tunnel, varying Reynolds number on boattail drag at subsonic speeds.

Aerodynamic experiments in the facility demonstrated the Six boattailed cone-cylinder nacelle models were tested with
theoretically predicted variations in Reynolds number and the let exhaust simulated by a cylindrical sting. Reynolds
drive power. The continuous-flow-fan-driven tunnel is shown number was varied from about 2.6 million to 132 million by
to be particularly well suited to take full advantage of changing model length and unit Reynolds number. Boattail
operating at cryogenic temperatures, pressure coefficient distributions show that increasing

*NASA, Langley Reynolds number tends to make the pressure confficients in

the expansion region more negative and the pressure
coefficients in the recompression region more positive. These

15 *Kilgore, Robert A.; *Adcock, Jerry B.; and *Ray. two effects were compensating and as a result there was little
Edward J.. Simulation of Flight Test Conditios in the or no effect of Reynolds number on the pressure drag of the
Langley Pilot Transonic Cryogenic Tunnel. isolated boattails.
NASA-TN-D-7811; Dec. 1974. 24 pp. (N75-12001#
Available NTIS). *NASA. Lanqley

The theory and advantages of the cryogenic tunnel 18 *Ray, Edward J., *Kilgore. Robert A.. Adcock. Jerry
concept are briefly reviewed. The unique ability to vary .. and *avenport Edwin . Analysis of Valiation Tet
temperature independently of pressure and Mach number of the Langley Pilot Transonic Cryogenic Tunnel.

allows, in addition to large reductions in model loads and
tunnel power, the independent determination of Reynolds Aa T..
number, Mach number, and aeroelastic effects on the
aerodynamic characteristics of the model. Various A pilot transonic cryogenic pressure tunnel has recently
combinations of Reynolds number and dynamic pressure are been developed and proof tested at the NASA Langley
established to represent accurately flight variations of Research Center. In addition to providing an attractive
aeroelastic deformation with altitude changes. The method for obtaining high Reynolds number results at
consequences of the thermal and caloric imperfections of the moderate aerodynamic loadings and tunnel power. this
test gas under cryogenic conditions were examined and found unique tunnel allows the independent determination of the

-..- .------ - . . . . . r . . . . . .. . .. . . .J 1- I
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effects of Reynolds number, Mach number, and dynamic Flow unsteadiness in wind tunnels is defined and its
pressure {aeroelasticity) on the aerodynamic characteristics importance for aerodynamic measurements outlined. The
of the model under test. The proof of concept experimental principal sources of flow unsteadiness in the circuit of a
and theoretical studies are briefly reviewed. Experimental transonic wind tunnel are enumerated. Care must be taken to
results obtained on both two- and three-dimensional models avoid flow separations, acoustic resonances and large scale
have substantiated that cryogenic test conditions can be set turbulence. Some problems discussed are the elimination of
accurately and that cryogenic gaseous nitrogen is a valid test diffuser separations, the aerodynamic design of coolers and
medium, the unsteadiness generated in ventilated working sections

NASA, Langley (both slotted and perforated).

*Royal Aircraft Establishment, Bedford, England, Structures
19 *Kilgore, Robert A.; and *Kuhn. R. E.: Recent Progress Department
on New Facilities at the NASA Langley Research Center. In
AGARD CP-187, "Flight/Ground Testing Facilities 22 *Mabey.Dennis G. Some Remarks on Dynamic
Correlation," pp. 2-1 through 2-14. Presented at 46th Aeroelastic Model Tests in Cryogenic Wind Tunnels.
Meeting of the Flight Mechanics Panel, Valloire, France, Presented at NASA, Langley Research Center, Sept. 1975.
9-i3 June, 1975. (N76-25269#, Available NTIS). NASA-CR-145029. 39 pp. (N76-78044, Available NTIS).

A new fan-driven highi Reynolds number transonic The application of cryogenic wind tunnels to dynamic
cryogenic tunnel is being planned for the United States. This aeroelastic model tests is the subject of this informal lecture
tunnel, to be known as the National Transonic Facility, will and discussion Emphasis is placed on buffet testing with a
take full advantage of the cryogenic concept to provide an description of two semi-span models that could be tested in
order of magnitude increase in Reynolds number capability the 0.3-m transonic cryogenic tunnel to develop a buffet
over existing tunnels. Based on theoretical studies and
experience with the Langley 0.3-meter Transonic Cryogenic
Tunnel, the cryogenic concept has been shown to offer many *Royal Aircraft Establishment. Bedford. England. Structures
advantages with respect to the attainment of full-scale Department
Reynolds number at reasonable levels of dynamic pressure in
a ground-based facility. The unique modes of operation 23 *Reubush, David E. The Effect of Reynolds Number
which are available on!'V in a cryogenic tunnel make possible on the Boattail Drag of Two Wing-Body Configurations.
for the first time the separation of Mach number, Reynolds AIAA paper 75-1294. 11th AIAA and SAE Propulsion

number, and aeroelastic effects. By reducing the drive power Conference, Anaheim, Calif., Sept. 29-Oct. 1, 1975. 8 pp.
requirements to a level where a conventional fan drive system (A75-45681#).
may be used, the cryogenic concept makes possible a tunnel An investigation has been conducted in the Langley
with high productivity and run times sufficiently long to 0.3-meter transonic cryogenic tunnel to determine the effects
allow for all types of tests at reduced capital costs ind, for of varying Reynolds number on the boattail drag of
equal amounts of testing, reduced total energy consumption wing-body configurations at subsonic speeds. Two boattailed
in comparison with other tunnel concepts. cone-cylinder nacelle models were tested with a 60-deg delta

*NASA, Langley wing at an angle of attack of 0 deg. Reynolds number, based
on model length, was varied from about 2.5 million to 67

20 *Hall, Robert M.: Preliminary Study o the Minimum million. Even though the presence of the wing had large
Temperatures for Valid Testing in a Cryogenic Wind Tunnel. effects on the boattail pressure coefficients, the results of this
NASA-TM-X-72700, Aug. 1975. 125 pp. (N75-28078#, investigation were similar to those previously found for a
Available NTIS). series of isolated boattails. Boattail pressure coefficients in

The minimum operating temperature which avoids real-gas the expansion region became more negative with increasing

effects, such as condensation, was determined at a Mach Reynolds number, while those in the recompression region

number of 0.85 for a 0.137-meter NACA 0012-64 airfoil became more positive. These two effects were compensating,

mounted in the Langley 0.3-meter transonic cryogenic and as a result, there was virtually no effect of Reynolds

tunnel. For temperatures within 5 K of reservoir saturation number on boattail pressure drag.

and total pressures from 1.2 to 4.5 atmospheres, the pressure 'NASA. Langley
distributions over the airfoil are not altered by real-gas
effects. This ability to test at total temperatures below those 24 *Hall, Robert M.. and *Ray, Edward J. Investigation of
which avoid saturation over the airfoil allows an increase in Minimum Operating Temperatures for Cryogenic Wind
Reynolds number capability of at least 17 percent for a Tunnels. AIAA paper 7689. 14th Aerospace Sciences
constant tunnel total pressure. Similarly, 17 percent less total Meeting, Wash., D.C.. Jan. 26-28, 1976. Also, Journal of
pressure is required to obtain a given Reynolds number. Aircraft. vol. 14. no. 6, June, 1977. pp. 560-564.

'NASA, Langley (A76-18781 M.

Total temperatures corresponding to the onset of
21 *Mabey, Dennis G.: Some Remarks on the Design of condensation effects were determined for flow over a
Transonic Tunnels With Low Levels of Flow UfltWdiness. 0.137-m NACA 0012-64 airfoil mounted in the Langley
NASA CR-2722. Aug, 1976, 19 pp. (N79-25039#, Available 0.3-m transonic cryogenic wind tunnel. Tests were carried
NTIS). (Based on a lecture given at Langley on Sept. 15, out at a total pressure range from 1.2 to 4 5 aim and at
1975.) free-stream Mach numbers of 0.75, 0.85. and 0.95 No
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condensation effects were found to occur until total numerically determined by iterating the upstream Mach

temperatures were below those associated with free-stream number and by using a modified interval halving technique.

saturation. Significant increases in Reynolds number may The results obtained are compared with the ideal diatomic

apparently be obtained by operation at wind tunnel gas values and are presented in tabulated form.

temperatures below those associated with local saturation *Old Dominion Univ., **NASA, Langley
over the airfoil but above those where effects first occur. For

the 0.85 and 0.95 Mach numbers the increase in Reynolds 28 *Haut, Richard C.; and **Adcock, Jerry B.: Tables of
number was at least 15% over those achieved at local Isentropic Expansions of Parahydrogen and Related
saturation conditions for the same pressure range. Transport Properties for Total Temperatures from 25 K to

*NASA, Langley 300 K and for Total Pressures from 1 Atm. to 10 Atm.
NASA-TM-X-72826, April 1976. 93 pp. (N76-22489#,

25 * Ludwieg, H.; Grauer-Carstensen, H.; and Lorenz-Mayer, Available NTIS).

W.: The Ludwieg Tube-A Proposal for a High Reynolds The isentropic expansions of parahydrogen at various total
Number Transonic Wind Tunnel. In AGARD-CP-1 74, "Wind pressures and total temperatures were numerically
Tunnel Design and Testing Technology," pp. 3-1 through determined by iterating Mach number and by using a

3-11. March 1976. (N76-25216#. Available NTIS). modified interval halving method. The calculated isentropic

After a brief review of the historical development of the values and related properties are presented in tabulated form,

Large European High Reynolds Number Tunnel (LEHRT) *Old Dominion Univ., *NASA. Langley
and its specifications, the advantages and flexibility of a
Ludwieg tube drive system are outlined. Special emphasis is 29 *Reubush, David E.. and *Putnam, Lawrence E.. An
given to the development of the boundary layer in the charge Experimental and Analytical Investigation of Effect on
tube and its influence on the flow quality in the test section. Isolated Boattail Drag of Varying Reynolds Numbers up to
The theoretical predictions of boundary layer growth are 130,000.000. NASA-TN-D-8210. May 1976. 85 pp.
confirmed by experimental results. An improved prediction IN76-23171#. Available NTIS).
method for the turbulence in the test section is given. Means Auto afectthe urblenc in rderto eet he LHRTAn investigation was conducted to determine whether -

to affect the turbulence in order to meet the LEHAT lreRyod ubrefcsocro sltdbatisrequirements are outlined. After a short review of the large Reynolds number effects occur on isolated boattails.
developments oe otliestmAte s ots reiew disue The investigation included an analytical study and tests in thedevelopment of cost estimates some options are discussed Lnly03mtrtasnccygnctne.Ti
which promise significant reduction in construction costs Langley 0.3-meter transonic cryogenic tunnel. This
without impairing performance. These solutions are the investigation was conducted at an angle of attack of 00 at

Mach numbers from 0.6 to 0.9 for Reynolds numbers up to
application of prestressed concrete for large parts of the 130 x 106. Results indicate that as the Reynolds number was

construction, lowering the stagnation temperature by an increased, the boattail static pressure coefficients in the
amount of approximately 500 C, and operation at cryogenic expansion region of the boattail became more negative

temperatures. whereas those in the recompression region became more

•DFVLR, Goettingen (West Germany). Institute fuer positive. These two trends were compensating and, as a
Stroemungsmechanik result, there was only a small effect (if any) of Reynolds

number on boattail pressure drag.

26 *Kilgore, Robert A.; *Adcock, Jerry B.; and *Ray, *NASA, Langley
Edward J.: The Cryogenic Transonic Wind Tunnel for High
Reynolds Number Research. In AGARD-CP-174, "Wind 30 *McKinney, Linwood W.; and *Howell. Robert R.: The
Tunnel Design and Testing Technology," Mar. 1976, pp. 1.1 Characteristics of the Planned National Transonic Facility. 9th
through 1.20. (N76-25214, Available NTIS). AIAA Aerodynamic Testing Conference, Arlington, Tex., June

Based on theoretical studies and experience with a low 7-9.1976. (A76-38626, pp. 176-184) or (A76-38645*.

speed cryogenic tunnel and with a transonic cryogenic The National Transonic Facility is a high Reynolds number
tunnel, the cryogenic wind tunnel concept has been shown to transonic wind tunnel designed to satisfy the research and

offer many advantages with respect to the attainment of full development needs of NASA, DOD, and industry. The
scale Reynolds number at reasonable levels of dynamic facility design incorporates the cryogenic approach to

pressure in a ground based facility. The unique modes of achieving high Reynolds numbers with manageable model

operation available in a pressurized cryogenic tunnel make loads. By using temperature as a test variable, a unique
possible for the first time the separation of Mach number, capability to clearly separate aeroelastic. Reynolds number,
Reynolds number, and aeroelastic effects, and Mach number effects will be possible. This capability will

*NASA, Langley open new horizons in transonic aerodynamic research. The
tunnel design including unique features and operating

27 'Haut, Richard C.; and *Adcock. Jerry B.: Steady envelopes is described. A brief overview of the general

Nonmal Shock Wave Solution Tables of Parahydrogen for operating arrangement and the schedule for facility

Total Temperatures from 30 K to 290 K and for Total construction is presented.

Pressure from 1 Atm. to 10 Atm. NASA TM X-73899, April *NASA, Langley
1976. 100 pp. (N76-23518# Available NTIS).

The steady normal shock wave solutions of parahydrogen 31 'Kilgore, Robert A.. and *Davenport. Edwin E. Static

at various total pressures and total temperatures were Force Tests of a Sharp Leading Edge Delta-Wing Model at
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Ambient and Cryogenic Temperatures With a Description of is operational, and the design of a cryogenic National
Apparatus Employed. NASA-TM-X-73901, June 1976. Transonic Facility is undertaken. A review of some of the

50 pp. (N76-28159#, Available NTIS). unique capabilities of cryogenic wind tunnels is presented. In

A sharp leading edge delta-wing model was tested through particular, the advantages of having independent control of
an angle-of-attack range at Mach numbers of 0.75,0.80, and tunnel Mach number, total pressure, and total temperature
0.85 at both ambient and cryogenic temperatures in the are highlighted. This separate control over the three tunnel

Langley 0.3-meter transonic cryogenic tunnel. Total pressure parameters will open new frontiers in Mach number,
was varied with total temperature in order to hold test Reynolds number. aeroelastic. and model-tunnel interaction

Reynolds number constant at a given Mach number, studies.

Agreement between the aerodynamic data obtained at *NASA. Langley
ambient and cryogenic temperatures indicates that flows with
leading-edge vortex effects are duplicated properly at 35 *Reubush, David E.: Effect of Reynolds Number on the
cryogenic temperatures. The test results demonstrate that Subsonic Boattil Drag of Several Wing-Body Configurations.
accurate aerodynamic data can be obtained by using NASA TN-D-8238, July 1976, 84 pp. (N76-26157#.
conventional force-testing techniques if suitable measures are Available NTIS).
taken to minimize temperature gradients across the balance An investigation was conducted in a transonic cryogenic
and to keep the balance at ambient (warm) temperatures wind tunnel to determine the effect of varying Reynolds
during cryogenic operation 6f the tunnel, number on the boattail drag of several wing-body

*NASA, Langley configurations. This study was made at 0 deg angle of attack
at Mach numbers from 0.6 to 0.9 for Reynolds numbers up

32 *Lambourne, N. C.: Similarity Requirements for Flutter to 67 million (based on distance from the nose to the start of
and Other Aeroelastic Models in a Cryogenic Wind Tunnel. the boattail). Results indicate that as the Reynolds number
RAE-TM-Struct-888, June 1976. 13 pp. (N77-19083#, was increased the boattail static pressure coefficients in the
Available, NTIS). expansion region of the boattail became more negative while

A consideration of the requirements for aeroelastic those in the recompression region became more positive.
similarity shows that the low working temperature of a Results show that there was only a small effect of Reynolds

similarity shwsuthat the owaworkingpteperatureraf.

cryogenic tunnel and an ability to vary temperature both number on boattail pressure drag.

have potential advantages in regard to the choice of suitable *NASA, Langley
stiffness and density scales for an aeroelastic model. The
advantages are incidental to the main purpose of a cryogenic 36 "Hall, Robert M. An Analysis of Data Related to the
tunnel, which is to achieve high Reynolds numbers. Minimum Temperatures for Valid Testing in Cryogenic Wind

*R.A.E. Farnborough. England Tunnels Using Nitrogen as the Test Gas. NASA-TM-X-73924.
Aug. 1976, 110 pp. iN76-29269#. Available NTIS).

33 - *Adcock. Jerry B.. and *Ogburn, Marilyn E.: Power The minimum operating temperature which avoids adverse

Calculations for Isentropic Compressions of Cryogenic low temperature effects, such as condensation, has been
Nitrogen. NASA-TN-D-8389. Mar. 1977, 15 pp. (Formerly determined at a free stream Mach number of 0.85 for flow
published as NASA-TM-X-73903. July 1976. N76-28516h,, over a 0.137 meter airfoil mounted at zero incidence in the
NASA-NSG-1010. (N77-20378# Available NTIS). Langley 0.3-meter transonic cryogenic tunnel. The onset of

A theoretical analysis has been made of the power required low temperature effects is established by comparing the
for isentropic compressions of cryogenic nitrogen in order to pressure coefficient measured at a given orifice for a
determine the extent that the drive power for cryogenic particular temperature with those measured at temperatures
tunnels might be affected by real gas effects. The analysis sufficiently above where low temperature effects might be
covers temperatures from 80 to 310 K. pressures from 1.0 to expected to occur. The pressure distributions over the airfoil
8.8 atm and fan pressure ratios from 1.025 to 1.200. The are presented in tabular form. In addition, the comparisons
power required to compress cryogenic nitrogen was found to of the pressure coefficient as a function of total temperature
be lower than that required for an ideal diatomic gas by as are presented graphically for chord locations of 0, 25. 50.
much as 9.5 percent. Simple corrections to the ideal gas and 75 percent. Over the 1.2 to 4.5 atmosphere total pressure
values were found to give accurate estimates of the real gas range investigated, low temperature effects are not detected
power values, until total temperatures are 2 K, or more, below free stream

"NASA, Langley saturation temperatures.

,NASA, Langley
34 *Hall, Robert M. Cryogenic Wind Tunnels: Unique
Capabilities for the Aerodynamicist. Presented at the 54th 37 *"Reubush, David E. Experimental Investigation to
Annual Meeting of the Virginia Academy of Science, July Validate Use of Cryogenic Temperatures to Achieve High
1976. NASA-TM-X-73920, 16 pp. (N76-27252#. Available Reynolds Numbers in Boetteil Pressure Testing.
NTIS). NASA-TM-X-3396, Aug. 1976, 35 pp. (N76-30228#

Available NTISI.
The cryogenic wind-tunnel concept as a practical means

for improving ground simulation of transonic flight An investigation has been conducted in the Langley
conditions. The Langley 0.3-meter transonic cryogenic tunnel 0.3-meter transonic cryogenic tunnel to validate the use of

L _'11; 4
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cryogenic temperatures to achieve high Reynolds numbers in NASA, Langley. Oct. 27-28. 1976. N77-27139. pp. 19-51.
nozzle boattail pressure testing. Tests were conducted at 0 (N77-27141# Available NTIS).
degree angle of attack and at Mach numbers of 0.60. 0.85. Activities which led to the definition of the National
and 0.90 on two wing-body configurations with differing Transonic Facility and the general agreements reached
boattail geometries. Test data were obtained by using two regarding its use and operations are reviewed. Topics
different techniques, the cryogenic method and the discussed include: redefinition of test requirements, P
conventional method, to obtain the same Reynolds number, development of low cost options, consideration of a single
Later. the test data obtained from the two techniques on transonic facility using existing hardware if feasible, facility
boattail pressure coefficient distributions and pressure drag concept recommendations, and acquisition schedule
coefficients were compared, results from the comparisons proposals.
show excellent repeatability for all test conditions and
indicate no measurable errors when using cryogenic *NASA, Langley
temperatures to achieve high Reynolds numbers for nozzle
boattail pressure testing. 42 'Kilgore, Robert A.: Cryogenic Wind-Tunnel

*NASA, Langley Technology. In "High Reynolds Number Research." a
workshop held at NASA. Langley. Oct. 27-28, 1976.

38 Goethert, Bernhard H.. Technical Evaluation Report an N77-27139, pp. 53-63. (N77-27142#. Available NTIS).
the Fluid Dynamics Panel Symposium on Wind Tunnel The cryogenic concept and the advantages it offers with
Oeuign and Testing Techniques. AGARD-AR-97, Aug. 1976, respect to achieving full scale Reynolds number in a
23 pp. (N76-30236#. Available NTIS). moderate size tunnel at reasonable levels of dynamic pressure

emphasis are described. Aspects which must be considered during theAdvanced wind tunnel systems are discussed with deeopmtpfafaiithhtasssroencgaeu

on the impact of the cryogenic concept for high performance development of a facility that uses cryogenic gaseous

transonic'wind tunnels. Topics covered include: cryogenic nitrogen as the test gases are examined. These include the

operation, adjustable walls, magnetic suspensions, and laser poete fntoepriual thg rsue
instrumentation, isentropic expansion and normal shock flows in nitrogen. real

gas ratios; and the problem of condensation. Sources of

39 *Haut, Richard C., and *Adcock, Jerry 8.. information on cryogenic technology are cited.

Prandtl-Meyer Flow Tables for Parahydrogen at Total *NASA, Langley
Temperatures from 30 K to 290 K and for Nitrogen at Total
Temperatures from 100 K to 300 K at Total Pressures from 1 43 *Gillespie. Vernon P.. The Design of Models for
Atm. to 10 Atm. NASA-TM-X-73932, Aug, 1976, 194 pp. Cryogenic Wind Tunnels. In "High Reynolds Number
(N76-30497# Available NTIS). Research," a workshop held at NASA, Langley, Oct. 27-28,

The dependency of Mach number on the Prandtl-Meyer 1976, N77-27139, pp. 73-79. (N77-27144#. Available NTIS).

function was numerically determined by iterating the Factors to be considered in the design and fabrication of
Prandtl-Meyer function and applying the Muller method to models for transonic cryogenic wind tunnels operating at
converge on the Mach number for flows in cryogenic high pressures include high model loads imposed by the high
parahydrogen and nitrogen at various total pressures and operating pressures, the mechanical and thermodynamic
total temperatures. The results are compared with the ideal properties of materials in low temperature environments, and
diatomic gas values and are presented in tabular form. the combination of aerodynamic loads with the thermal

'Old Dominion Univ., * *NASA. Langley environment. Candidate materials are being investigated to
establish criteria for cryogenic wind tunnel models and their
installation. Data acquired from these tests will be provided

40 *Howell, Robert R., and *McKinney, Linwood W.. The to users of the National Transonic Facility.

U.S. 2.5-Meter Cryogenic High Reynolds Number Tunnel. *NASA, Langley
ICAS paper 76-04, 10th ICAS Congress, Ottawa, Canada,
Oct. 3-8,1976. 12 pp. (A76-47353#1. 44 *Guarino. Joseph F. Instrumentation and Data

The U.S. 2.5-Meter Cryogenic High Reynolds Number Acquisition Systems. In "High Reynolds Number Research."

Tunnel is a fan-driven transonic wind tunnel scheduled for a workshop held at NASA, Langley. Oct. 27-28, 1976.
operation in 1981. It will operate at Mach numbers from 0.1 N77.27139, pp. 81-101. (N77-27145# Available NTIS).
to 1.2, stagnation pressures from I to 9 bars, and stagnation A comprehensive and integrated measurement system was
temperatures from 352 to 80 Kelvin. The maximum identified and a design and development effort initiated to
Reynolds number capability will be 120 million at a Mach meet the criteria imposed by the National Transonic Facility

number of 1.0 based on a reference length of 0.25 meter. operating environment. Specific measurement areas receiving
This paper describes the basis for the conceptual approach, concentrated attention include data acquisition, force
the engineering design including unique features, and the measurement, pressure instrumentation, flow visualization

performance operating envelopes for the tunnel. techniques, model attitude and model deformation

"NASA, Langley measurement, and temperature measurement. The NTF
instrument complex will be centered around four 32.bit.

41 *Nicks. Oran W. The NTF As a National Facility. In I-microsecond-cycle-time central processing units connected
"High Reynolds Number Research." a workshop held at in a multipoint-distributed network configuration. The

I
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principal activities to be supported by thesr "omputers are Experience with the Langley 0.3-meter transonic cryogenic
(1) data base management and processing (2) research tunnel, which is fan driven, indicated that such a tunnel
measurement data acquisition and display; (3) tunnel and presents no unusual design difficulties and is simple to
model control; and (4) process monitoring and operate. Purging, cooldown, and warmup times were
communication control. The oastributed network approach acceptable and were predicted with good accuracy. Cooling
was chosen to modularize the functional software into with liquid nitrogen was practical over a wide range of
definable and implementable parts by the various groups operating conditions at power levels required for transonic
involved in the design and to permit use of similar hardware testing, and good temperature distributions were obtained by
configurations to improve reliability and maintainability, using a simple liquid nitrogen inlection system. To take full

*NASA, Langley advantage of the unique Reynolds number capabilities of the
0.3-meter transonic tunnel, it was designed to accommodate

45 *Kilgore, Robert A.: The Cryogenic Wind Tunnel. In test sections other than the original, octagonal, three
NASA-CP-2001, Advances in Engineering Science, Vol. 4, dimensional test section. A 20- by 60cm two dimensional

1976, pp. 1565-1581. Presented at the 13th Annual Meeting test section was recently installed and is being calibrated. A

of the Society of Engineering Science. Hampton. Va., Nov. two dimensional lest section with self-streamlining walls and

1-3. 1976. (N77-10368#. Available NTIS). a test section incorporating a magnetic suspension and
balance system are being considered.

Based on theoretical studies and experience with a low

speed cryogenic tunnel and with a 0,3-meter transonic *NASA, Langley

cryogenic tunnel, the cryogenic wind tunnel concept is
shown to offer many advantages with respect to the 48 *Stallings, R. L., Jr.. and *Lamb, M. A Simplified

attainment of full scale Reynolds number at reasonable levels Method for Calculating Temperature Time Histories in
of dynamic pressure in a ground based facility. The unique Cryogenic Wind Tunnels. NASA-TM-X-73949, Dec. 1976, 16

modes of operation available in a pressurized cryogenic pp. (N77-13076#, Available NTIS).
tunnel make possible for the first time the separation of Average temperature time history calculations of the test
Mach number, Reynolds number, and aeroelastic effects. By media and tunnel walls for cryogenic wind tunnels have been
reducing the drive-power requirements to a level where a developed. Results are in general agreement with limited
conventional fan drive system may be used. the cryogenic preliminary experimental measurements obtained in a
concept makes possible a tunnel with high productivity and 13.5-inch pilot cryogenic wind tunnel.
run times sufficiently long to allow for all types of tests at *NASA, Langley
reduced capital costs and, for equal amounts of testing,
reduced total energy consumption in comparison with other

tunnl c nceps49 Adcock, Jerry B.: Real-gas; Effects Assoiated W ith
tunnel concepts. One-Dimensional Transonic Flow of Cryogenic Nitrogen.
*NASA, Langley NASA-TN--8274, Dec. 1976. 272 pp. iN77-15345#,

Available NTIS).
46 *Baals. Donald D.: Design Considerations of the Real gas solutions for one-dimensional isentropic and
National Transonic Facility. In NASA-CP-2001, Advances in normal-shock flows of nitrogen were obtained for a wide
Engineering Science, vol. 4, 1976, pp. 1583-1602. Presented
at the 13th Annual Meeting of the Society of Engineering range of temperatures and pressures. These calculations are
Sciene. Haptn.ua., eetingo. 1-3. 1o976.y ofngi g compared to ideal gas solutions and are presented in tables.

Available NTIS).e For temperatures (300 K and below) and pressures (1 to 10
atm) that cover those anticipated for transonic cryogenic

The inability of existing wind tunnels to Orovide tunnels, the solutions are analyzed to obtain indications of
aerodynamic test data at transonic speeds and flight the magnitude of inviscid flow simulation errors. For these
Reynolds numbers is examined. The proposed transonic ranges, the maximum deviation of the various isentropic and
facility is a high Reynolds number transonic wind tunnel normal shock parameters from the ideal values is about 1
designed to meet the research and development needs of percent or less, which, for most wind tunnel investigations,
industry, and the scientific community. The facility employs would be insignificant.
the cryogenic approach to achieve high transonic Reynolds NASA, Langley
numbers at acceptable model loads and tunnel power. By
using temperature as a test variable, a unique capability to
separate scale effects from model aeroelastic effects is 50 *Wagner, Bernhard. and *Schmidt, Wolfgang.
provided. The performance envelope of the facility is shown Theoretical Investigations of Real Gas Effects in Cryogenic
to provide a ten fold increase in transonic Reynolds number Wind Tunnels, Final Report. DS-FB-76/50B. Dec. 1976, 82
capability compared to currently available facilities. pp. (N79-17820#, Available NTIS).

*George Washington Univ. Real gas effects in cryogenic nitrogen flows were
calculated using the Beattie-Bridgeman equation of state. The

47 'Kilgore, Robert A.: Deign Features and Operational investigations include PrandtI.Meyer expansions, obliQue
Characteriltics of the Langley O.3Meter Traneonic Cryogenic shocks. transonic small perturbation theory, transonic flow
Tunnel. NASA-TN-D-8304. Dec. 1976. 51 pp. (This past a NACA 0012 aerofoil and shock boundary layer
document was previously published as NASA-TM-X.72012. interaction. The two last cases mentioned were treated with
1974.) (N77-12071#. Available NTIS). the aid of finite volume techniques.
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*Dornier-System G.m.b.H.. Friedrichshafen. West Germary 54 *Haut, Richard Carl- Evaluation of Hydrogen as a
Theoretical Aerodynamics Group Cryogenic Wind Tunnel Teat Gas. Ph.D. Thesis, 1977. Old

Dominion Univ., 160 pp. (N78-12103, Available Univ.

51 °Hartzuiker, J. P. The Proposed Cryogenic European Microfilms, Order #7-17259).

Transonic Wind Tunnel /ETW/. Nederlandse vereniging yoar A theoretical analysis of the properties of hydrogen was

Luchtvaartechneik, Yearbook 1977. 1978. pp. 1.1-1.21. made to determine the suitability of hydrogen as a cryogenic
Based on a lecture preo.ented to the Netherlands Association wind tunnel test gas. By using cryogenic hydrogen a

of Aeronautical Engineers, Jan. 20, 1977. (A79-17118#1. significant increase in the test Reynolds number is achieved

The proposed European Transonic Wind Tunnel is, without increasing the aerodynamic loads. Nondimensional

described: a cryogenic facility with test-section dimensions ratios used to describe various flow situations in hydrogen

compatible with existing major European transonic facilities. determined that cryogenic hydrogen is unacceptable as a

Reynolds number based on mean aerodynamic chord lies wind tunnel test gas in a compressible flow situation. At low

between 25 million and 40 miilion. The advantages and Mach numbers, however, in the incompressible flow regime,

drawbacks of cryogenic testing, as well as fundamental cryogenic hydrogen is acceptable. Hydrogen properties and

aspects of cryogenic aerodynamics, are discussed, fan drive-power requirements related to a hydrogen wind

Comparative estimates for capital and oprating costs are tunnel were also examined.

presented. *Old Dominion Univ., Norfolk, VA

*National Aerospace Laboratory, NLR
55 *Voth, R. 0.; and "Strobridge, T. R. Cryogenic Design

52 *Kilgore, Robert A.. and *AJcock. Jr, B. Specific and Safety Review-NASA-Langley Research Center
Cooling Capacity of Liquid Nitrogen. NASA TM-X-74015. 0.3-Meter Transonic Cryogenic Tunnel. NASA.TM-74767.
Feb. 1977, 19 pp. (N77-21261#, Available NTIS). NBSIH-77-857, Apr. 1977. 28 pp. (N77-28143#, Available

When cryogenic nitrogen v,rid tunnels are cooled by NTIS).

injecting liquid nitrogen directly into the tunnel, the specific A cryogenic design and safety review of a 0.3-m transonic
cooling capacity ef the nitrogen consists of the heat absorbed cryogenic tunnel is presented. The tunnel working fluid and
in warming and vaporizing the liquid plus the teat absorbed coolant is nitrogen. The nitrogen, supplied as liquid, is

in warming the gaseous nitrogen to the tunnel stagnation exhausted as a low temperature gas. The tunnel and ancillary

temperature. The specific cooling capacity of nitrogen has systems are generally well designed but several
been calculated or a simplified model basd on this method recommendations to improve the cryogenic systems are
of cooling by using a National Bureau of cStandards program made. The cost of recovering the cold vent gas is compared to

for the thermodynamic properties of nitrogen and the results the cost of producing the required liquid nitrogen using a

fitted with a relatively simple equation having tunnel captive air separation plant. Although the economic analysis

stagnation pressure and stagnation temperature as the is preliminary, 'it shows that because of the periodic

independent variables. This report describes the assumed operation of the tunnel, a captive air separation plant has a

cooling process, describes the method used to calculate the lower annual operating cost than the vent gas recovery

specific cooling capacity of liquid nitrogen, gives the simple systems considered.
equation fitted to the calculated specific cooling capacity
dat-, and presents in graphical form calculated values of the *National Bureau of Standards. Cryogenics Division, Inst. for

d ~ ~ ~ ~ ~~ ai anars aouder present ingahia0302acuae vle oh

specific cooling capacity of nitrogen for stagnation Basic Standards. Boulder. Colo. 80302

temperatures from saturation to 3!U K and stagnation
pressures from I to 10 atmospheres. 56 *Wagner, Bernhard, and *Schmidt, Wolfgang Theo-

retische Untersuchungen zur Stoss. Grenischicht-

NASA, Langley Wechselwirkung in kryogenem Stickstoff. (Theoretical Inves-

b3 *Haul, Richard C.. Evaluation of Hydrogen as a tigations on the Shock Wave Boundary Layer Interaction in

Cryogenic Wind Tunnel Test Gas. Final Report. Cryogenic Nitrogen). In Contributions on Transport Phe-

NASA-CR-145186. April 1977. 159 pp. (Grant nomena in Fluid Mechanics and Related Topics, Tech. Univ.

NGR-47-003-052), A synopsis of this report is contained in Berlin. Apr., 12 1977. pp. 277-287, IN77-12402 or (A77-

the Journal of Aircraft, Vol. 14. no. 12, Dec. 1977, pp.Wel.
1155-1156. (N77-24153#, Available NTIS). traumforschung, vol. 2. No. 2. Mar.-Apr. 1978, pp. 81-88.

(A78-34159). In German.

The nondimensional ratios used to desciibe various flow
situations in hydrogen were determined and compared with inThe basic effects of low temperatures close to liquefaction
the corresponding ideal diatomic gas ratios. The results were incryogenic wind tunnels are studied theoretically for
used to examine different inviscid flow configurations. The viscous compressible flow on the basis of shockwave-laminar
relatively high value of the characteristic rotational boundary layer interaction. The full Navier Stokes equations
tematre alue the ha riihy ron in combination with the equations of state for a real gas and
cemeryo e cdios, toe dehvie of sus yfromn tder the material properties for low temperatures are solved bycryogenic conditions, to deviate substantially from the maso iievlm ehdadMcomcstm

behavior of an ideal diatomic gas in the compressible flow mean ofafnie vle metho racsltimsplitting techinique. The results show relatively small

regime. Therefore, if an ideal diatomic gas is to be modeled, deviations compared with the ideal gs case. The differences
cryogenic hydrogen is unacceptable as a wind tunnel gas in a in the pressure distribution are mainly caused by real gas
compressible flow situation, effects in the inviscid external flow field while the changes in

Old Dominion Univ. the skin friction coefficient mairtly depend on the different
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viscosity characteristics and on the real gas effects in tie deduced that nitrog-'n behaves practically like an ideal gaS
temperature distribution, when it is close to the saturation pint and in a pressure

Dornier GmbH. Friedrichshafen. West Germany range up to 4 bar. The influnce uf this parameter un the

pressure distribution of a supercritical profile Curntfrms this

finding.
57 *Adcock, Jerry B. Effect of LN 2 Injection Station "Grran Research & Test Corder for Aerospace Travel

Location on the Drive Fan Power and LN 2 Requirements of

a Cryogenic Wind Tunnel. NASA-TM-X-74036, June 1977.

19 pp. (N77-27137#, Available NTIS). 60 *Buongiorno C. La Gallera Trnsonca Intermitente

Crtogenica per Gli Altissimi Numeri di Reynolds. (Cryogenic
A theoretical analysis comparing the tan power and Intermittent Transonic Wind Tunnel for Very High Reynolds

-olant (LN 2 ) flow rates resulting from infection of the LN 2  Numbers). Paper presented at the 4th National Congress of

either upstream or downstream of the drive fan of a closed the Italian Association of Aeronautics, Milan, Italy, Sept.

circuit transonic cryogenic tunnel is presented. The analysis is 19-23, 1977 21 pp. (A78 49739), (In Italian).

restricted to steady state tunnel operation and to the The current status of U.S. and European sludies on d t

condition that the tunnel walls are adiabatic. The stagnation Th ren sau o San d unel studieoapressure and temperature range of the tunnel is from 1.0 to very-high Reynolds-number transonic wind tunnel is reviewedv
and a tunnel to be used by the Italian Aerospace Industries is8.8 atm and from 300 K to liquefaction temperature.

8.8 im nd rom 00 toliqufaciontempratre, proposed in the form of a transonic wind tunnel that makes
respectively. Calculations are made using real gas properties use in th blrw-dof a tronic tnnl T euse of both blow-down and cryogenic technology. The

of nitrogen. Results show that the fan power and LN 2 flow
rates are lower if the LN 2 is injected upstream of the Ian. pooe idtne esrs1i . n a h

following characteristics Reynolds number-30 million,
The lower fan inlet temperature resulting from inlecting Mach number-0.8-1.2. total temperature-120 K, total

upstrearn of the fan has a greater influence on the power than pressufe-520 KPa. Use of a sleeve valve significantly reduces

does the additional mass flow going through the fan. turbulence intensity in the test section compared to the

'NASA, Langley values normally obtained in a continuous wind tunnel. The

air tvmperature is reduced to the desired stagnation

58 *Wagner, B.. and *Schmidt, W. Theoretical temperature in an economical way through use of a

Investigation of Real Gas Effects in Cryogenic Windtunnels. regeneration heat exchanger. The relative low cost of the

AIAA Paper 77-669, 10th Fluid and Plasmadynamics facility is given and its complementary use with the proposed

Conference, Albuquerque, N. Mex., June 27-28, 1977. 12 European cooperative transonic wind tunnel is discussed.

pp. (A77-37023#. Also. AIAA Journal. vol. 16. no. 6, June *Roma, Universita, Rome. Italy

1978. pp. 380-386.

Real gas effects in cryogenic nitrogen flows have been 61 Stollery, J. L.. and *-Murthy, A. V. An Intermittent

calculated using the Beattie-Bridgeman equation of state. The High-Reynolds-Number Wind Tunnel. Aeronautical

investigations include Prdtl-Meyer expansions, oblique Quarterly, vol. 28. Nov. 1977, pp. 259-264. (A78 20193).

shocks, transonic small perturbation theory, transonic flow Also, AIAA paper 78-766, 10th Aerodynamic Testing

past a NACA 0012 aerofoil and shock-boundary layer Conference, San Diego, Calif.. Apr. 19-21. 1978, pp. 1-5,

interaction. The two last cases mentioned have been treated (A78-32327). Also, 1 ith ICAS Congress. Lisbon, Portugal,

with the aid of finite volume techniques. The results show Sept. 10-16. 1978. Proceedings, vol. 1. pp. 461-465.

some noticeable deviations from the behavior of an ideal gas iA79-20116#

not only at cryogenic conditions but also at normal The paper suggests a simple method of generating

temperatures and high pressures. The deviations remain very intermittent reservoir conditions for an intermittent.

small within the operating range of cryogenic wind tunnels if cryogenic wind tunnel. This can be done by operating some

suitable reference quantities are used. Only the friction existing types of short-duration tunnels "in reverse." Two

coefficient exhibits some systematic variation of considerable examples are considered (1) a modification of the Ludwieg

amount. Tube and (2) the Isentropic Light Piston Tunnel. Tht sizes of
tunnels required to meet the European and American

"Dornier GmbH-, Friedrichshafen, West Germany specifications for a high Reynolds number tunnel with a 10

second running time are given together with proposals for a

59 *Lorenz-Meyer, W. Ueber einiqe Moelichkeiten zur more modest national or university facility with a one second

Berechnung des aetnlichkeitsparameters kappa* bei Realen test time.

Gasen. DFVLR, In "'Contribution to Steady and Unsteady

Aerodynamics," Aug. 1977. N78-17004, pp. 189-201. Cranfield ntr. of Tech., Cranfield. 8eds.. England

(N78-17017# Available NTIS). (In German). *National Aero. Lab.. Bangalore, India

For translation see NASA-TM-75222. A Few Ways of 62 Christophe, Jean: Genese du Profet de Soufflerie

Calculating the Similarity Parameter Kappa* for Real Gases. Transsonique Europlenne a Grand Nombre de Reynolds.

13 pp. (N78-14121#, Available NTIS). iGcewl of the European High-Reynolds-Numbr Trammonic

In connection with the question on the applicability of Wind Tunnel Project.) Association Aeronautique et

test results obtained from cryogenic wind tunnels to the Astronautique de France. 14th Colloque d'Aerodynamique

large-scale model the similarity parameter is referred to. A Appliquee, Toulouse, France, Nov 7-9. 1977 Also.

simple method is given for calculating the similarity L'Aeronautique el rAstronautique. no. 72. 1978, pp. 21-34.

parameter. From the numerical values obtained it can be (In French). (A79,17769).
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The proposed cryogenic wind tunnel project, which would France, AAAF-NT-78-24, 38 pp. Presented at the 14th
involve cooperation by West Germany. France. the Colloque d'Aerodynamique Appliquee, Toulouse, Nov. 7. B,
Netherlands, and the United Kingdom, is described. Reasons and 9. 1977. (N79-23120#, Available NTIS and CEDOCAR,
for performing high-Revnolds-number experiments are Paris). (In French).
discussed, and examples of proposed problems and their Several aspects of present aircraft model technology are
analysis are examined. Reasons for selecting the cryogenic surveyed. Similitude and practical choice rules are discussed
design are considered with attention to the history of the as well as identification and instrumentation techniques.
wind tunnel project and the performance of pilot-study wind Specifications and manufacturing are illustrated with several
tunnels, practical examples, such as use of high technology composite

*ONERA. 92320 Chtillon. France materials (carbon and boron fibers); increasing application ot
numerical control manufacturing techniques, the rapid

63 *Faulmann. D., *Prieur, J.; and *Vergnolle, J. F.' Essais development of microprocessor use, and adaptation to basicr
Preliminaires sur une Installation Transsonique Fonctionnant technological changes such as cryogenic wind tunnels.
par Rafales Cryogeniques. Prelliminary Tests of a Transonic *Univ. of Science & Technology, Lille, France
Installation Functioning With Cryogenic Gusts.) Association
Aeronautique et Astronautique de France, AAAF-NT-78-26. 66 *Bazin, M. Problemes de Construction de Maquettes
15 pp. Presented at the 14th Colloque d' Aerodynamique pour les Souffleries 'a Grand Nombre de Reynolds
Appliquee. Toulouse, Nov. 7. 8 and 9. 1977. (N79-23040#. (Construction Problems Specific to Models for High
Available NTIS and CEDOCAR, Paris). (In French). Reynolds Number Wind Tunnels.) Association AeronautliqUe

To achieve in-flight Reynolds numbers, a preliminary et Astronautique de France, AAAF-NT 78.02. 45 pp,
system operative at low temperatures for a short period in a Presented at the 14th Colloque d'Aerodynamique Appliquee.
transonic wind tunnel is discussed and evaluated. Injection of Toulouse, Nov. 7. 8, and 9, 1977. (N79-23124#. Available
liquid nitrogen at a point in the fluid circuit rapidly induces NTIS and CEDOCAR. Paris). (In French).
low temperatures for a test period on the order of 10 sec. The state-of-the-art is surveyed for both pressurized and
This technique of increasing the Reynolds number without cryogenic wind tunnel alternatives. Materials, feasible
introducing severe instrumentation problems (as is the case dimensions, safety problems, cost. instrumentation. etc., are
with continuous cryogenic systems) permits adaptation of discussed by model construction experts. Feasibility is
existing transonic wind tunnels to an extended Reynolds demonstrated, although an effort to reduce developing time
range. An induction system with primary air cooled to 80 K is still necessary. Present limitations include balances and
was also tried with negative results since it was not possible model supports. New methods or materials will be necessary
to reduce the main circulation temperature below 200 K. to replace local gages in the case of cryogenic systems.

*ONERA/CERT, Toulouse, France °ONERA, 92320. Chtillon. France

64 Christophe, J. Projet de Soutflerie Transsonique
Europeenne A Grand Nombre de Reynolds. (Transonic 67 Gnodyer. M. J. The GM SubsonicCryogenic Tunnel
European Wind Tunnel Project for High Reynolds Numbers.) at the University of Southampton, NASA-CR-145305, Jan.

Association A'eronautique et Astronautique de France, 1978. 43 pp. Grant NsG-7172. (N78-18086$. Available

AAAF-NT-78-01. Presented at the 14th Colloque NTIS).

d'Aerodynamique Applique, Toulouse, Nov. 7, 8, and 9, The design and performance of a low speed one
1977. 34 pp. (N79-23118#, Available NTIS and CEDOCAR, atmosphere cryogenic wind tunnel is described. The tunnel is
Paris). (In French). fan driven and operates over the temperature range 305 K to

Work from 1968 to tte final joint recommendation to 77 K at Mach numbers up to 028 It is cooled by the

build a cryogenic transonic high Reynolds number wind injection and evapo:rition of iiquid nitrogen in the circuit,
and the usual test gas .-. nitrogen. The tunnel has a square test

tunnel for European governments is discussed. Such a project

is necessary since actual flight performance differs from low section 0.in across and was built to allow, at low costs, the

Reynolds number transonic wind tunnel results. Several development of testing techniques and the development of

alternatives were proposed and experimentally tried in pilot instrumentation for use in cryogenic tunnels, and to exploit
tests. The cryogenic solution was finally recommended as in general instrumentation work the unusually wide range of
static pressure and power can be kept low for the same unit Reynolds number available in such tunnels The tunnel

Reynolds number. The proposed wind tunnel is 1.95 x 1.65 was first used in the development of surface flow

sq m, with maximum pressure at 4.4 Bars, minimum visualization techniques for use at cryogenic temperatures.

temperature at 120 K. Mach number up to 1.35, and *Univ of Southampton
Reynolds number up to 40 million when working with
nitrogen instead of air. 68 'Ray, Fdward J. Langloy's Two-Dimensional Research

"ONERA, 92320 Ch~tillon. (France) Facilities Capabilities and Pln. In "Advanced Technology
Airfoil Research." Vol. 1, Part I, Mar. 7-9. 1978.

65 *Dupriez, F. Similitude, Realisation, Identification et N79-20030. pp. 399- 414. (N79-20055# Available NTIS).

Instrumentation des Maquettes d'Essais. (Similitulle. The current capabilities and the forthcoming plans for
Manufacturing, Identification, and Instrumentation of Test Langley's two-dimensional research facilities are described.
Models.) Association Aeronautique et Astronautique de The characteristics of the Langley facilities are discussed in
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terms of Reynolds number, Mach number, and for the non-separating case. Besides Mach and Reynolds
angle-of-attack capabilities. Comments are made with regard number, these parameters are the wall to total temperatures
to the approaches which have been investigated to alleviate ratio, specific heat ratio gamma, viscosity-temperature
typical problem areas such as wall boundary effects. Because exponent and Prandtl number. The results show that lack of
of the need for increased Reynolds number capability at high temperature ratio simulation has a significantly adverse effect
subsonic speeds, a considerable portion of the paper deals on interactive skin friction and hence separation onset
with a description of the 20 by 60 cm two-dimensional test compared to the adiabatic free flight case; higher gamma's
section of the Langley 0.3-meter transonic cryogenic tunnel than air also may have some effect.
which is currently in the calibration and shakedown phase. *VPI and State Univ. Blacksburg, Va.
*NASA, Langley

72 *Hall, Robert M. Condeneation and Its Growth Down
69 * Ladson, Charles L.: A New Airfoil Research the Langley 0.3-M Transoic Cryogenic
Capability. In "Advanced Technology Airfoil Research," vol. Tunnel. AIAA paper 78-811. 10th Aerodynamic Testing
1. Part 1, Mar. 7-9. 1978. N79-20030, pp. 425-432. Conference. San Diego. Calif.. Apr. 19-21. 1978. Technical
(N79-20057#., Available NTIS). Papers. pp. 301-304. (A78-32365#).

The design and construction of a self-streamlining wall test Four total pressure probes were used to measure the
section for the Langley 0.3-meter transonic cryogenic tunnel growth of condensation down the test section of the Langley
was included in the fiscal year 1978 construction of facilities 0.3-m tunnel, and the condensation data were employed to
budget for Langley Research Center. The design is based on verify a mathematical model which assumes condensation
the research being carried out by M. J. Goodyer at the results from heterogeneous nucleation on preexisting seed
University of Southampton, Southampton, England. and is particles. The onset of effects occurs throughout the test
supported by Langley Research Center. This paper presents a section at the same total temperature but the magnitude of
brief description of the project. Included are some of the the effects increases with increasing length down the test
design considerations, anticipated operational envelope, and section. Condensation is important because it determines the
sketches showing the detail design concepts. Some details of minimum operating temperature of transonic cryogenic wind
the proposed operational mode, safety aspects, and tunnels.
preliminary schedule are presented. *NASA, Langley
'NASA, Langley

73 *Hartzuiker. J. P and *North, R. J. The European

70 *Nicks, Oran W.. and *McKinney, Linwood W. Status Transonic Wind.Tunnel Project. ICEC 7, Proceedings of the
and Operational Characteristics of the National Transonic 7th Int. Cryoqenic Engineering Conference. London.
Facility. AIAA paper 78-770, 10th Aerodynamic Testing England, July 4 7. 1978. pp. 322-330. (A79-31021).
Conference. San Diego, Calif., Apr. 19-21. 1978. Technical In 1978, four European nations agreed to cooperate in
Papers. pp. 40-42. (A78-32331#1. developing a large transonic high-Reynolds-number wind

This paper discusses the development and capabilities of tunnel which would use cold nitrogen gas as the test medium.
the National Transonic Facility which is planned for A test section size of 1.95 m x 1.65 m is envisaged. A
operation in 1981. The fan drive, cryogenic-pressurized. continuous fan drive would provide runs with 10 periods of
closed-return facility will have operating parameters of data acquisition, each lasting 10 sec. a typical day could yield
0.1-1.2 Mach. 1-9 bars pressure, 78-340 K. 150 dB sound four runs. Cryogenic engineering problems related to the
pressure, and ±0.001 rms turbulence intensity. These construction of the wind tunnel are also considered.
operating conditions have been selected on the basis of NLR, Amsterdam. Netherlands
several current and future aircraft and space transportation
systems. The facility will provide full-scale testing conditions
for calculating subsonic drag. airloads, and stability and 74 *Michel, R . and *Faulmann, D Preliminary Tests in a
control information. Data for pre-test conditions, on-line Cryogenic Transonic Wind Tunnel Driven by Induction.
information, and post-test analysis will be ONERA TP no 1978 48E Also. L'Recherche Aerospatiale.
computer-processed. vol 18b. no 4. July.Aug. 1978. pp. 205-207.

*NASA, Langley (A79 t5300#1 lin French).

A problem associated with the use of the T2
71 Inger, G. R.: On the Simulation of Transonic inleclor-driven transonic wind tunnel is considered, and a
Shock-Turbulent Boundary Layer Interactions in Cryogenic procedure for obviating the problem is tested on the 12 pilot
or Heavy Os Wind Tunnels. VPI-Aero-080, April 1978, 26 unit The procedure, which combines a cryogenic test with an
pp. Presented at 10th AIAA Aerodynamic Testing induction test, seeks to modify operating tenperature
Conference. pp. 285-292. San Diego. Calif., Apr. 20, 1978. characteristics. The ability of the procedure, which involves a
AIAA paper 78-808, (A78-323624) or (N78-24501#. short infection of liquid nitrogen, to reduce temperature in
Available NTIS). Also Journal of Aircraft, vol. 16, no. 4. the walls and superficial areas, while maintaining high
April 1979, pp. 284-287. temperatures inside the walls, was examined Some

The role of the basic similitude parameters governing preliminary results are presented. The usefulness of external

transonic normal shock-turbulent boundary layer interaction thermal insulaton is indicated

effects in cryogenic wind tunnel tests is studied theoretically *ONERA CERT. Toulouse. f rance

LL



B-IS

75 *Kell, 0. M.: A Surface Flow Visalization Technique between the new expression and several of the previous

for Use in Cryogenic Wind Tunnels. Aeronautical Journal, expressions--most notably a triply isentropic equation as
vol. 82, no. 2, Nov. 1978, pp. 484-487. NSG-71-72, used. among others, by Karplus and by Wallis. Appropriate
(A79-20795). differences are pointed out and a thermodynamic criterion is

A method of surface flow visualization for use in cryogenic derived which must be satisfWd in order for the triply

wind tunnels is described which requires injection of a isentropic expression to be thermodynamically consistent.

cryogenic liquid onto the model while the tunnel is running. This criterion is not satisfied for the cases examined, which

This necessitates the use of a substance that remains liquid included two-phase nitrogen, air-water, two-phase

over a large range of cryogenic wind tunnel operating parahydrogen, and steam-water. Consequently, the new

temperatures. It is found that propane (C3H8) is a suitable equation derived is found to be superior to the other

substance. Experiments are conducted in a subsonic equations reviewed.

cryogenic wind tunnel to assess the practical application of *Rensselaer Polytechnic Institute
liquid propane flow visualization. The propane is stored in a **NASA, Langley

chamber cooled by liquid nitrogen and when required is
pumped through pipes to a gallery inside the model and then 78 'Hall, Robert M. Onset of Condensation Effects With
out onto the surface through small holes. To color the liquid an NACA 0012-64 Airfoil Tested in the Langley 0.3-Meter
a suspension of pigment particles is used. Propane is supplied Transonic Cryogenic Tunnel. NASA-TP-1385. Apr. 1979. 72
to the cooled chamber in gaseous form from a standard pp. Formerly issued as NASA-TM-78666. (N79-22043#.
liquefied gas cylinder. The sequence of events is illustrated on Available NTIS).
a propane temperature-entropy diagram. The use of liquefied
propane for flow visualization in a cryogenic tunnel operating 0.137geter N 02- airoilas be tete
at pressures up to 40 atm appears to be feasible. Illustrative QOangle oettc t e troe-gas Lan mertransonic cryogenic tunnel at free-stream Mach numbers of

examples are provided. 0.75, 0,85, and 0.95 over a total pressure range from 1.2 to
'British Aerospace. Production Engineering Dept.. 5.0 atmospheres. The onset of condensation effects as
Weybridge, Surrey, England determined by varying stagnation temperature was found to

correlate better with the amount of super-cooling in the free
76 Clausing, A. M.; Clark. C. L.. and *Mueller. M. H The stream than it did with the supercooling in the region of
Cryogenic Heat Transfer Tunnel-A New Tool for Cornective maximum local Mach number over the airfoil. Effects in the
Research. Presented at the Winter Annual M,/eeting ASME, pressure distribution over the airfoil were generally seen to
San Francisco, Calif., Dec. 10-15, 1978. pp. 73--78. appear over its entire length at nearly the same total
(Research supported by Dept. of Energy.) (A79-24316#1. temperature. Both observations suggest that heterogeneous

A novel heat transfer technique, the use of crvogenic nucleation does occur in the free stream. The present results

temperatures for convective modeling, is used in this study in are compared to calculations made by Sivier and data

order to simultaneously obtain large Grashof and Reynolds gathered by Goglia. The potential operational benefits

numbers on a vertical cylinder. The research is motivated by realized from supercooling are presented in terms of

the need to predict combined convective losses from large, increased Reynolds number capability at a given tunnel total

high-temperature objects such as solar "power tower" pressure and reduced drive-fan power and liquid nitrogen

receivers where the magnitudes of both the Grashof and consumption if Reynolds number is held constant.

Reynolds numbers are large. The cryogenic heat transfer Depending on total pressure and free-stream Mach number,

tunnel provides an economical method of obtaining these these three benefits are found to vary respectively from 8 to

large Grashof and Reynolds numbers with an appropriate and 19 percent, 12 to 24 percent, and 9 to 19 percent. An

nearly constant Prandtl number, thus it is an excellent tool appendix is included which gives details of the data analysis

for study of convective heat transfer. Low-temperature and error estimates for the differences in pressure

modeling, a cryogenic testing facility, and a transient distributions.

measurement technique are discussed. *NASA, Langley
*Illinois Univ.

79 *Hottner, T. Anwendung dei 1ieftemperaturtechnik

77 *Bursik, Joseph W.; and -Hall, Robert M. Metestable im stromungstechen Versuchswesen. (The Application of
Sound Speed in Ga-Liquid Mixtures. NASA TM-78810, Cryogenics in Experimental Aerodynamics).
March 1979,54 pp. (N79-20339#. Available NTIS). Ingenieur-Archiv, vol. 47, no. 4, 1978, pp. 241 -256.

A new method of calculating speed of sound for two-phase (A78-48982). (in German). For translation see

flow is presented. The new equation assumes no phase change NASA-TM-75385.

during the propagation of an acoustic disturbance and The application of cryogenics in wind tunnel design

assumes that only the total entropy of the mixture remains offers an increase in Reynolds number simulation at

constant during the process. The new equation predicts simultaneously reduced drive power for the wind tunnel

single-phase values for the speed of sound in the limit of all compressor compared to a wind tunnel driven at normal

gas or all liquid and agrees with available two-phase, air-water temperatures. The price, however, is an additional
sound speed data. Other expressions used in the two-phase cryogenic power. The report is concerned with the

flow literature for calculating two-phase, metastable sound energetic aspect of cryotechnics in wind tunnel

speed are reviewed and discussed. Comparisons are made technique. With restriction only on cryogenic power due
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to tunnel process-heat, the continuously running tunnel equipped with different types of strain gauges

with closed circuit and the blow-down-storage tunnel are Disappointingly bad results were obta ,ied when unsuitable

investigated. Finally, the possibility of reducing cryogenic strain gauges were used on two identical *ements of

power using heavy gases as test medium is discussed. austenitic stainless steel. Subsequent experiments with

*Stuttgart. Universitaet, Stuttgart, West Germany another type of strain gauge on the same elements showed

better but still poor results, which obviously have to be

80 First Intemational Synoslim on Cryogenic Wind attributed to temperature dependent variations of the

Tunnels. University of Southampton. England. April material properties. Finally, another element was

3-5, 1979. manufactured of different steel. This element in connection

with suitable strain gauges, so far has given most promising
The first paper presented served as an introduction to results.

the conference. The history of the development of

cryogenic wind tunnels was given and suggestions made DPVLRWestGermany (FRG)

for future research to make tunnels of this kind even

more valuable. Thirty-five additional papers were presented 84 *Liousse, F., *Calvet, P.; and *Giovannini, A.

grouped under the following topics: Instrumentation. Experimental Study of Thermoresistive Sensors Under

Cryogenic Tunnels with Magnetic Levitation, Liquid and Cryogenic Conditions. Paper no. 4, 1st Int. Symp. on

Gaseous Nitrogen Flow Properties. Cryogenic Tunnel Cryogenic Wind Tunnels. Southampton, U.K.. Apr. 3-5.

Technology, Tunnel Controls, Heat Transfer Topics, Model 1979.

Design, and Reports on Tunnel Projects, Copies of this Thermoresistive sensors (commercially available "hot"

Symposium are available from Dr. M. J. Goodyer, Dept. of wire or film type probes) are tested under steady and

Aeronautics & Astronautics, The University, SO 95 NH. unsteady cryogenic flows in order to determine their aotitude

Southampton. Hampshire. U.K., Apr. 1979 to operate in cryogenic wind tunnels for instantaneous

temperature and velocity measurements. Some specific

81 'Goodyer, M. J.: The Evolution of the Cryogenic Wind devices have been designed. They consist of a small

Tunnel. Paper no. 1, 1st Int. Symp. on Cryogenic Wind calibration tunnel performing controlled velocity variations

Tunnels, Southampton, England, Apr. 3-5. 1979. and an electronic thermometer with a built-in circuit which

The main aim of this paper is to trace the key events in te permits in situ measurement of response time of the sensors.

emergence of the cryogenic wind tunnel, events which led *ONERA-CERT, Toulouse, France, Departement d'Etudes et

therefore to this Symposium, to learn of its present state of de Recherches en Mecanique et Energetique des Systemes

development and to gain insight into the future pattern of

evolution. A secondary aim is to attempt to influence 85 *Hartzuiker, J. P.. and *North, R. J.: A Progress Report

evolution by drawing attention to areas of endeavour which on the European Traneonic Windtunnel Project. Paper no. 5.

are not receiving the degree of research effort which may be 1st Int. Symp. on Cryogenic Wind Tunnels, Southampton,

justified. U.K., Apr. 3-5, 1979.

*Univ. of Southampton This paper was written about a year after the start of the

Preliminary Design Phase of ETW. The organi;st 1'cnal

82 'Bazin, Maurice; and Dubois. Maurice Balance and structure was established, the preliminary design of the pilot

Sting Oesign for Cryogenic Wind Tunnels. Paper no. 2, Ist tunnel was finished and that of ETW was well under way. A

Int. Symp. on Cryo enic Wind Tunnels. Southampton, U K.. substantial cryogenic technology programme had been

Apr. 3-5, 1979. ONERA-TP-1979-40. (A79-39089*. initiated. Strong support was being given from many quarters

The orientations and thoughts leading to the concept of to the work of the Technical Group. A further Memorandum

balances and stings usable in the future European Transonic of Understanding for the next Phase or Phases was under

Wind Tunnel (ETW) are presented in this paper. They consideration and preparations were being made for a

constitute the starting point of a national research program, decision on the site. This all represented real progress towards

integrated within the European program. The domain the realisation of the European Transonic Windtunnel in the

considered is that of ETW cryogenic runs of about 10 mid-1980s.

minutes. from 120 to 300 K. stagnation pressure 1 to 4.4 bar, *(Technical Group, ETWI, NLR. Amsterdam, Netherlands

Mach 0.2 to 1.35.
*ONERA. 92320, Chiillon. France 86 *Nelander, Curt A Self-Contained Cryogenic Air

Supply System for a Transonic Sllow-Down Tunnel. Paper no.

6. 1st Int. Symp. on Cryogenic Wind Tunnels. Southampton,

83 *Krogmann, Paul. and *Lorenz-Meyer. Wolfgang U.K., Apr. 3-5, 1979

0e8W end Testing of an Unhieed Strain Gauge Balane A high pressure air supply system can be used not only to

le In ft Cryogenic Tertesatares. Paper no. 3, 1st Int. feed a wind tunnel but also to reduce the total enthalpy of

Symr. on Cryo. Wind Tunnels. Southampton. U.K., Apr, the gas. This can be done by various methods and to such an

3-5. 1979. extent that Cryogenic stagnation temperatures are achieved

In order to develop unheated strain gauge balances for use The paper deals with some different methods which could be

in cryogenic wind tunnels at low temperatures experiments used to incorporate the cold-generating process into the wind

were undertaken at OFVLR Gottingen on single-component tunnel run sequence. It is shown that with a huge low

elements which were made of different steels and were pressure air storage already on hand (as the case is at FFA)
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the most attractive scheme should be to store the cold outlet experience, which demonstrates the utility and durability of
air from the tunnel and to use this low enthalpy gas for the magnetic model suspension and balance systems, no
cooling off the compressed air when the high pressure storage large-scale system has yet been constructed for use anywhere
is recharged in the world. This appears to be principally due to the large

capital cost of such a facility. This paper presents several
attributes of magnetic balance systems which make them

Cryogenic attractive for use in large-scale cryogenic facilities and reports
on recent developments in model roll control and

Transonic *owdown Wind Tunnel Project. Paper no. 7. 1st superconducting coil construction, which enhance system
Int. Symp. on Cryogenic Wind Tunnels, Southampton. U.K:, versatility and reduce the electrical power requirements.
Apr. 3-5. 1979.

Combat aircraft operate within the range of serious scale *Research Associate. MIT. Department of Aeronautics and
Astronautics. Associate Director. Aerophysics Laboratory.

effects and hence wind tunnel tests require full simulation of Caie Assausetts. A
Cambridge. Massachusetts, U.S.A.

Reynolds number if seriously misleading results are to be -Assistant Professor. Aeronautical Technology Arizona
avoided. Although there are many claims on the capital State University. Tempe. Arizona. U.S.A.
within the aircraft industry the provision of a high Reynolds -Research Assistant, MIT. Department of Aeronautics and
number facility will produce cost effective returns. Means to Astronautics. Cambridge. Massachusetts. U.S.A.
achieve this are considered relative to capital and running
costs. Long experience with a blowdown to atmosphere wind 90 *Britcher. C. P.; *Goodyer. M. J.: The Southampton
tunnel has been taken as the basis for a cryogenic version. University Magnetic SuspensionlCryogenic Wind Tunnel
Injection and evaporation of liquid nitrogen downstream of Facility. Paper no. 10. 1st Int. Symp. on Cryogenic Wind
the airflow control valve will cool the test gas to flow across a F unil s, P a p on , Ust Ar. 3-5. 1979.
previously cooled model. The test gas will be discarded,
despite the high cost per run, because the alternatives which Scaling laws relating design parameters of magnetic
employ natural cooling processes, recirculation or energy suspension and balance systems to wind tunnel test
saving would be much more costly to build. The major conditions are identified. Reduction of test temperature is
features of the project and potential performance are found to be the most attractive and powerful technique of
described. Comments are made on the key areas requiring reducing the cost of a magnetic suspension facility for
experimental development work and on the program that will specific test Reynolds Number and Mach Number
be undertaken to produce a successful facility, requirements. Details of the adaption of a small, low-speed,

fan driven cryogenic wind tunnel for use with a magnetic
rtih Aerospae Prcat ruston, DivisLancash iongland suspension and balance system are given. Aerodynamic data

Warton Aerodrome. Preston, PR4 lAX. Lancashire. England has been acquired from a model suspended in the new facility

over a wide range of tunnel conditions. Temperature is shown
88 * Hutt. G. R.; and *East, R. A.: IPreliminary Studies of a to have a small effect on the magnetization of the model
Free Piston Expander for an Intermittent Cryogenic Wind magnetic cores. Studies of the effect have begun.
Tunnel. Paper no. 8. 1st Int. Symp. on Cryogenic Wind
Tunnels, Southampton, U.K., Apr. 3-5, 1979. Univ. of Southampton, Dept. of A & A. The University.SO95 NH. Southampton. Hampshire. U.K.

The purpose of the current work is to present preliminary
experimental results of measurements of the tunnel 91 *Kilgore, R. A.; lgoe. William B.; *Adcock. Jerry B..
stagnation temperatures which may be achieved in a small
scale free piston device and to determine the effect of heat Araf t Mulan Withron Tunnes B.: Sae

transfer from the tube on the uniformity of the conditions Ara Sation it Cy.Per n. a1 Stt ym

achieved. Results are presented of experiments using a small
on Cryogenic Wind Tunnels. Southampton. U.K.. Apr. 3-5.

scale free piston expansion drive system proposed by Stollery 1979. NASA-TM40085. 18 pp. (N79-26064#. Available
and Murthy for an intermittent cryogenic wind tunnel. The NTIS).
feasibility of the proposed operating principle has been
demonstrated and measurements of pressure and temperature Theoretical studies to determine the effect of thermal and
during the expansion and run periods are compared with the caloric imperfections in cryogenic nitrogen on boundary

predictions of a simple theoretical model, layers indicate that in order to simulate nondiabatic laminar
or turbulent boundary layers in a cryogenic nitrogen wind

Univ. of Southampton. Dept. of Aeronautics & tunnel, the flight enthalpy ratio, rather than the temperature
Astronautics, Hants, England ratio, should be reproduced. The absence of significant

real-gas effects on both viscous and inviscid flows makes it
89 *Haldeman. Charles W.; **Kramer, Richard, A.; and unlikely that there will be large real-ges effects on the
*-Way. Peter Developments at M.I.T. Related to Meglntic cryogenic tunnel simulation of shock boundary-layer
Model undilm an alliane System for Large Scale interactions or other complex flow conditions encountered in
FwAitie. Paer no. 9. 1st Int. Symp. on Cryogenic Wind flight. Experimental and theoretical studies on condensation
Tunnels. Southampton, U.K., Apr. 3-5, 1979. effects to determine the minimum usable temperature

Magnetic model suspension and balance systems for wind indicate that under most circumstances free-stream Mach
tunnel use (1) have been designed, tested and used at M.I.T.'s number rather than maximum local Mach number determines
Aerophysics Laboratory for over eighteen years. Despite this the onset of condensation effects. Progress is well underway

I -.. .. . .. . I .......... i i ..i ~ f ..... . . . ....



on a malor application of the cryogenic wind-tunnel concept has been conceived to study airfoils in the transonic field. To

with the construction of the U.S. National Transonic Facility be sure that the liquid nitrogen has disappeared inside the

at the Langley Research Center. This new tunnel is scheduled test section, a study was made to determine the
to become operational by 1982. Not only will it provide an characteristics and the location of inlectors able to maintain a
order of magnitude increase in Reynolds number capability monophasic, steady uniform flow in the test section The
over existing U.S. tunnels, but also, because of the ability to theoretical study is being oriented towards modelling of
vary pressure, Mach number, and temperature independently, breakup and coalescence phenomena. A small wind tunnel

it will be able to perform the highly desirable research task of with a 60 mm x 120 mm test-sectiun is now being built arid
separating aeroelastic. compressibility, and viscous effects on will be used to study the influence of different parameters,
the aerodynamic parameters being measured, such as inlection velocity, gas flow velocity, aod gas

temperature. The final aim consists in validating a theoretical
NASAmodel of the diphasic flow, which should allow us to

92 *Edmundson. 1. C. The Generation of Cryogenic determine the optimal characteristics and position of the

Temperatures by High Pressure Expansion, Paper no. 12, 1st LN 2 inlectors to be set in the ENSAE wind tunnel arid other

In. Syrup. on Cryogenic Wind Tunnels, Southampton, U.K., cryogenic wind tunnels of the future.

Apr. 3-5, 1979. *Ecole Nationale Superieure de I*Aeronautlique t d'0 space

In designing an intermittent cryogenic tunnel it would Aerodynamics Department
seem logical to create the conditions intermittently. Stollery I

proposed that this could be done by using the expansion of a 95 "Koppenwallner, G.. and *Dankert, C The

high pressure gas. A proposed scheme is explained. In the Homogeneous Nitrogen Condensation in Expansion Flows

calculations an adiabatic, isentropic expansion was assumed. With ETW-Relevont Stagnation Conditions. Paper no. 15, 1st

This paper reviews the available experimental evidence to Int. Symp. on Cryogenic Wind Tunnels, Southampton, U.K

examine this assumption. From the evidence presented, the Apr. 3-5, 1979.

deviations from an adiabatic, isentropic expansion has The condensation in free let expansions with stagnation
important implications for the design of this tunnel. Previous conditions typical for transonic cryo-tunnels was studied.
experimental work on the expansion of gases has shown that The results show the delay for condensation unset arid the
these deviations are significant. Experimental work is being gas dynamic behaviour within the condensation regime.
carried out to assess a more realistic configuration. Although the experiments were performed in small scale
*Cranfield Institute of Technology, College of Aeronautics nozzles, they nevertheless can be used to predict

condensation delay in model flow fields.
93 "Blanchard, A.; and *Faulmann, D.: Progress Report on *DFVLR - Institute fur Experimentelle Stromungsmechanik
a Cryogenic Pilot Transonic Wind Tunnel Driven by Bunsenstrasse 10, 3400 Gottingen, West Germany IFRG)
Induction. Paper no. 13. 1st Int. Symp. on Cryogenic Wind
Tunnels, Southampton, U.K. Apr. 3-5, 1979. 96 *Younglove, B. A.: Thermodynamic Propeirties of

A promising solution to increase the Reynolds number Nitrogen Gas From Sound Velocity MeasurementL Paper no.
without producing too many technological problems seems 16, 1st Int. Symp. on Cryogenic Wind Tunnels.
to be provided by a short cryogenic operating run, in which Southampton. U.K., Apr. 3-5, 1979.
the cooling is ensured by a quick injection of liquid nitrogen Thermodynamic properties of nitrogen gas have been
in the return leg circuit. A thin lay,,r of internal thermal calculated from 80 K to 350 K and at pressures to 10 bar
insulation allows a reduction of thermal losses and nitrogen from sound speed measurements and existing P-V.T data
consumption. This solution has been chosen for transforming using multiproperty fitting techniques. These new data are
existing wind tunnels, and in particular for the adaptation of intended to improve existing predictive capability of the
T2 for cryogenic operation. In our present installation we are equation of state in the low density region needed for use
studying and resolving satisfactorily many problems with the National Transonic Facility (NTFI now beini) built
connected with general cryogenic wind tunnel functioning, at the NASA-Langley Research Center.
Many problems of low temperature operation must be solved °Thermophysical Properties Division. National Fngineering
through such fundamental studies before the error free Laboratory, National Bureau of Standards. Boulder,
realization of larger tunnels can be made. Colorado. U.S.A.

*ONERA/CERT, Toulouse, France

94 *Luneau, James; *Rochas, Noe'I, and -Kirrmann, 97 'Albone, C. M. An Investigation Into the Red Gas

Clement: Preliminary Study of the Injection Process of LN2  Effects of Cryogenic Nitrogen in Inviscid Homentropic Flow.
in a Cryogenic Wind-Tunnel. Paper no. 14, 1st Int. Symp. on Paper no. 17, 1st Int. Symp. on Cryogenic Wind Tunnels,
Cryogenic Wind Tunnels, Southampton. U.K. Apr. 3-5, Southampton, U.K., Apr. 3-5, 1979.
1979. As a contribution to the investigation of the suitability of

The Ecole Nationale Superieure de I'Aeronautique Ft de using cryogenic nitrogen as the test gas in a high Reynolds
I'Espace (ENSAE) in collaboration with the Centre d'Essais ,umber transonic wind tunnel, a study is made of the real gas
Aeronautique de Toulouse (CEAT) has been studying a effects of nitrogen at low temperatures. The study, which is
transonic cryogenic wind-tunnel. This wind-tunnel, which is limited to inviscid, homentropic flow of a non-conducting
now being built, is to be operational by the end of 1980. It gas. takes the form of an independent confirmation of results

I1
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by Kilgore, et al. The new contribution in this paper is that and operation of such a tunnel. Amongst these problems are
the use of a simplified equation of state enables an expression those of instrumertation. model design and construction,
for enthalpy (and hence the terms in Bernoulli's equation) to testing techniques, minimum operating temperature and so
be derived by analytic integration. on. If it appears that there are basic difficulties in any of
*Aerodynamics Department, RAE, Farnborough U.K. these areas the acceptability of the proposed tunnel to

prospective users might be in doubt. Accordingly the Steering

8 Inger. G. R.: Traconmc Sck-Boundary LayW Committee of ETW has initiated a so-called cryogenic
98 i ry n Rn: Pape no . 18. Ise technology programme to examine these problems. A list of

Int. Symp. on Cryogenic Wind Tunnels. Southampton. U.K., possible subjects of interest in a cryogenic technology
Apr. 3-5, 1979. programme is given. The present cryogenic technology

programme is listed. A comparison of these lists shows that a
Since the transonic aerodynamics of missiles and aircraft combination of exchanges of information, an atmosphere of

can be significantly influenced by shock wave - boundary goodwill, and positive measures by the national
layer interaction effects, these effects should be adequately representatives on the Steering Committee and by
simulated in cryogenic high Reynolds number wind tunnel representatives of the aircraft industries has resulted in a
experiments. In addition to flight Mach and Reynolds program which covers a large part of the spectrum of interest.
numbers which are simulated by design, there are four other
interaction similitude parameters which may not be
duplicated owing to the very low temperature - high 101 *Haldeman. Charles W.: Suggasted Modifictmion of Fog
pressure working fluid involved: wall to total temperature Flow Vimalilation for Use in Cryogenic Wind Tunnels. Paper
ratio Tw/Tt. specific heat ratio 7, viscosity temperature no. 21, 1st Int. Symp. on Cryogenic Wind Tunnels.
exponent .) and Prandtl number Pr. The first is deemed Southampton, U.K., Apr. 3-5, 1979.
especially important since in some proposed short duration A mixture of liquid nitrogen and steam-bearing air has
cryogenic transonic wind tunnels the model is at much higher been used recently to produce flow visualization in a
temperature than Tt during the test. Moreover, the 7 of conventional subsonic wind tunnel. This note offers the
cryogenic nitrogen can be larger (1.5-1.8) than air and thus
influence the interaction; lower ys are also of interest in surgen that thi techniuiht be m oe t ird
heavy gas (Freon 12) facilities. This paper describes the nens ktunnels.
application of an approximate non-asymptotic theory ofapplcatona ho a npr atenon-asympttic toun ry ofyr Aerophysics, Lab., Massachusetts Institute of Technology.weak normal shock nonseparating turbulent boundary layer 77 Massachusetts Avenue, Cambridge, Mass. 02139
interaction to the prediction of these heat transfer and real
gas effects. 102 Morel, J. P.; and **Mereau, P.: Optimm Control of

'Virginia Polytechnic Institute and State University, the Eurolen Transonic Wind Tunnel. Paper no. 22. 1st Int.
Blacksburg, VA USA Symp. on Cryogenic Wind Tunnels, Southampton, U.K., Apr.

3-5,1979.
99 *Smith. David A.: Dalopment of a Tet Procedure for Analyses of ETW operating costs have shown the large
Acaemtically Dilpetive Silenwer Materials Uaed in Cryogenic influence of liquid nitrogen consumption during transients.
Applicatios. Paper no. 19. 1st Int. Symp. on Cryogenic Optimisation of control for ETW is desirable; it involves a
Wind Tunnels, Southampton, U.K., Apr. 3-5, 1979. theoretical and experimental programme during preliminary

The oblective of the test procedure discussed is to guide design so that, by the time of ETW construction, theoretical
selection of optimum mechanical properties of acoustically models checked through experiments will help in the design
dissipative materials to be used in silencers for cryogenic of control architecture. Interfaces between control and other
applications. The items of primary concern are. erosion of tasks will be examined thoroughly. A simplified model has
materials due to grazing flow; fatigue of materials due to shown the highly-coupled aspect of ETW flow dynamics.
grazing flow and intense sound pressure levels, and thermal Optimum control of the tunnel parameters. Mach number.
shock of materials due to cryogenic temperatures. The stagnation temperature, and stagnation pressure by use of the
proposed test procedure quantifies the degradation of predictive algorithm IDCOM looks feasible based on some
mechanical properties of acoustically dissipative materials simulation on the simplified model. Preliminary results of the
intended for use in an intense acoustic field, with flow, at identification of Mach number process in the NLR HST
cryogenic temperatures, shows that the validity of the use of the simplified model for

General Acoustics Corp.. Los Angeles. Calif.. U.S.A. control purposes looks promising in that field. More analysis
is still required of test results obtained in the Im x 1m
DFVLR and ONERA/CERT T'2 wind tunnels. A general

1U0 'North. R. J.: The Cryogenic Technology Programmne model with less .restrictive assumptions is being implemented
of lto Europen Traneeni Wind Tunnel Proect. Paper no. on a computer. It must be checked with simplified model
20. 1st Int. Symp. on Cryogenic Wind Tunnels, results as well as with the experimental tests. By the end of
Southampton. U.K., Apr., 3-5, 1979. this preliminary design phase it is expected that use of

The ETW project is concerned with the design and theoretical models, validated by basic experiments, will give a
feasibility of a proposed large new European transonic wind first definition of an ETW control architecture.
tunnel operating on the cryogenic principle. There are a *Technical group. ETW
number of problems to be solved in the design, construction "Adersa-Gerbios. Velizy, France
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103 *Balakrishna, S.; and **Thibodeaux. J. J.: Modeling aerodynamic circuit, a thin insulation is used that is efficient
and Control of a LN2-GN 2 Opersted Cloed Circult for a limited time only. A comparison of solutions with thick
Cryogenic Wind Tunnel. Paper no. 23, 1st Int. Symp. on internal or external insulators allowed the study of the wall
Cryogenic Wind Tunnels. Southampton, U.K., Apr. 3-5. temperature evolution and of the energies implied during
1979. transient or permanent operations for long duration runs of

Full scale Reynolds number flow capability at transonic several minutes to several tens of minutes. This paper

speeds has been successfully realized in wind tunnels by presents a few remarks on the insulation of a wind tunnel

cooling the test gas to cryogenic temperatures. Gaseous with a view to its use down to 120 K. This fan driven wind

nitrogen (GN2 ) is an ideal cryogenic test medium because of tunnel, still under construction, will have a test section area

its negligible thermal and calorific imperfections on of 0.15 x 0.35 m, a maximum stagnation pressure of 5 bars

isentropic expansion, and since it can be cooled efficiently by and a maximum velocity of Mach 1.0. Initially designed for

injected liquid nitrogen (LN 2 ) which evaporates into the test operation at room temperature, it is now being modified for

gas. Despite increased gas density, cryogenic operation of a operation at cryogenic conditions. To this end, the main

closed circuit wind tunnel is associated with reduced fan circuit is being built in stainless steel Z2CN 18-10 (the

power and no extra dynamic loads on the models. Further, a American 304 L). Provisions are planned for injection and

closed circuit cryogenic tunnel allows independent control of evacuation of nitrogen and for thermal insulation.

the tunnel flow parameters. Precise control of these 'ONERA, 92320 Chatillon, France
parameters is an involved control problem in view of the
non-linear and coupled nature of the tunnel responses. This 106 *Green, J. E., *Weeks, D. J.. and *Pugh, P. G. Heat

paper aims at developing a simple lumped parameter Transfer to Model or Test Section a a Source of Spurious
multivariable control compatible mathematical model of a Aerodynamic Effects in Transonic Wind Tunnel. Paper no.

LN 2 -GN 2 operated closed circuit cryogenic tunnel, and ?6. 1st Int. Symp on Cryogenic Wind Tunnels,

derive closed loop control laws with specific reference to the Southampton, U.K., Apr. 3-5. 1979.
0.3-m transonic cryogenic tunnel at the NASA Langley For predictions of aerodynamic characteristics to be

Research Center. reliable, correct simulation of the thermal behaviour at full

*Old Dominion University Research Foundation, Norfolk, scale is essential. That is to say, the ratio of surface

VA 23508 temperature to free-stream temperature may be expected to

*NASA, Langley be just as important a parameter as Reynolds number in any
flow in which boundary layer behaviour has a significant

104 *Clausinq. A. M.: Experimental Studies of Forced, effect on the overall aerodynamics. The relative importance
Natural and Combined Convective Heat Transfer at of Reynolds number and of heat transfer to the model is

Cryogenic Temperatures. Paper no. 24. 1st Int. Symp. on assessed in this paper on the basis of calculations of the tlow

Cryogenic Wind Tunnels, Southampton, U.K., Apr. 3-5, over an aerofoil at subsonic and transonic speeds. The
1979. significance of heat transfer to the test-section walls is also

A novel heat transfer technique, the use of cryogenic assessed. Hence allowable temperature limits are suggested

temperatures for convective modeling, is used in this study to for both the model and the tunnel walls. The source of the

obtain significant increases in p
2 0/4

2 and P/X., in order to results quoted here is a paper which was written in 1973 at

simultaneously obtain large Grashof and Reynolds numbers the behest of the AGARD LaWs Group but given only

on a vertical cylinder. The research is motivated by the need limited circulation at that time, Whilst the theoretical

to predict combined convective losses from large, methods used. particularly for the inviscid parts of the

high-temperature objects such as solar "Dower tower' aerofoil calculations, have now been superseded by

receivers where the magnitudes of both the Grashof and appreciably improved methods. there is no reason to suppose

Reynolds numbers are large, The cryogenic heat transfer that the use of these later methods would significantly alter

tunnel provides an economical method of obtaining these our main conclusions

large Grashof and Reynolds numbers with an appropriate and *Royal Aircraft Establishment (R.A.E.). England
near constant Prandtl number; thus it is an excellent tool for
study of convective heat transfer. Low-temperature 107 °Mignosi. A., and °Archambaud. J. P. Prediction of
modeling, a cryogenic testing facility, and a transient Thermal Losees and Transient Flows in a Cryogenic Wind

measurement technique are discussed. Tunnel. Paper no 27. 1st Int. Symp. on Cryogenic Wind
Tunnels, Southampton, U.K.. Apr. 3-5. 1979.

*Univ. of Illinois

In parallel with the experimental studies developed in a
105 'Christophe, Jean; and *Francois, Gilbert: 1Termal cryogenic pilot wind-tunnel called T'2 which is induction

10sulChrinohe Preanri nd y ancisdGiler Tapermal. driven, theoretical methods have been developed. This wind
Inulation .PreSmurize Cryoenic Wind Tunnels. Paper no. tunnel is used to give experimental data related with
25, fs Int. Symp. on Cryogenic Wind Tunnels, cryogenic problems. Prediction methods have been
Southampton, U.K.. Apr. 3-5, 1979. established to compute thermal losses, wind tunnel

The transformation of existing wind tunnels for cryogenic performances, and transient flows These methods have been
operation requires an internal insulation to protect the walls, checked with experimental data and are used to predict and
which usually are made of carbon steel, and are brittle at low to optimie the wind tunnel flow The contemplated
temperatures. In order not to alter the shape of the application of these methods is a cryogenisation of our

LI
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induction driven wind tunnel T2 (test section 0.4 x 0.4 m) in 111 *Gravelle, Alain: Aeroslastic Models for Cryogenic
which great values of Reynolds number could be obtained. Wind Tunnels. Paper no. 31. 1st Int. Symp. on Cryogenic

*ONERA/CERT Aerothermodynamics Department, Wind Tunnels. Southampton, U.K.. Apr. 3-5,1979. ONERA
Toulouse, France TP 1979-39, 1979. (A79-39088#*.

The application of Mach and Froude similarity rules to
108 *Ray, Edwards J.; *Ladson, Charles L.; *Adcock, cryogenic wind tunnel testing of aeroelastic models is
Jerry B.. *Lawing, Pierce L.; and *Hall, Robert M.: Review examined. It is shown that when stagnation temperatures are
of esign and Operational Characteristics of the 0.3-Meter low and can be varied over a wide range, it is possible to
Transonic Cryogenic Tunnel. Paper no. 28, 1st Int. Symp. on obtain reasonable values for static loads and Reynolds
Cryogenic Wind Tunnels, Southampton, U.K., Apr. 3-5, numbers with flutter models. The scaling of models of the
1979. Airbus A300B and the F1 fighter for testing in a S2-MA wind

The past six years of operation with the NASA Langley tunnel is discussed and compared with possible scalings of

0.3-m transonic cryogenic tunnel (TCT) has shown that there similar models for testing in a cryogenic facility.

are no insurmountable problems associated with cryogenic *ONERA, 92320 Chatillon, France
testing with gaseous nitrogen at transonic Mach numbers. The
fundamentals of the concept have been validated both 112 *Ferris, Alice T. (Judy) Cryogenic Wind Tunnel Force
analytically and experimentally and the 0.3-m TCT, with its Instrumentation. Paper no. 32, 1st Int. Symp. on Cryogenic
unique Reynolds number capability, has been used for a wide Wind Tunnels, Southampton, U.K., Apr. 3-5, 1979.
variety of aerodynamic tests. Techniques regarding real-gas A cryogenic wind tunnel imposes rather severe
effects have been developed and cryogenic tunnel conditions
can be set and maintained accurately. It has been shown that ruments on the r en eronmc oresandmoments. Not only does the cryogenic environment present
cryogenic cooling by injecting nitrogen directly into the an unusual surrounding for the force balance, but also.
tunnel circuit imposes no problems with temperature because of the tunnel's high density capability, the
distribution or dynamic response characteristics. Experience magnitude of the load to be measured can be much greater
with the 0.3-m TCT has, however, indicated that there is a than that of a conventional tunnel of the same size. Although
significant learning process associated with cryogenic, high pushing the state-of-she-art, initial studies indicate that
Reynolds number testing. Many of the questions have already one-piece, high-capacity strain-gage balances can be built to
been answered; however, factors such as tunnel control, run satisfy cryogenic requirements. This paper will outline the
logic, economics, instrumentation, and model technology work that has been accomplished at Langley Research Center
present many new and challenging problems, while investigating the effects of the cryogenic environment

*NASA, Langley on one-piece multicomponent strain-gage balances, with
particular emphasis on cryogenic balances for use in the

109 *Richards, B. E.; *Wendt, J. F.; Preliminary Design National Transonic Facility (NTF); a 2.5-meter cryogenic
Study of a Rogeneratively-Cooled Transonic Cryogenic facility that is being constructed at the National Aeronautics
Tunnel. Paper no. 29, 1st Int. Symp. on Cryogenic Wind and Space Administration (NASA), Langley Research Center
Tunnels, Southampton, U.K., Apr. 3-5, 1979. (LaRC), Hampton, VA. The NTF is scheduled to begin

operation ir mid-1982. One-piece multicomponentThe cost of liquid nitrogen dominates the operating
expenses of a cryogenic tunnel, particularly in the high speed requirements imposed by the cryogenic environment. These
range. To reduce this cost, a number of short-duration re sulof etee stdies inte areso
designs have been studied; many of them will be discussed at
this symposium. One idea which does not seem to have design, balance materials, strain gages (including applicationreceived serious attention is the regeneratively-eooled techniques), and cryogenic calibration. The laboratory results

concept. The purpose of this short paper is to present the indicate that these balances will yield reliable, repeatable, and

concept for constructive criticism, predictable data from 340 K to 77 K under steady-state
conditions. Work is continuing in a number of areas to reduce

.von Karman Inst. for Fluid Dynamics B-1640 Rhode Saint the effect of the cryogenic environment even further where
Genese, Belgium possible and to study the problems associated with thermal

control that may be needed to eliminate thermal gradients
110 *Lambourne, N. C.. Synopsis of Similarity *NASA. Langley
Requirements for Aeroelastie Models in Cryogenic Wind
Tunnels. Paper no. 30, 1st Int. Symp. on Cryogenic Wind 113 Hill, Eugene G. The Proposed Boeing Supersonic
Tunnels, Southampton, U.K., Apr. 3-5. 1979. Wind Tunnel Hi Reynolds Number Insert. Paper no. 33. i

A consideration of the requirements for aeroelastic Int. Symp. on Cryogenic Wind Tunnels. Southampton. U.K..
similarity shows the low working temperature of a cryogenic Apr. 3-5, 1979.
tunnel and an ability to vary temperature both have Modification of the infrequently used Boeing Supersonic
advantages in regard to the choice of suitable stiffness and Wind Tunnel (BSWTI to provide high Reynolds number
density scales for an aeroelastic model. The advantages are iesting capabilities has been under study since 1974
incidental to the main purpose of a cryogenic tunnel, which Operating the modified four foot tunnel at cryogenic
is to achieve high Reynolds numbers, temperatures produces full scale Reynolds number with

'Dynamics Lab., RAE, Bedford approximately 0.02 scale models. Current plans are to

... .I



continue a low budget circuit development effort and to checkout of the tunnel subsystems will begin and build up to
monitor progress in cryogenic wind tunnel testing check runs of the total system at ambient and cryogenic
technology. Non-cryogenic circuit development studies are temperatures about October.

scheduled for completion by the end of 1979. Subsequently. *Douglas Aircraft Co.; McDonnell Douglas Corp.. Long
cryogenic circuit development studies in the 0.10 scale Beah CA

8SWT/BHRT pilot facility will co,'tinue during 1980.
Limited studies are continuing to define the modifications 116 Clark, P. J. F. and *Morel, J. P. Cirit
required to convert the Boeing Supersonic Wind Tunnel into Opmilation Study for de Euroen Traonic Wind

a high Reynolds number tunnel. BHRT. Many of the Tunmel. Paper no. 36. 1st t. Symp. on Cryogenic Wind

non-cryogenic modification have been defined. Studies Tunnels, Southampton. U.K. Apr. 3-5. 1979.

concerning cryogenic operations will begin late in 1979.

*Senior Engirneer, Boeing Company An Airline Optimization Study defines the most
economical circuit configuration for the European Transonic

114 *Cadwell J. D.: Design, Fabrication, and Wind Tunnel (ETW) based on the combination of capital and
Inetnamantatlon Preparation of a Veriatfio Mode for te operating costs consistent with flow quality, test spectrumInstumeAratn prepratin Fof ayeficain TM, dfrthe and operational flexibility requirements. This study included
Doulas Air4.aft Four Footm. C onCe W Wid Tunnel s4,CWT). investigations of the sensitivity of the optimum configuration
Paper noo. . .st Int. Syrp. on Cryogenic Wind Tunnels, to variations in the factors which affect the cost of the

various components or cost elements over a reasonable range.
The advent of the cryogenic work at the NASA Langley *DSMA International Inc., Toronto, Canada

Research Center presented the technique that would allow *(Technical Group, ETW)
the McDonnell Douglas Corporation to obtain a high
Reynolds number transonic facility with reasonable dynamic 117 Hall, Robert M.: Onset of Condensation Effects as
pressures for a moderate capital expenditure. Although
NASA had a continuous flow cryogenic pilot tunnel in Tr c Totl rune P e in the Lanley Mr
operation, the blowdown concept had not been checked 1979. (N79-270944h.
experimentally. Prior to approval of the capital expenditure
an inhouse study was accomplished and verified in an Total pressure probes mounted in the test section of the
independent feasibility study accomplished by the Fluidyne Langley 0.3-meter transonic cryogenic tunnel are used to
Corporation. Management approval to proceed with the detect the onset of condensation effects for free-stream Mach
modification of the existing four foot transonic tunnel to a numbers of 0.50, 0.75, 0.85, and 0.95 and for total pressures
four foot cryogenic tunnel (4-CWT) was given in mid 1976. between one and five atmospheres. The amount of
The purpose of this report is to review the work supercooling is found to be about 3 K and suggests that
accomplished to date on the design, fabrication, and condensation is occurring on pre-existing liquid nitrogen
instrumentation of the DC-10 model to be used in the droplets resulting from incomplete evaporation of the liquid
verification test of the McDonnell Douglas four foot nitrogen injected to cool the tunnel. The liquid nitrogen
Cryogenic Transonic Wind Tunnel. injection process presently being used for the 0.3-m tunnel

*Douglas Aircraft Co., McDonnell Douglas Corp. results in a wide spectrum of droplet sizes being injected into
the flow. Since the relatively larger droplets take much more

115 *Aldrich. J. F. L.: Program IReport an the Douls time to evaporate than the more numerous smaller droplets.
115r-Foot rchenic L.d T . Papr o 3the larger ones reach the test section first as the tunnel
Four-oFoot Cryognic Wind Tunnel. Paper no. 35. 1st Int.

Symp. on Cryogenic Wind Tunnels, Southampton, U. K., Apr. operating temperature is reduced. However, condensation
3-5, 1979. effects in the test section are not immediately measurablebecause there is not a sufficient number of the larger droplets

The Douglas design effort toward a cryogenic operating to have an influence on the thermodynamics of the flow.
mode of their intermittent 4-foot wind tunnel began in
August 1976 under the leadership of NASA Langley. The NASA. Langley
preliminary study had concluded that it was feasible, that the
cost was reasonable for the Reynolds number gain, but that
certain scaled tests should be conducted to minimize risks.Theexprimnta prgra codutedis ummrizd. he hefollowing citations while not dealing directly with
The experimental program conducted is summarized. Thee been found to be usful sources
design of the modifications on the 4-Foot Cryogenic Wind o informtb
Tunnel (4CWT) began with the completion of the 1-Foot
Cryogenic Wind Tunnel 1tCWT) design and continued in * * * t *
parallel with the experimental program. About 85 percent of
the design has been completed. Approximately 165 drawings 118 Pankhurst. R. C.; and Holder, D. W.: Wind Tunl
have been released. The remaining design work includes 118 Panurs. R.tC. and Hoder.tD. Lnd Tunnel
stings, calibration equipment, control sensor installation and Technique. Sir Isaac Pitman end Sons. Ltd. London. 1965
interconnections to operating console and computer. The This book is an attempt to satisfy the need which the
majority of the supplier-fabricated items have been delivered, authors felt to exist for a coherent account of modern
Modifications and installation work by the contractors is wind-tunnel practice written in the form of a critical resume
expected to be completed in August, at which time prerun rather than as a textbook which starts from first principles. It
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is intended primarily for graduates entering the field of Cryogenic cooling of electronic equipment, infrared

experimental aerodynamics since it is felt that, although equipment, cryogenic storage vessels, magnetohydrodynamic

having a good knowledge of the theory, they may in many generators, and superconducting magnets, coils, rotating

cases have had little opportunity of becoming familiar with machinery, and transmission lines is reported. Marine

experimental practice. It is hoped that the work may also be refrigeration of liquefied natural gas, cryogenic heat pipes,

of value as a reference book for the research worker and for cryogenic heat transfer, and space applications are studied.

the model-testing personnel of aircraft firms. The scope of Methods investigated include adiabatic demagnetization,

the book is best judged from the Contents and from the electrocaloric effect. Joule-Thompson effect, thermoelectric

forward references to the remainder of the text given in cooling, and Crayton, Claude, Gifford-McMahon, Sterling,

Chapter 1. For this reprint (1965) we have been able to and Vuilleumier cycles. This updated bibliography contains

correct ktown misprints and other errors (particularly the 229 abstracts, none of which are new entries to the previous

omission of the chord/span ratio from equations 3)-(5) on edition.

p. 238) but have not introduced fresh material. The only *NTIS

substantial alteration occurs in Chapter VIII, where the drag

correction ascribed to wall-induced inclination of the lift

vector has been deleted in cases of two-dimensional flow. 122 * Reed, William F.. Cryogenic Refrigeration, Vol. 3. A

Bibliography With Abstracts. Progress Rep., Nov. 1977-Nov.

119 Barron, Randall F.. Cryogenic Systems. McGraw-Hill, 1978.84 p. (N79-16145#, Available NTIS).

New York, 1966. (McGraw-Hill series in mechanical Cryogenic cooling of electronic equipment. inifared

engineering), equipment, cryogenic storage vessels, magnetohydrodynamic

The objective of this book is to present an introduction to generators, and superconducting magnets, coils, rotating

the engineering aspects and challenges of cryogenics. machinery, and transmission lines is reported. Marine

Emphasis is placed on the design and analysis of systems used refrigeration of liquefied natural gas, cryogenic heat pipes,

to produce, maintain, and utilize low temperatures. The text cryogenic heat transfer, and space applications are studied.

is an outgrowth of class notes and lecture material associated Methods investigated include adiabatic demagnetization,

with a course in cryogenic systems taught at Ohio State electrocaloric effect, Joule-Thomson effect, thermoelectric

University and is slanted primarily toward senior mechanical cooling, and Crayton, Claude, Gifford-McMahon, Sterling,

engineering students, although the text is arranged so that it and Vuitleumier cycles. This updated bibliography contains

may be used by an engineer unfamiliar with cryogenic 77 abstracts, all of which are new entries to the previous

techniques when he is called upon to assist in the design of a edition.

system for low temperatures. The required background for *NTIS

the student includes a knowledge of the basic engineering

sciences-thermodynamics, heat transfer, fluid flow, and 123 *Corruccini, Robert J.. and "Gniewek, John J.

mechanics of solids. Because a book must always have a finite Specific Heats and Enthalpies. of Technical Solids at Low

number of pages, not all topics in cryogenics are covered, but Temperatures - A Compilation From the Literature. (311

it is hoped that a student will have a firm foundation in refs,) NBS Monograph 21. Oct. 1960. (N63-81125, Available

cryogenics after studying this text. The text is intended for a from STIF).

one-semester undergraduate course in cryogenic systems. Tables are given of the specific heat. cp, and the enthalpy

Books for additional reading are suggested at the end of each of 28 metals, 3 alloys, 8 other inorganic substances, and 8

chapter. organ;c substances in the temperature range, 1 to 300 K.

120 *Scurlock, R. G.. Low Temperature Behaviour of *Nat. Bur. Stds.

Solids: An Introduction. 1966. Routledge and Kegan Paul,

Ltd, London. Dover Publications, Inc., New York. 124 *Jacobs, R. B. Liquid Requirements for the

Cool-Down of Cryogenic Equipment. Advances in CryogenicThis book provides an elementary introduction to the
Engineering. Vol. B. 1963. pp. 529-535 Presented at the

behaviour of solids, at temperatures ranging down from room

temperature. It is directed at the level of the second or third Cryogenic Engineering Conference. Los Angeles. Calif.. Aug

year undergraduate student in science and engineering, and 1962.

provides a concise account of some of the more important It is frequently necessary to estimate the amounts of

properties of the solid state. A strict mathematical approach cryogenic liquid required to cool cryogenic equipment to its

is avoided, and discussion is limited to qualitative, order of operating condition. The purpose of this paper is three-fold

magnitude, explanations of low temperature behaviour. (1) to derive relations for making these estimates. (2) to

compute the cool-down requirements for the commonly used

'Uniersty o Sothamtonliquids (helium, hydrogen, nitrogen. and oxygen) with some

121 *Reed, William E.. Cryogenic Refrigeration, Vol. 2. A commonly used materials (stainless steel, copper, and

Bibliography With Abstracts. Progress Rep. 1973-Oct. 1977. aluminum), and 13) to present the results of the

NTIS/PS-78/1261/3. Dec. 1978. 236 pp. (N79-16144#, computations in a readily usable graphical form.

Available NTIS). 'CE L National Bureau of Standards, Boulder, Colorado
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125 *Lin, Shih-Chun: An Experimental Study of 128 *Osborne, B. P., Jr.; and **Nicks, 0. W.
Gaidynamical Turbulence. California Univ.. San Diego. Ph.D. (Co-chairmen): National Transonic Facility: Report of the
Thesis, 1972, 230 pp. (N73-19280. Available Univ. 1974 National Aeronautical Facilities Subpanel to the
Microfilms, Order No. 72-24634). Aeronautics Panel, AACB. Aeronautics and Astronautics

A nearly homogeneous grid turbulence field with Coordinating Board, Washington D.C., U.S.A. Report. May
large-amplitude temperature fluctuations is investigated 1975.63 pp. (N79-79161#, Available NTIS).
experimentally. In order to generate a nearly homogeneous At its 69th meeting, the Aeronautics and Astronautics

flow field with large temperature fluctuations in the Coordinating Board (AACB) authorized the Aeronautics
laboratory, a 21' x 21' variable density. subsonic wind tunnel Panel to proceed with a review of national aeronautics
with the capability of generating Reynolds number per inch facilities. The specific Terms of Reference are set forth in
up to 3.5 x 10.000 when operated at ambient temperatures Attachment A. The members of the 1974 National
and up to 3.0 x 105 

when operated at 100 K by the direct Aeronautics Facilities Subpanel constituted by the
injection of liquid nitrogen has been designed and developed. Aeronautics Panel are identified in Attachment B. Prior to
The details of the design and the discussion of the tunnel the first meeting of the subpanel, the Cochairmen of the
performance are presented. A nearly homogeneous AACB Aeronautics Panel agreed to modify the Terms of
turbulence field with large amplitude temperature Reference to eliminate consideration by this subpanel of the
fluctuations is generated in the 21' x 21' test section by rapid USAF Aeropropulsion System Test Facility (ASTF) and the
mixing of 64 hot and cold air streams behind a specially NASA/Ames 40 x 80 foot tunnel modifications. Hence, this
constructed grid. Electrical heating power up to 300 kW is report is concerned only with a review of the High Reynolds
applied to generate initial hot and cold stream temperature Number Tunnel (HIRT) and the Transonic Research Tunnel
ratios up to 1.6 at a mean velocity of about 11 m/sec. Due to (TRT) and related requirements.
icing problems, the liquid nitrogen mode of operation has U.S. Dept. of Defenseb e e n p o s tp o n ed . ° . . D p . o e e s

b NASA, Langley Research Center, Hampton, Va. 23665,
*Univ. of California, San Diego, CA, U.S.A. U.S.A.

.126 *Adcock, J, B.: The Cryogenic Wind Tunnel Concept. 129 *Rao, D. M.: Wind Tunnel Design Studies. Final
(Presented during The House Authorization Subcommittee Report (June '75 through May '76). Old Dominion Univ..
Hearings on the CAST FY '75 Budget). NASA-TM-80504, TR-76-T11; NASA CR-148,149, May 1976. 31 pp.
Mar. 1974. 13 pp. (X80-70012# Available from STIF to (N76-25156#, Available NTIS).
NASA only). This report describes work performed at Langley
*NASA, Langley Research Center, Hampton, Va. Research Center in support of the National Transonic
23665, U.S.A. Facility Project Office. The report is in three parts:

estimation of aerodynamic losses in the tunnel circuit,
127 *Zapata, Ricardo N.; *Humphris, Robert R.; and 2nd-turn model studies, and proposed circuit modification
*Henderson, Karl C.: Experimental Feasibility Study of the for LN 2 economy and shell cost savings. The report
Application of Magnetic Suspension Techniques to emphasizes the basic motivation behind the problems
Large-Scale Aerodynamic Test Facilities. 8th AIAA studied, and gives the main results and conclusions obtained.
Aerodynamic Testing Conference, Bethesda, Md., July 8-10. A more detailed presentation of the experimental data and
1974, AIAA Paper 74-615, 11 pp. (A74-35383A. This was analysis is deferred to a subsequent document.
also published as NASA-CR-146,761, 1975, 10 pp. *d Dominion University, NorfolkVa. 23508. U.S.A.
(N80-111021, Available NTIS).

NASA Grant No. NSG 1135
Based on the premises that magnetic suspension

techniques can play a useful role in large-scale aerodynamic 130 Wagner, B.. and Schmidt, W. Theoretical Studies
testing and that superconductor technology offers the only on the Shock Wave-Boundary Layer Interaction in Cryogenic
practical hope for building large-scale magnetic suspensions, Nitrogen. Rept. No. ESA-TT-498. pp. 419-436. March 1979.
an all-superconductor three-component magnetic suspension T
and balance facility was built as a prototype and was tested This is an English translation of the 1977 German report
successfully. Quantitative extrapolations of design and Available NTIS).nN "36
performance characteristics of this prototype system to larger
systems compatible with existing and planned high Reynolds The basic effects of low temperatures close to
number facilities have been made and show that this liquefaction in cryogenic wind tunnels were studied
expeiimental technique should be particularly attractive theoretically for viscous compressible flow on the basis of
when used in conjunction with large cryogenic wind tunnels. shock wave-laminar boundary layer interaction. The full

Note: Similar information is contained in AGARD-CP-174 Navier-Stokes equations in combination with the equations

(N76-25213#), and in NASA-CR-2565 (N75-28025). of state for a real gas and the material properties fvr low
temperatures were solved by means of a finite volume

*Univ. of Virginia, Charlottesville, Va., U.S.A. method and MacCormack's time splitting technique Results
Grants NG R-47-005-029, NG R-47-005- 110, show relatively small deviations compared with the ideal gas
NGR-47-005-112, and NSG-1010. case. The differences in the pressure distribution are caused
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mainly by real gas effects in the inviscid external flow field 11-16 Sept., 1978. Rep. No. TG-ETW/D2. Sept. 1978.9 pp.
while the changes in the skin friction coefficients depend (To be published and will be announced in "International
mainly on the different viscosity characteristics and on the Aerospace Abstracts.")
real gas effects in the temperature distribution. A joint project of four nations (France, Germany, The
*Dornier GmbH, Theoretical Aerodynamics Dept., Postfach Netherlands. and U.K.) to define, and later to construct, a
1420.7990 Friedrichshafen, West Germany new European high-Reynolds-number transonic windtunnel
Note: The original German report is no. 56 in the main part using cold nitrogen gas as the test medium is described. The

of this bibliography. concept of windtunnel testing at cryogenic temperatures is
discussed and a brief description of the proposed tunnel, as it

131 *Bazin, Maurice: Construction Problems for High is envisaged at present, is given.

Reynolds Number Wind Tunnel Models. Presented at the *J. P. Hartzuiker and R. J. North, Technical Group ETW, c/o
14th Colloq d'Aerodyn. Appl. de I'Assoc. Aeron. et Astron. National Aerospace Laboratory NLR, Anthony Fokkerweg 2,
de France. Toulouse 7-9 Nov. 1977. European Space 1059 CM Amsterdam. The Netherlands

Agency. Paris, France Rep. No. ESA-TT-564, June 1979. 50
pp. This is the English translation of ONERA-NT-1978-6. 134 *Ray, Edward J., *Ladson, Charles L., *Adcock,

(N80-12101#, Available NTIS). Jerry B.; * Lawing, Pierce L., and *Hall, Robert M. Review
of Design and Operational Characteristics of the 0.3-Meter~~~Design structures, problems of definition, and materials Trnoi roei unlNS M813 et 99

for high Reynolds number wind tunnel models are discussed. Transonic Cryoeente Tunnel. NASA TM-80123. Sept.1979,~56 pp. Also presented at the 1st Int. Syrup. on Cryogenic
Models for force and pressure distributions, air intakes, jet Wind Tunnels, Southampton, England. Apr. 3-5, 1979. (No.
simulation, and dynamic flutter are considered. It is shown 108 in the main part of this bibliography.) (N79-32159#,
that deformations in operation under the effect of Available NTIS).
aerodynamic and thermal loads require new measuring
techniques and the adaptation of the capacity, thermal The past 6 years of operation with the NASA Langley
protection, and calibration methods of the balance. The 0.3-m transonic cryogenic tunnel (TCT) show that there are
mechanical strength of the supports, in particular the risk of no insurmountable problems associated with cryogenic
divergence, and the dynamic behavior of the mountings are testing with gaseous nitrogen at transonic Mach numbers. The
the most severe limitations in the use of pressurized wind fundamentals of the concept were validated both analytically
tunnels. Thermal problems are added in a cryogenic and experimentally and the 0.3-m TCT, with its unique
environment. The development of pressure measurement Reynolds number capability, was used for a wide variety of
methods and instruments is considered, aerodynamic tests. Techniques ?ecarding real-gas effects were

developed and cryogenic tunne onditions can be set and
maintained accurately. Cryogenic cooling by injecting liquid

Note: The original French report is no. 66 in the main part of nitrogen directly into the tunnel circuit imposes no problems
this bibliography. with temperature distribution or dynamic response

characteristics. Experience with the 0.3-m TCT. indicates
132 *Michel, R.; and *Fauldmann, D.,. Preliminary Tests that there is a significant learning process associated with
in a Cryogenic Wind Tunnel Driven by Induction, cryogenic, high Reynolds number testing. Many of the
ONERA-TP-1978-48E, July 1978, 9 pp. Translated into questions have already been answered, however, factors such
English from La Recherche Aerospatiale, Bulletin Bimestriel as tunnel control, run logic, economics, instrumentation, and
(Paris) No. 1978-4, July-Aug. 1978, pp. 205-207. model technology present many new and challenging
A79-15300# (N80-12019#. Available NTIS). problems.

A 1/4 scale cryogenic operation pilot wind tunnel test *NASA, Langley Research Center, Hampton, Va. 23665,
for higher Reynolds number was performed to verify a liquid U.S.A.
nitrogen injection fast cooling process. The cryogenic 135 *Albone, C. M.: An Investigation into the Real Gas
operation was combined with an induction driven operation Effects of Cryogenic Nitrogen in Inviscid Homentropic Flow.
in the hope that the short flow duration will give rise to a R.A.E.TM Aero 1805, May 1979, 17 pp.
decrease in the wall and model surface temperature only,
avoiding some technological problems. Operation As a contribution to the investigation of the suitability of
temperatures down to 100 K were obtained. Thin layers of using cryogenic nitrogen as the test gas in a high Reynolds
wall insulation are shown to be efficient in containing number transonic wind-tunnel, a study is made here of the
nitrogen consumption. It is concluded that the simplicity of real gas effects of nitrogen at low temperatures. The study.
implementation makes the process promising for adapting which is limited to inviscid, homentropic flow of a

existing wind tunnels to cryogenic operation. non-conducting gas, takes the form of an independent
confirmation of results by Kilgore, et al. A recent paper by

O.N.E.R.A.-CERT, Toulouse, France Wagner and Schmidt on this subject employs a different
Note: The original French report is no. 74 in the main part of equation of state from that used here and their investigations
this bibliography. cover more than iust homentropic flow. The new

contribution in this Memorandum is that the use of a
133 *Hartzuiker, J. P.; and *North, R. J.: The European simplified equation of state enables an expression for
Transonic Windctunnel (ETW) for High Reynolds-Number enthalpy (and, hence, the terms in Bernoulli's equation) to be
Testing. Presented at the 11th Congress of ICAS, Lisbon, derived by analytic integration.
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'Royal Aircraft Establishment, Farnborough, Hants, UK. magnitude increase in Reynolds number capability over
Note: A shortened varsion of this Memorandum (no. 97 in existing tunnels in the United States.

the main part of this bibliography) was presented at the First *NASA, Langley Research Center. Hampton, Va. 23665,
International Symposium on Cryogenic Wind-Tunnels at U.S.A.
Southampton University 3-5 April 1979.

139 Hartzuiker. J. P. "*Christophe, Jr..
136 *Goodyer, M. J. Cryogenic Wind Tunnel Activities at *Lorenz Meyer, W., and *-'Pugh, P. G. The Cryogenic
the University of Southampton. NASA-CR-159144. Sept Windtunnel; Another Option for the European Transonic
1979, 10 pp. (N80-10231#. Available NTIS). Facility. Paper No. 3 in AGARDograph No. 240, "Toward

New Transonic Windtunnels," Nov. 1979, 15 pp.
The characteristis and behavior of a 0.3-m transonic Noe -ra nc" N

cryogenic wind tunnel are discussed. The wide band of usable A new option for the proposed European transonic
Reynolds numbers is analyzed along with a flow visualization windtunnel is described a cryogenic facility with test section

technique using propane. The combination of magnetic dimensions compatible with existing major European

suspension with the cryogenic wind tunnel is described. An transonic facilities. The tunnel performance is to the

outline of the circuit showing the locations of the magnet functional specification of the LaWs Group (Reynolds

system and the features of the tunnel are presented, number based on mean aerodynamic chord variable between
25 x 106 and 40 x 106). The advantages and drawbacks of
cryogenic testing as well as fundamental aspects of cryogenic

NASA Grant No. NSG-752:, aerodynamics are discussed. Comparative estimates for

capital and operating costs are presented.
137 *Tuttle. Marie H., and *Kilgore, Robert A.:
Cryogenic Wind Tunnels-A Selected, Annotated *National Aerospace Laboratory (NLR) Amsterdam. The

Bibliography. NASA TM-80168, October 1979, 30 pp. Netherlands
(N79-33221# Available NTIS). **O.N.E.R.A.. 92320 Chatillon, France

***DFVLR, Institut fur Experimentelle Stromungsmechanik
The design and characteristics of cryogenic wind tunnels Bunsenstrausse 10, 3400 Gottingen, West Germany (FRG)

are discussed in the 124 publications included in this ****Royal Aircraft Establishment, Bedford, UK
bibliography. Evaluations of cryogenic fluids used as wind
tunnel test gases and tests performed in the cryogenic wind
tunnels are reported. 140 *Balakrishna, S.: Synthesis of a Control Model for a
*NASA, Langley Research Center, Hampton, Va, 23665, Liquid Nitrogen Cooled. Closed Circuit, Cryogenic Nitrogen
U.S.A. Wind Tunnel and its Validation. Progress Rept.. period

ending Sept. 1979. NASA CR-162, 508, Nov. 1979, 142 pp.

Note: This is the main bibliography of which the present (N80-13058#, Available NTIS).
collection is a supplement.

The details of the efforts to synthesize a

138 *Kilgore, Robert A.: Development of the Cryogenic control-compatible multivariable model of a liquid nitrogen

Tunnel Concept and Application to the U.S. National cooled, gaseous nitrogen operated, closed circuit, cryogenic

Transonic Facility. Paper No. 2 in AGARDograph No. 240, pressure tunnel are presented. The synthesized model was

"Towards New Transonic Windtunnels," Nov. 1979, 27 pp. transformed into a real-time cryogenic tunnel simulator, and
N 80 -1I139 0. this model is validated by comparing the model responses to

Based on theoretical studies and experience with a the actual tunnel responses of the 0.3-m transonic cryogenic
low-speed fan-driven tunnel and with a pressurized transonic tunnel using the quasi-steady-state and the transient
tunnel, the cryogenic wind-tunnel concept has been shown to responses of the model and the tunnel. The global nature of
offer many advantages with respect to the attainment of the simple, explicit, lumped multivariable model of a closed
full-scale Reynolds number at reasonable levels of dynamic circuit cryogenic tunnel is demonstrated.
pressure in a ground-based facility. The unique modes of

operation available in a pressurized cryogenic tunnel make *Old Dominion University, Norfolk, Va. 23508

possible for the first time the separation of Mach number, NASA Grant No. NSG-1503
Reynolds number, and aeroelastic effects. By reducing the
drive-power requirements to a level where a conventional 141 *Younglove. Ben; and McCarty. R. D..
fan-drive system may be used, the cryogenic concept makes Thermodynamic Properties of Nitrogen Gas Derived from
possible a tunnel with high productivity and run times Measurements of Sound Speed. NASA RP-1051. Dec. 1979,
sufficiently long to allow for all types of tests at reduced
capital costs and, for equal amounts of testing, reduced total

energy consumption in comparison with other tunnel A virial equation of state for nitrogen has been
concepts. A new fan-driven high Reynolds number transonic determined by use of newly measured speed-of-sound data
cryogenic tunnel is now under construction in the United and existing pressure-density-temperature data in a
States at the NASA Langley Research Center. The tunnel, to multiproperty-fitting technique. The experimental data taken
be known as the National Transonic Facility INTE). will have were chosen to optimize the equation of state for a pressure
a 2.5 by 2.5-m test section and will be capable to operating range of 0 to 10 atm and for a temperature range of 60 to
from ambient to cryogenic temperatures at stagnation 350 K, Comparisons are made for thermodynamic properties
pressures up to 8.8 atm. By taking full advantage of the calculated both from the new equation and from existing
cryogenic concept, the NTF qill provide an order of equations of state.
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*Thermophysical Properties Division, National Engineering detailed tunnel flow process which could result in inefficient
Lab. National Bureau of Standards, Boulder. Co. 80302, process controls. The current design affords the capability of
U.S.A. dealing with all of these concerns if they become problems.

Funded by NASA, Langley Research Center The outstanding instrument need is for a real time model
surface deformation measurement system. A program for the

142 *Johnson, W. G., Jr.; and * Igoe. W. B.: Aerodynamic development of this instrument system is underway. The user
Characteristics at Low Reynolds Numbers of Several access to the National Transonic Facility has been addressed
Heat-Exchanger Configurations for Wind Tunnel Use. NASA and a plan developed which will allow any qualified user

TM-80188, Dec. 1979, 54 pp. (N80-14046#, Available access to the facility. The use of the NTF by organizations

NTIS). outside of NASA is encouraged. A practical look at the

In response to design requirements of the National occupancy cost and the cost of liquid nitrogen for high

Transonic Facility. aerodynamic tests were conducted to Reynolds number tests indicates that operating costs should
not be an inhibiting factor in the use of the NTF.

determine the pressure-drop. flow-uniformity, and turbulence

characteristics of various heat-exchanger configurations as a *NASA, Langley Research Center, Hampton. Va. 23665.
function of Reynolds number. Data were obtained in air with U.S.A.
an indraft flow apparatus operated at ambient temperature
and pressure. The unit Reynolds number of the tests varied 145 * Thibodeaux, Jerry J., and **Balakrishna, S.
from about 0.06 x 10 to 6th power to about 1.3 x 10 to 6th Automatic Control of NASA Langley's 0.3-Meter Cryogenic
power per meter. The test models were designed to represent Test Facility. Presented at the AIAA 11th Aerodynamic
segments of full-scale tube bundles and included bundles of Testing Conference, Denver. Colorado, March 18-20, 1980.
round tubes with plate fins in both staggered and inline tube AIAA paper 80-0416, 15 pp.
arrays, round tubes with spiral fins, elliptical tubes with plate Experience during the past 6 years of operation of the
fins. and an inline grouping of tubes with segmented fins. 0.3.meter trarsonic cryogenic tunnel at the NASA Langley

*NASA. Langley Research Center, Hampton, Va. 23665, Research Center has shown that there are problems
U SA. associated with efficient operation and control of cryogenic

tunnels using manual control schemes. This is due to the high
degree of process crosscoupling between the independent

Theo4etical Adcacysiserry Sim.ad Trhnsoni Char y 8control variables (temperature, pressure, and fan drive speed)
Theoratic Analysis of Simulated Transonic Boundary and the desired test condition (Mach number and Reynolds
Lar 0n Cryogenic-Nitr3nWind Tunnels. NASA TP-1631. number). One problem has been the inability to maintain
March 1980.37 pp. lAvailable NTIS). NID- /5/ long term accurate control of the test parameters.

A theoretical analysis has been made to determine the Additionally. the time required to change from one test
real-gas effects on simulation of transonic boundary layers in condition to another has proven to be excessively long and
wind tunnels with cryogenic nitrogen as the test gas. The much less efficient than desirable in terms of liquid nitrogen
analysis included laminar and turbulent flat-plate boundary and electrical power usage. For these reasons, studies have
layers and turbulent boundary layers on a two-dimensional been undertaken to (1) develop and validate a mathematical
airfoil. The results indicate that boundary layers in such wind model of the 0.3-meter cryogenic tunnel process, (2) utilize
tunnels should not be substantially different from ideal-gas this model in a hybrid computer simulation to design
boundary layers at standard conditions. At a pressure of 9.0 temperature and pressure feedback control laws, and (3)
atm, two separate effects produce deviations of real-gas evaluate the adequacy of these control schemes by analysis of
values from ideal-gas values which are in the opposite closed-loop experimental data. This paper will present the
direction from deviations at 1.0 atm and are of the same results of these studies.
insignificant order of magnitude. Results also show that NASA, Langley Research Center. Hampton. Va. 23665.
nonadiabatic boundary layers should be adequately simulated U.S.A.
if the enthalpy ratio is the correlating parameter rather th',,i d Dominion Univ., Norfolk. Va. 23508. U.S.A.
the temperature ratio.

"NASA, Langley Research Center, Hampton, Va. 23665, 146 *Johnson, Charles B.: A Study of Nonadiabatic
U.S.A. Boundary-Layer Stabilization Time in a Cryogenic Tunnel for

Typical Wing and Fuselage Models. Presented at the AIAA
144 *Howell, Robert R. The National Transonic Facility: 11th Aerodynamic Testing Conference. Denver. Colorado,
Status and Operational Planning. Presented at the AIAA 11 th March 18-20,1980. AIAA paper 80-0417.9 pp.
Aerodynamic Testing Conference, Denver, Colorado, March A theoretical study has been made of the time varying
18-20, 1980. AIAA paper 80-0415,9 pp. effect of nonadiabatic wall conditions on boundary layer

The construction of the National Transonic Facility is properties for a two-dimensional wing section and an
advancing on schedule toward a target completion date in axisymmetric body of revolution typical of a fuselage. The
1982. Several residual concerns remain which may emerge as wing section and body of revolution are representative of the
problems in the operation of the facility. Among these are root chord and fuselage of what is considered to be a typical
thermal stress constraints which may limit the rate at which size transport model for the National Transonic Facility. The
temperatures can be changed, seal performance in a dynamic transient analysis was made at a Mach number of 0.85. for
cryogenic environment which may result in undesirable stagnation pressures of 2. 6. and 9 atmospheres at several
internal flow leaks, and inadequate understanding of the cryogenic values of total temperature for a solid wing and for
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three different fuselage skin thickness configurations. The 149 *Goodyer, M. J. Introduction to the Principles of
analysis considered wing and fuselage sections made from Cryogenic Wind Tunnels with Outlines of Potential
stainless steel., beryllium copper, and aluminum. Examples Applications. Presented as Paper No- 1 at the AGARD/VKI
are presented that may be used to determine the time Lecture Series 111, May 19-23, 1980-Rhode-Saint-Genese.
required to reach an adiabatic condition after a change in Belgium, May 27-30, 1980. Hampton Va., U.S.A.
total temperature. *The University of Southampton, Southampton, S09 5NH,

*NASA, Langley Research Center, Hampton, Va. 23665. U.K., Department of Aeronautics & Astronautics
U.S.A.

150 *Scurlock, R. G. Cryogenic Engineering I. Presented

147 *Balakrishna, S.: Automatic Control of a Liquid as Paper No. 2 at the AGARD/VKI Lecture Series III, May
Nitrogen Cooled. Closed-Circuit, Cryogenic Pressure Tunnel. 19-23, 1980-Rhode-Saint-Genese, Belgium. May 27-30.
Progress Report for the period Oct. 1979-March 1980. 1980, Hampton. Va., U.S.A.
Submitted by the Old Dominion University Research Subjects covered in this lecture include Basic properties
Foundation, Norfolk, Va., March 1980, 97 pp. of liquid nitrogen, oxygen, and air. Control of heat fluxes.

This report details the control analysis phase of the insulation techniques, and low-loss storage.
project "Modeling and Control of Transonic Cryogenic Wind *Univ. of Southampton, Southampton S09 5NH, UK.,
Tunnels," sponsored by NASA/Langley Hesearch Center Department of Physics
(LaRC). The contents of this document complement the
modeling phase activity which has been reported as 151 *Scurlock, R. G.. Cryogenic Engineering 11. Presented
"Synthesis of a Control Model for a Liquid Nitrogen Cooled as Paper No. 3 at the AGARD/VKI Lecture Series 111. May
Closed Circuit Cryogenic Nitrogen Wind Tunnel and its 19-23. 1980-Rhode-Saint-Genese, Belgium. May 27-30.
Validation" (no. 140 in this compilation). This document 1980, Hampton, Va., U.S.A.
reports the details of control law design, proof of its
adequacy, microprocessor compatible software design, and Subjects covered in this lecture include. Thermal

electronic hardware realization and its successful properties of commercial materials. Instrumentation

performance on the 0.3-m transonic cryogenic tunnel at including thermometry. flow, and pressure. Avoidance of

NASA/LaRC. two-phase flow.

*Old Dominion University, Norfolk, Va. 23508, U.S.A. Univ. of Southampton. Southampton S09 5NH, U.K..

NASA Grant No. NSG-1503 Department of Physics

152 *Wigley. D. A.: Properties of Materials I. Presented as

Paper No. 4 at the AGARD/VKI Lecture Series No. Ill, May
148 Goodyer. M. J. (Lecture Series Director): Cryogenic 19-23, 1980-Rhode-Saint-Genese, Belgium. May 27-30.
Wind Tunnets: AGAROIVK Lecture Series 111. Presented 1980-Hampton, Va., U.S.A.
May 19-23, 1980, at Rhode-Saint-Genese, Belgium; and May
27-30, 1980, at NASA, Langley Research Center, Hampton. Sublects covered in this lecture include The effect of
Va.. U.S,A. temperature on the mechanical and physical properties of

rincluding metals, including strength and toughness. Failure mechanism,This Lecture Series is designed for engineers, icung influence of cracks and flaws, and fracture toughness.

those experienced with conventional wind tunnels, wishing to

acquire in a concentrated form the principles and practice of *Department of Mechanical Engineering, Univ. of

cryogenic wind tunnels. The emphasis is on the unfamiliar Southampton. Southampton S09 5NH, U.K.
facets of technology which must be applied, and on solutions
to special problems which arise from the exploitation of a 153 *Hall, Robert M.. Real-Ges Effects I-Simulation of
low temperature test gas. Lectures provide up-to-date Ideal Gas Flow by Cryogenic Nitrogen and Other Selected
information on the aerodynamic and mechanical design of Gases. Presented as Paper No. 5 at the AGARD/VKI Lecture
continuous and intermittent cryogenic wind tunnels and their Series I1l, May 19-23, 1980-RhodeSaint.Genese. Belgium,
models, and on techniques for controlling test parameters. May 27-30. 1980, Hampton, Va.. U.S.A.
Design information includes properties of materials, the The thermodynamic properties of nitrogen gas do not
storage and handling of cryogenic liquids, insulation systems thermodynamically approximate an ideal, diatomic gas at
for pipelines and tunnel circuits, and safety requirements. cryogenic temperatures. Choice of a suitable equation of
Solutions are included for the special requirements of state to model its behavior is discussed and the equation of
instrumentation systems for plant, tunnel, and model. The Beattie and Bridgeman is selected as best meeting the needs
physical processes will be described which determine the for cryogenic wind tunnel use. The real-gas behavior of
lower limits of operating temperature. The four malor nitrogen gas is compared to an ideal. diatomic gas for the

cryogenic wind tunnel projects for aeronautical testing are following flow processes: isentropic expansions, normal
also described. Two of these being in the U.S.A. and two in shocks, boundary layers, and shock wave boundary layer
Europe. interactions. The only differences in predicted pressure ratio

Note: The Series was sponsored by the Fluid Dynamics Panel between nitrogen and an ideal gas that may limit the
of AGARD and implemented by the von Karman Institute, minimum operating temperatures of transonic cryogenic
Nineteen papers were presented and are listed immediately wind tunnels seem to occur at total pressures approaching 9
following this entry. atmospheres and total temperatures 10 K below the

L +J ...
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corresponding saturation temperature, where the differences Subjects covered in this lecture include: Handling and
approach 1 percent for both isentropic expansions and transfer of liquid nitrogen. Cooldown and thermal cycling
normal shocks. Several alternative cryogenic test gases-air, problems. Safety, including asphyxia, cold burns, explosions,
helium, and hydrogen-are also analyzed. Differences in air and fire hazards.
from an ideal, diatomic gas are similar in magnitude to those *Department of Physics, Univ. of Southampton,
of nitrogen and should present no difficulty. However. Southampton S09 5NH. U.K.
differences for helium and hydrogen are over an order of
magnitude greater than those for nitrogen or air. It is 157 *Kilgore. Robert A.: Model Design and
concluded that helium and hydrogen would not approximate Instrumentation Experiences With Continuous-Flow
the compressible flow of an ideal, diatomic gas. Cryogenic Tunnels. Presented as Paper No. 9 at the

*NASA. Langley Research Center, Hampton, Va. 23665, AGARD/VKI Lecture Series Ill, May 19-23,
U.S.A. 1980-Rhode-Saint-Genese, Belgium; May 27-30. 1980,

Hampton, Va., U.S.A.

154 *Wigley, D. A.: Properties of Materials II. Presented The development of wind tunnels that can be operated dt

as Paper No. 6 at the AGARD/VKI Lecture Series Ill, May cryogenic temperatures has placed several new demands on

19-23, 1980-Rhode-Saint-Genese, Belgium; May 27-30. our ability to build and instrument wind tunnel models.

Hampton, Va.. U.S.A. Some of tpie experiences at the NASA Langley Research
Center relative to the design and instrumentation of modelsSubjects covered in this lecture include: The effect of frcniosflwcygncwn unl r eiwdi

temperature on the mechanical and physical properties of thi cture.

non-metals, including glasses, polymers, and composites.

Sources of information. *NASA, Langley Research Center, Hampton, Va. 23665.

*Department of Mechanical Engineering, Univ. of U.S.A.

Southampton, Southampton S09 5NH, U.K. 158 'Cadwell, J. D.: Model Design and Instrumentation

for Intermittent Tunnels. Presented as Paper No. 10 at the

155 *Hall. Robert M.: Real-Gas Effects Il-Influence of AGARD/VKI Lecture Series III, May 19-23,
Condensation on Minimum Operating Temperatures of 1980-Rhode-Saint-Genese, Belgium; May 27-30, 1980,
Cryogenic Wind Tunnels. Presented as Paper No. 7 at the Hampton. Va., U.S.A.
AGARD/VKI Lecture Series 111. May 19-23. The concept of a blowdown-to-atmosphere cryogenic
1980-Rhode-Saint-Genese. Belgium. May 27-30. wind tunnel was successfully proven when the Douglas
1980-Hampton, Va., U.S.A. Aircraft Company one-foot tunnel first operated

Minimum operating temperatures of cryogenic wind cryogenically on May 20. 1977. Since that time a continuing
tunnels are limited by real-gas effects. In particular, effort has been underway at Douglas to develop the
condensation effects are responsible for the minimum technology required to design, fabricate, and instrument a
operating temperatures at total pressures up to about 9 model that can withstand the hostile environment of a
atmospheres. The present paper reviews the two primary cryogenic flow without sacrificing the acceptable accuracy
modes of condensation-homogeneous nucleation and that can be obtained at conventional temperatures, i.e., 100
heterogeneous nucleation-and the conditions with which C to 650 C. This report summarizes the current state of this
either may limit minimum operating temperatures. Previous technology with a review of the many aspects of the design
hypersonic and supersonic condensation data are reviewed as and instrumentation of a model for a
are data taken in the nitrogen-gas, Langley 0.3-Meter blowdown-to-atmosphere cryogenic wind tunnel. Also
transonic cryogenic tunnel (TCT). Analysis of data in the included is a discussion of the model conditioning required
0.3-m TCT suggests that the onset of homogeneous before a run in order to minimize the time for the model to
nucleation may be approximated by an analysis by Sivier and stabilize at the adiabatic wall temperature, the model reheat
that the onset of heterogeneous nucleation is only apparent system required after a run when model changes are to be
just below free-stream saturation. Extension of the results made, and the humidity control of the test section and

from the 0.3-m TCT to other nitrogen-gas cryogenic tunnels surrounding area in order to prevent frost from forming on

is discussed and is shown to depend on length scales, purity the cold model.
of the liquid nitrogen injected for cooling, number of *Wind-Tunnel Test and Development. Aerodynamics
particulates in the flow, and the extent to which the injected Subdivision. Douglas Aircraft Co.. 3855 Lakewood
liquid nitrogen is evaporated. On the basis of previous data. Boulevard, Long Beach. Ca. 90846. U.S.A.
hybrid air-nitrogen tunnels are expected to realize little, if
any, supercooling. 159 *Kilgore, Robert A.: Selection and Application of

*NASA, Langley Research Center, Hampton, Va. 23665, Instrumentation for Calibration and Control of a
U.S.A. Continuous-Flow Cryogenic Tunnel. Presented as Paper No.

11 at the AGARD/VKI Lecture Series Ill. May 19-23.

156 *Scurlock, R. G.: Cryogenic Engineering 111. 1980-Rhode-Saint-Genese. Belgium. May 27-30, Hampton.

Presented as Paper No. 8 at the AGARD/VKI Lecture Series Va.. U.S.A

III, May 19-23, 1980-Rhode-Saint-Genese, Belgium; May This lecture describes those aspects of selection end

27-30, 1980, Hampton, Vs.. U.S.A. application of calibration end control instrumentation that

1 .L
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are influenced by the extremes in the temperature closed loop control of the tunnel pressure and temperature
environment to be found in cryogenic tunnels. A description and the successful implementation of a control system for
is given.of the instrumentation and data acquisition system the 0.3-m transonic cryogenic tunnel based on thpse laws are
used in the Langley 0.3-m transonic cryogenic tunnel along presented. An accuracy of ±0.25 K in temperature and'
with typical calibration data obtained in a 20- by 60-cm ±0.017 atm in pressure in the tunnel control has been
two-dimensional test section. achieved.

*NASA, Langley Research Center, Hampton. Va. 23665, *NASA. Langley Research Center. Hampton. Va. 23665.
U.S.A. U.S.A.

160 *Cadweli, J. D.: Calibration of a 163 *Cadwell. J. D.: The Control of Presure,
Wowdown-to-Atmosphere Cryogenic Wind Tunnel. Presented Temperature and Mach Number in a Slowdown-to.
as Paper No. 12 at the AGARD/VKI Lecture Series III, May Atmosphere Cryogenic Wind Tunnel. Presented as Paper No.
19-23. 1980-Rhode-Saint-Genese. Belgium; May 27-30, 15 at the AGARD/VKI Lecture Series Ill, May 19-23.
1980. Hampton, Va., U.S.A. 1980-Rhode-Saint-Genese, Belgium, May 27-30. 1980,

The modification of the existing four-foot trisonic wind Hampton. Va., U.S.A.
tunnel at the Douglas Aircraft Company to a cryogenic The transonic section of the Douglas Aircraft Company
facility required considerable change to the existing tunnel four-foot blowdown-to-atmosphere wind tunnel was placed
internals. When the tunnel comes back on-line early in 1980 a in operation in March 1962. The tunnel control system that
complete tunnel calibration will be made following a evolved and was in operation prior to the shutdown for modi-
shakedown and checkout of the modified facility. The fication is discussed as a starting pnint since one of the
calibration procedure to determine the quality andcaliraton rocdureto etemin thequaityand modification objectives is to be able to operate the tunnel in
characteristics of the tunnel airflow of the modified facility a conventional mode as well as at cryogenic temperatures.

ata conventional modeatre asaelda at cryogenic temperatures.at conventional temperatures and at cryogenic temperatures The modifications to the basic system to include the control
is described. Instrumentation to measure the axial and lateral of tunnel total temperature down to 100 K is described. The
pressure and temperature variations as a function of Mach effects that the injection of large quantities of liquid nitrogen
number and Reynolds number are reviewed as in the on the pressure control system is shown. The critical timing
instrumentation to be used in determining the flow of the tunnel start considers the opening of the pressure
angularity and turbulence levels. The variation in tunnel flow control valve and the initiation of the liquid nitrogen into the
parameters that result from the change in displacement airstream which can result in either a varying test section
thickness due to heat transfer between the warm wall and the temperature distribution during a blow or reheating the
cold airflow is also discussed. precooled model. The evaluation of a shield to protect the

*Wind Tunnel Test and Development, Aerodynamics precooled model during the tunnel start when the airstream is
Subdivision, Douglas Aircraft Co., 3855 Lakewood changing temperature from warm to the planned operating
Boulevard, Long Beach, Ca. 90846, U.S.A. condition is presented.

*Wind Tunnel Test and Development, Aerodynamics
161 *Michel, R.: The Development of a Cryogenic Subdivision, Douglas Aircraft Co., 3855 Long Beach, Ca
Wind-Tunnel Driven by Induction. Presented as Paper No. 13 90846, U.S.A.
at the AGARD/VKI Lecture Series III, May 19-23,
1980 -Rhode-Saint Genese, Belgium; May 27-30, 1980, 164 *lgoe. William B.: Characteristics and Status of the
Hampton, Va., U.S.A. U.S. National Transonic Facility. Presented as Paper No 16

This lecture describes flow control and instrumentation at the AGARD/vKI Lecture Series Ill. May 19-23,
studies in a pilot facility (T'2) at ONERA/CERT. 1980-Rhode-Saint-Genese, Belgium, May 27-30, 1980,

*Aerothermodynamics Dept., ONERA-CERT. 2 Avenue Hampton. Va., U.S.A.
Edouard Belin, B.P. No. 4025, 31055 Toulouse Cedex. The U.S. National Transonic Facility (NTF), a malor
France application of the cryogenic wind tunnel concept, is under

construction at the NASA Langley Research Center and is
162 *Kilgore. Robert A.: Experience in the Control of a scheduled to become operational in 1982. It will have a
Continuous Flow Cryogenic Tunnel. Presented as Paper No. closed return fan-driven circuit with a 2.5-meter square
14 at the AGARD/VKI Lecture Series III, May 19-23, slotted test section. be pressurized up to 8.85 atmospheres.
1980-Rhode-Saint-Genese, Belgium; May 27-30, 1980, and provide chord Reynolds numbers of 120 million based
Hampton, Va., U.S.A. on a chord of 0.25 meter at transonic speeds using cold

The economical operation of liquid nitrogen cooled nitrogen as the test gas. Many of the design features of the

cryogenic tunnels is critically dependent on fast and accurate NTF, as well as the status of its construction, are presented in
control of the tunnel variables. In this lecture, the control this lecture.
problem of a continuous flow fan driven cryogenic tunnel has *NASA, Langley Research Center. Hampton. Va. 23665.
been addressed, firstly by developing a lumped multivariable U.S.A.
mathematical model of a tunnel and validating the model by
reconciling the responses of the Langley 0.3-m transonic 166 "Cadwell. J D.: Progress Reports on the Douglas
cryogenic tunnel to the responses of the mathematical model Aircraft Company Four-Foot Cryogenic Wind Tunnel.
on a simulator. Finally, the development of laws for the Presented as Paper No. 17 at the AGARD/VKI Lecture Series
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III. May 19-23, 1980-Rhode-Saint-Genese, Belgium; May T2 at ONERAICERT. Presented as Paper No. 18 at the
27-30, 1980, Hampton, Va.. U.S.A. AGARD/VKI Lecture Series Ill. May 19-23,

The McDonnell Douglas Corporation approved the 1980-Rhode-Saint-Genese. Belgium; May 27-30. 1980,

modification of the existing Douglas Aircraft Company Hampton. Va.. U.S.A.

four-foot trisonic wind tunnel to a cryogenic facility in mid *Aerothermodynamics Dept., ONERA-CERT, 2. Avenue
1976. The successful operation of the one-foot pilot tunnel Edouard Belin, B.P. No. 4025, 31055 Toulouse Cedex,
in May 1977 gave the final technical approval to proceed France
with the four-foot tunnel modification program. This lecture
gives an update on the progress of the modification. In 167 *Hartzuiker, J. P.: The European Transonic Wind
addition, a review of the test technique development program Tunnel. Presented as Paper No. 19 at the AGARD/VKI

that will provide the technology necessary to conduct the Lecture Series Ill, May 19-23. 1980-Rhode-Saint-Genese,
production type testing required for the design of new or Belgium; May 27-30, 1980. Hampton. Va., U.S.A.
derivative type aircraft programs is presented. This lecture summarizes the present situation concerning

'Wind Tunnel Test and Development, Aerodynamics ETW: Aerodynamics, performance, design, mode handling,
Subdivision, Douglas Aircraft Company, 3855 Lakewood, nitrogen systems, controls. etc .... A short description is

Boulevard, Long Beach, Ca. 90846, U.S.A. presented of the pilot tunnel. PETW, which is now under
construction. Finally, the program on model design and

166 *Michel, R.: A Cryogenic Transonic Intermittent instrumentation is described. Attention is paid especially to

Tunnel Project: The Induced-Flow Cryogenic Wind-Tunnel the cryogenic aspects of ETW.

*Technical Group, European Transonic Wind Tunnel-ETU,
c/o National Aerospace Lab.-NLR, Anthony Fokkerweg 2.
1059 CM Amsterdam, The Netherlands
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