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Aerodynamics Research Report No. 228

CHARACTERISTICS OF THE TURBULENT BOUNDARY LAYER
WITH HEAT AND MASS TRANSFER AT M=6.7

by
James E. Danberg

ABSTRACT: Transpiration from a porous surface into a turbulent
boundary layer is a possible technique for protecting aero-
dynamic surfaces from the severe heating rates associated with
hypersonic speeds. The effects of air transpiration and wall
temperature on skin friction drag, heat transfer, and other
pertinent boundary layer characteristics were determined from
measurements on a porous flat plate in the U. S. Naval Ordnance

Laboratory's Hypersonic Wind Tunnel No. 4 at a Mach number of

(o))

o7

The effects of heat and mass transfer on the distribution of
Mach number, static and total temperature, and velocity were
measured, from which various boundary layer parameters were
determined such as: skin friction coefficient; Stanton number;
total, momentum, disgiacement, and energy boundary layer thick-
nesses. Lowering the wall temperature decreased the total and

displacement thicknesses and increased the momentum and energy

U. S. NAVAL ORDNANCE LABORATORY
WHITE OAK, MARYLAND
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thicknesses, All the boundary layer thicknesses increased

approximately linearly with increasing injection rate.

Velocity distributions in the fully turbulent layer are
adequately described by a Prandtl mixing length analysis in
which the velocity profile is transformed into a form similar to
the semi-logarithmic profile of incompressible flow. Unlike
incompressible flow, the constant of integration of the mixing
length velocity profile is found to increase with heat transfer
rate and decrease with increasing mass transfer rate. These

effects are related to changes in the laminar sublayer thickness.

A modified Crocco equation adequately describes the relationship
between the temperature and velocity distributions. Based on
these semi-empirical equations, the skin friction was numerically
calculated as a function of momentum thickness Reynolds number,
and the results agreed with the measurements, The skin friction
calculations can be extended to the evaluation of heat transfer
through the use of Reynolds' analogy which was experimentally

verified with and without air transpiration.
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INTRODUCTION -

This particular study is concerned with the effects of
mass and heat transfer on a hypersonic turbulent boundary layer
on a flat plate. Information obtained from the present inves-
tigation has possible future use in the design of high speed
missiles, satellite re-entry vehicles, and rocket nozzle cooling
problems because mass transfer cooling provides a method for
protecting aerodynamic surfaces from high heating rates.
Transpiration will probably be most practical when used to cool
relatively small areas of high heating such as control surfaces
or in changing the thermal radiative or electromagnetic proper-
ties of the boundary layer. In addition, information on the
transpiration process will shed light on the heat blocking
effects of ablation products. In any case, before such systems Kﬁ

can be effectively designed, it is necessary to establish the

parameters which govern the phenomenon and the magnitude of :

these parameters associated with efficient transpiration ,i

cooling. d;
Fundamentally, the purpose of the present research is to w

provide new experimental data which extends the Mach number

range of the available mass transfer data. The ultimate L

objective is to provide additional evidence from which the

analysis and theories can be checked, improved, or on which new

analyses can be based.
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In approaching this objective, it is the intention to
obtain more than the overall or gross effect but also to inves-
tigate how the effect is produced in more detail; In this way
the more fundamental assumptions inherent in the theories can
be examined and suggestions for improvements are then more
apparent.

Unfortunately, with the status of today's knowledge, it is
not possible to examine the effects of heat and mass transfer
on the physical mechanism of turbulence. If the exact solutions
of the conservation equations for mass, momentum, and energy
could be obtained, boundary layer profiles of velocity and
temperature would be the result from which the skin friction
and heat transfer would follow directly. At the present time,
however, such solutions are not available and analyses are based
on generalized velocity and temperature profiles determined from
experimental data. These profiles are then used with simpli-
{ied and integrated momentum and energy equations. The results
are formulas of heat transfer and skin friction which are only
as good and general as the approximate profiles initially
assumed.

The specific objectives of this research are:

1. To obtain new experimental data on both skin friction

and heat transfer with and without mass transfer at

a Mach number of 6.7 on a flat plate

Ik e
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2. To establish the Reynolds analogy under the above
conditions

3. To measure and a;alyze the velocity and temperature
profiles over a range of conditions of mass transfer,

heat transfer and Reynolds number

Review of Theory

Since exact solutions of the conservation equations have
not yet been found, most analyses are based on an approach first
suggested by L. Prandtl. The analysis is called the mixing
length theory which is in some ways analogous to the mean-free-
path concept of the kinetic theory of gases. Although the
mixing length theory has never been fully accepted, it has pro-
duced quite general and useful results. However, before dis-
cussing the mixing length theory some alternate theories will
be mentioned.

A method for predicting mass-, momentum-, and energy-,
transfer rates has been developed by Knuth1 in which a semi-
empirical skin-friction coefficient Reynolds number relation
for a fluid of constant properties is derived, The effects of
mass transfer are included in this constant property solution.
Compressibility, heat transfer, and composition of the injected
gas are accounted for by evaluating the constant property
equations at a reference temperature and a reference composition

derived from laminar flow results.
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A similar empirical method has been suggested by Spalding2
in which a functional relationship between skin-friction coef-
ficient and Reynolds number is assumed. Empirical factors are
introduced which modify the skin-friction coefficient and the
Reynolds number in the incompressible friction law to account
for compressibility, heat transfer, etc. These factors are
then considered as functions of the boundary layer parameters,
such as Mach number, wall-to-free stream temperature ratio, and
mass transfer. The functional dependence is determined from
experimental data.

Although both of these methods have the advantage of being
simple and relatively easy to apply, they are not very satis-
fying from a theoretical point of view because they do not
relate the skin friction to conditions in the physical boundary
layer.

Rott3 and Persh4 have attempted to derive theories for
mass transfer into a compressible turbulent boundary layer
employing different assumptions than those used in the mixing
length theory. The assumptions employed are, however, just as
arbitrary as those in the mixing length theory.

In all of these theories, considerably more experimental
data will be required before a positive judgment can be made
concerning the various assumptions empioyed. Because of the

empiricism in all theories of turkulence, it is not possible to

:
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extrapolate, with confidence, beyond conditions where data
already exists.

Mixing Length Theory

Prandtl's5 incompressible mixing length theory and a

closely related one by von Karman6’7 have been extended to

adiabatic compressible flow by Van Driest8 and w1lson9. The

theory was further extended to include: heat transfer by

Harknesslo and Moorell; roughness in incompressible flow by

Prandtl and Schlichting12

Fenterls; and mass transfer by Rubesin14, Dorrance and Dore

; roughness in compressible flow by

15
and Lapinls. Several authors have extended the basic theory to
include injection of gases other than air and including the
effects of chemical reactions. For further discussion on the
latter theories, see reference 17.

All of these theories are based on a suggestion by Prandtl
that the turbulent shear stress in the boundary layer could be
written as folilows

e _ pdu [du
c=e = e £ 5[5

(1)

Essentially, the formulation is based on dimensional reasoning

and a very simplified physical model of turbulence. Prandtl

found from experimental data that the mixing length, R, was

I =kYy (2)
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Theoretical arguments proposed by von Karman lead to the fol-

lowing mixing length equation

du s du
g =k ay / dyt (3)

When one or the other mixing length is employed in equation (1),
and then equation (1) is inserted into the momentum equation,

the result is a very complicated differential equation for the

velocity profile. Since the equation derived in this way can- i
not be solved, a major assumption is made at this point in order !
to obtain a velocity profile. It is assumed that all the terms
in the momentum equation and the continuity equation containing
derivatives with respect to x, the stream direction, are small

compared to the cemaining terms. In other words, the flow is

reduced to that of a Couette flow where x affects the local
profile only through the wall shear stress. This assumption
has been shown to be untrue except as an approximation in a
region very near the wall, Nevertheless, the assumption allows
the computation of a nearly correct velocity profile, and 1
although the x terms are not negligible everywhere in the
boundary layer, the resulting equation is a reasonably good
approximation except in the laminar sublayer and at the very
outer edge of the boundary layer.

Compressibility and heat transfer affect these equations

only through the local density which appears in equation (1).

It is on this point that the differences between the Prandtl
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and von Karman mixing length enter the problem. In incompress-
ible flow, both forms of the mixing length give the same
velocity distribution. When the density within the boundary
layer is not constant, the resulting velocity distributions are
gsomewhat different depending on which formula is used. It can
be shown that Prandtl's equation gives a slightly higher veloc-
ity profile slope, but the difference is slight. Therefore, it
is not surprising that many theories which are based on

von Karman's mixing length give 2ssentially the same answer as
would be obtained from Prandtl’'s when terns of secondary
importance are dropped. No critical experiment has been per-
formed to determine which of the two formulations is more
correct. In fact, in view of the uncertainty in the mixing
length theory as a whole, it may be doubted whether a
distinction is possible at all.

Because there is little with which to justify choosing
either equation (2) or (3), Prandtl's mixing length will be
used in analyzing the experimental velocity profiles mainly
because it is simpler to work with when mass transfer is
involved. The constant of proportionality, k, will be taken as
equal to its incompressible value of .4. This assumption is
made because k = .4 is well established in incompressible flow
and not contradicted by any compressible data. Exact deter-
mination of k depends on the derivative of experimental data

which is very difficult to obtain with any degree of accuracy.

v
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If the density and T are assumed known, then equation (1)
can be solved for the velocity in the region of the boundary layer
where the theory applies, provided a constant of integration is
evaluated from experimental data. An objective in analyzing
the present data will be to determine how heat and mass transfer
affect the constant of integration.

It should be pointed out that all theories of transpiration
consider that mass is transferred uniformly across a plane which
is identified as the surface of the porous body, but no such
porous surface exists. The porous plate model developed for the
present tests has a finite number of pores distributed uniformly
on the surface so that mass is transferred as small jets of non-
uniform strength and direction. None of the theories have so
far taken into account the destabilizing effect of mass transfer
on the laminar sublayer. Results from the present experiments
show that increased mass transfer acts on the sublayer in a way

similar to surface roughness. It may be possible under some

circumstances, for example, low Reynolds number and small
injection rate, that the skin friction coefficient increases
because of the destabilizing effect of blowing.

Reynolds Analogy

In the mixing length theory, it is necessary to know the
distribution of density across the boundary layer, and most of
the analyses which were cited earlier make use of the simple

Crocco integral18 where total temperature is proportional to
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velocity. The constants in the relationship are determined
from the temperature and velocity at the wall and outer edge of
the boundary layer. The temperature is related to density by
assuming the perfect gas equation of state and that the pressure
is a constant. Restated, the fundamental assumptions are:

1. At every point in the boundary layer the tranmsport of
momentum (i.e., the shear stress) is proportional to the flux
of energy.

2. The constant of proportionality is the same at every
point within the boundary layer.

3. The pressure in the boundary layer is a constant. The
consequences of these assumptions are important because first,
they imply a Prandtl number equal to one everywhere, even in the

laminar flow at the wall which is obviously incorrect. Second,

it is implied that the Stanton number is equal to one half of
the skin-friction coefficient which is a form of Reynolds
analogy for Prandtl number equal to one,

Insufficient experimental data exists on which to base

improvements in the above simpie theory. Some attempts to
improve the theories have been made, but one of the main defi- I
ciencies is that no measurements have been made of both skin s
friction and heat transfer. Furthermore, very few experiments
in compressible flos have included temperature and velocitly

profiles and none exist with mass transfer. It is, therefore, E

the objective of these experiments to provide skin friction and
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heat transier data at the same conditions which can be used to
check the validity of Reynolds analogy. In addition, since tem-
perature and velocity profiles were obtained for the same
conditions, a direct investigation of the Crocco relationship
will also be made.

Skin Friction Law

Once velocity and temperature profiles have been determined
theoretically, a skin friction law can be calculated. The
integral momentum equation for the local skin friction coef-

ficient for a flat plate is

d 6
Cs = - (4)
Zz7 7 dx

where

5o u
6 = Jo (?u's(‘* %)dy (5)

Mixing length theory applies only in the fully turbulent layer,
whereas a laminar region is generally assumed near the wall with
a mixed laminar and turbulent transitional layer between them.
Al the outer edge., on the other hand, there is another transi-
tional region where the turbulence becomes intermittent and
disappears completely when the free stream is reached. Four
regions are listed in the following table with their approximate

incompressible y location.

TS R R S A
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Included is the percentage contribution that each layer makes

to the momentum thickness at a Reg = 2 x 103

TABLE I
Percentage Contribu-
Layer Location tiocns to Momentum
I Thickness
£
Laminar Sublayer 0 = Y =5 ")w /u‘r 0.6%
Buffer Layer S -Qw/u.t. € Yy <30 '\)w/ut. 6.8%
Turbulent Layer 3p -\)w/u?‘fy =l S 50.0%
Velocity Defect Layer ,2 §=<Y < § 42.6%

The table shows that the turbulent layer and the defect layer

are most important, and it can be shown that the fully turbulent
region increases with increasing Reynolds numbers. The laminar
sublayer and buffer layer are also important because they deter-
mine the lower limit of the fully turbulent region, but otherwise
they contribute relatively little to the momentum thickness.

The velocity defect layer is physically a large part 6f the
boundary layer thickness (80 percent) but is approximated rather
well by extrapolating the fully turbulent profile except near

the outer edge.

The principal equations needed to obtain a skin friction
law have been presented as well as the principle assumptions
involved. It can be concluded that the fully turbulent layer
is the single most important part of the boundary layer, and

when the momentum integral approach is used, it is the velocity

11
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and temperature profiles in this region which mainly determine
the skin-friction law. Consequently, analysis of the present
data is aimed at determining the effect of heat and mass trans-
fer on the fully turbulent layer when it is correlated in the
manner suggested by the mixing length theory.

Although approximate analytical equations can be derived

for the velocity and temperature profiles within the assumptions

outlined above, it is still impossible to obtain an exact
analytical golution for the momentum thickness equation (5)

because of its complicated integrand. Normally a mathematical

P

approximation is made involving a repeated integration by parts
where only the first nonzero term is retained. The procedure
can be performed independently of any specific profile assump-

tion as follows

§ 1
0= Jf’;s Lk ?u( o :j—y[%‘“_&‘ﬂ%

f .
= NN i AN

=

)
0
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Therefore, the first nonzero term is equal to
(d(U/us)) 82
dy § 2

Van Driest, Rubesin, Lapin and others have used essentially

8= (8)

the same type of approximation. It is only a first approxima-
tion as can be seen from the following figure which gives a
geometric interpretation to equation (8) where the shaded area
da )
is equal to ( Ug os.-i.
dy’8

(o

o 8
Y

Marny of the details of the profile are neglected, but equation

(8) does show some of the basic features and, therefore, it may

be expected to indicate the correct trend for A with the princi-
pal parameters. It is, however, only coincidence if the magni-
tude should turn out to be correct.

As a consequence of the above discussion, it is apparent

that a closed form analytical result employing the above

13

J
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approximation to the momentum thickness may be in error due to

a number of factors as, for example, the error in truncating

the expansion or neglecting certain regions of the profile.
Therefore, no attempt will be made to obtain analytical skin-
friction laws from the profile correlations. Modern numerical
computers can, of course, be used with the generalized profiles
to obtain practically exact integration of the momentum thick-
ness and integral momentum equations. Thus, the principle
objectives are to determine the effect of heat and mass transfer
on the velocity and temperature profiles and then to numerically
compute the skin-friction law based on generalizations of these

profiles.

14
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EXPERIMENTAL FACILITY

The experiments described herein have been conducted in the
U. S. Naval Ordnance Laboratory's Hypersonic Wind Tunnel No. 4,
the basic components of which are described in reference 19,

20, and 21. This wind tunnel is capable of operating continu-
ously at Mach numbers from 5 to 10 with supply temperatures from
300°K to 8009 and supply pressures from 1 to 50 atmospheres.
During the present experiments, a Mach number 6.7 uniform flow,
two-dimensional nozzle was used with a supply temperature of
5500k and supply pressures between 15.2 and 38.0 atmospheres,
which is the maximum possible at Mach number 6.7. Automatic
controls held the supply conditions constant during the measure-
ments with an average deviation of + 19C in supply temperature
and + 0.1 atmosphere in supply pressure.

A special test section for the tunnel was used for the
porous flat piate experiments. The model spanned the test
section from side wall to side wall with its testing surface on
the plane of symmetry of the two-dimensional nozzle and with
the leading edge located approximately at the nozzle exit.
Provision was made in the test section wall for mounting the

traversing mechanism which held the various boundary layer

probes,

15
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MODEL DESIGN CONSTRUCTION AND CALIBRATION

The porous flat plate model has two main parts, the holder
and the porous insert. The holder consists of a sharp leading
edge section followed by a flat surface with provision in the
center for the porous insert and a plenum chamber underneath.
The porous insert is designed for uniform gas injection into
the boundary layer and is instrumented for measuring pressures
and temperatures.

Holder

Figures 1 and 2 show the two parts of the holder. Figure 2
in particular shows the plenum chamber and the recess for the
porous insert. On the right-hand side in figure 1 is the top
plate which holds down the insert after it is in place and pro-
vides the sharp leading edge and continuous smooth (measured
roughness of 11 + 4 micro inches) surface around the insert.
The leading edge radius is about .015 mm, and the underside of
the plate diverges at a 10° angle to the upper surface. Overall
model dimensions are: length, 59.06 cm; maximum thickness,
3.302 cm; and width, 25.40 cm at the leading edge; it is
wider at the trailing edge because the tunnel walls are tapered
.015 cm/cm to account for the tunnel boundary layer growth.
Figure 4 shows a sketch of the holder and the porous insert.

Injected gas is brought into the plenum chamber through
the side wall of the test section along the entire length of

the porous insert. Provision is also made here for bringing

16




NOLTR 64-99

out the thermocouple wires and static pressure tubing from the
plenum chamber.

Near the leading and trailing edges, the holder contains
manifolds for the porous insert cooling system. These manifolds
are soldered to stainless steel tubes imbedded in the porous

material. Low temperature oil is circulated as a coolant

entering through the test section wall directly into the trail-
ing edge manifold and leaving from the leading edge manifold.

The back of the holder is exposed to high temperatures
caused by a complicated shock wave system behind the plate. A
cooling system using circulating water was installed on the
back of‘the plate to prevent the injected gas in the plenum
chamber from being heated and thereby preventing any conduction
from the high temperature gas passing over the back of the
holder to the colder test surface of the model.

The top surface plate clamps the porous insert down on
continuous seals and thereby prevents any leakage around the
porous material. As an added precaution, cement was put into
the fine gap between the top plate and the insert. Measurements
indicate the maximum discontinuity between surfaces before the
cement was applied was less than .051 mm,

Porous Insert

The porous insert is a plate 48.85 cm long, 17.78 cm wide,
and 1.067 cm thick. The material is sintered 316 stainless

steel powder composed of spheres 40 microns and smaller in
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diameter. The resulting density is 42.7 percent of solid 316
stainless steel which is 8.028 g/cm3. The testing surface is
flat within + .127 mm, and its surface roughness is 60 to 70
micro inches.

Temperature of the insert is controlled by circulating a

low viscosity oil through 15 equally spaced stainless steel
tubes sintered into the bottom surface during manufacture of
the plate, The axis of each tube (.343 cm outside diameter)
is parallel with the long dimension of the model.

Nine static pressure orifices, .635 mm in inside diameter,
are located on the testing surface. The first orifice is
located 5.08 cm from the start of the porous insert and .556 cm

to one sice of the plate centerline. The remaining pressure

orifices are 5.08 cm apart in the flow direction and alternate
on either side of the center coolant tube. Stainless steel —q
tubing cemented into the porous material connect the orifices |
with the read-out system.
Nine thermocouple stations with four thermocouples at each
station are located on the opposite side of the center coolant
tube from the corresponding pressure orifice. The thermocouples
are made from .254 mm iron and constantan wire. At a given
station, the thermocouples are located as shown in figure 4. A
view of the underside of the porous insert exposing the coolant
tubes and manifolds is shown in figure 3.

Thermal conductivity--Knowliedge of certain properties of the
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porous material is necessary in order to evaluate the data
obtained from the porous plate. For example, one method to
measure the heat transfer into the plate depends on measuring
the temperature distribution through the insert wall and the
thermal conductivity of the material, Therefore, a sample of
the material was sent to the National Bureau of Standards for
thermal conductivity tests. The results of these tests are
reported in reference 22, and, for comparison, the results of
similar tests for solid 316 stainless steel are reported in
reference 23. The conductivity of the porous material averages
about 10 to 12.5 percent of solid stainless steel and has the
same temperature dependence. At low temperatures (-140°C), the
conductivity is 2.5 x 10-4 kcal/m sec®C or about the same as
glass, and, at room temperature, the conductivity of the porous
material corresponds to that of granite.

Average mass flow--During the wind tunnel experiments, the mass

flow through the porous material was held constant at one of
three selected values by regulating the total flow of air into
the system., Although the mass flow was held constant, the
temperature of the porous material was varied considerably
during operation, and this has a pronounced effect on the pres-
sure drop which was also measured., In order to distinguish the
effects of changing the temperature level from increased contam-
ination of the pores, the relation between pressure drop, tem-

perature distribution, and mass flow has been derived and used
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to reduce all the data to common conditions. The resulting

mass flow per unit area is:

% -
_K(-RTL g,aT dyJ (9)
(?Viw '7Z§;z—‘ [ T a

This equation is derived from Darcy's law24., If the mass flow
through the plate is held constant, but the temperature is
changed by varying the temperature of the fluids in the cooling
tubes, then the pressure drop term decreases as the average of
T decreases., Since the maximum temperature difference between
some tests was as much as 20 percent, the pressure drop across
the porous insert changed by 35 to 40 percent., All the data

obtained during calibration and during wind tunnel tests are

shown in figure 5 where each value has been adjusted by the
above equation to a common temperature of 209C., Since the data
were accumulated from all of the wind tupnnel tests and from the
calibration before and after about 200 hours of testing, it is
concluded that there is no appreciable uniform contamination,
The calibration tests covered the same range of mass flow

and of puz-pw2 as during the wind tunnel testing, but the pres-

sure ratios, p,/py, were quite different. During the calibration,
the pressure ratio was between .936 and 1.000, and during the
wind tunnel tests, it was between ,022 and .033. Despite the
large difference in conditions, the data form a single curve.

This indicates that compressibility has very little effect on
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the flow through the pores for this material.

Local mass flow calibration--Comparison of experimental results

with theoretical analyses is considerably simplified by having
uniform injection into the boundary layer and, therefore, the
porous insert has been designed to produce uniform injection.
In order to verify that the injection was actually uniform over
the surface, the local mass flow distribution was measured. In
figure 6 the local measurements on the plate centerline where
the boundary layer surveys were made, and 5.08 cm each side of
the centerline, are shown as fractions of the mean mass flow,
Local mass flow deviates nine percent from its mean value. Note
that the mass flow is nearly uniform across the plate.
Calibration tests were performed before and again at the
end of the wind tunnel tests. The measurements did not change
in form or magnitude. The maximum deviation in the second
calibration was less than one percent. This confirmed that very
little contamination of the porous material occurred even after

200 hours of operation.
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INSTRUMENTATION

The results presented herein are based on boundary layer
surveys made with Pitot pressure probes and equilibrium tem-
perature probes. Combined with surface pressure and temperature
measurements, the data from these probes are sufficient to
describe the Mach number, total and static temperature, and
velocity boundary layer profiles.,

Pitot Pressure Probes

The Pitot pressure probes used were made from circular
stainless steel tubing of .559 mm outside diameter and an inlet
diameter of .254 mm with a 109 beveled lip. Pressures were
measured with a Statham pressure transducer with a range of
0-1 atmosphere (in some cases a similar transducer in the range
0-300 mm Hg was used) and recorded on a variable span, strip
chart recorder. The transducer and recording system were cali-
brated before and after each survey against a mercury manometer
with + .1 mm measuring accuracy.

All probes used in the boundary layer surveys were sup-
ported in the tunnel by a micrometer-traversing mechanism which
allowed positioning of the probe with an accuracy of .025 mm.
Each traverse was made from the free stream toward the piate,
and maximum probe movement was about 7.5 cm. The point of wall
contact, needed to evaluate absolute wall distances, was
indicated by the completion of an electric circuit at surface

contact,
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Several factors which affect the accuracy of Pitot probe
measurements are discussed in Appendix I where it is concluded
that probe-wall interference is probably the major cause of
error in the measurements taken near and at the point of wall
contact. Turbulent fluctuations also cause some inaccuracies
in the same data and, therefore, wall contact points were
usually disregarded when describing the region near the wall.

Compared to most of the data, less emphasis was given to the

points within cne probe diameter of the wall because of possible

wall interference.

Pressure Data Reduction

The Rayleigh formula25 was used to compute the Mach number

froh the measured Pitot pressure and the static pressure which

was assumed constant in the boundary layer and equal to the wall

static pressure. Wall static pressure was measured by orifices

in the plate surface. &

The surface shear stress was calculated by taking the
slope of the Mach number distribution interpolated between the
probe measurements and zero Mach number at the plate surface,
and multiplying this by the calculated local velocity of sound 2
and the viscosity of the air at the surface (the viscosity was &
obtained from reference 26). Both the viscosity and the velocity
of sound just depend on the surface temperature of the plate

which was indicated by .he thermocouples installed in the

porous material.
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Temperature Measurement in Hypersonic Boundary Layers

Static temperatures within hypersonic wind tunnel boundary
layers must be obtained indirectly., This is because the
presence of any probe tends to convert, through shock waves and ;-
viscosity effects, the translational energy of the flow into d
thermal energy in the immediate vicinity of the instrument,
Thus, probes tend to indicate the total temperature of the flow,
i.e., the total energy. Fortunately, the total temperature is
simply related to the static temperature and therefore is an
adequate measurement when combined with measurements of the
flow Mach number.

The conventional total temperature probe27"31 is the
instrument most frequently adapted for hypersonic boundary layer
work, Such a probe operates by adiabatically compressing a
sample of the flow by passing it through a normal shock wave, 4
This sample enters the probe and passes over a temperature
sensing element (e.g., a thermocouple) at relatively low speeds.
Ideally, the sample is at total temperature, and the sensing
element immersed in this flow ideally would indicate total tem-
perature. Practically, in a low density or low absolute pressure, h
high-speed and high-temperature flow, the heat losses from the j
sensing element due to conduction and radiation combined with
the small heating potential of the sample causes large devia-

tions in element temperature from the ideal.
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Equilibrium Temperature Probe

In fact, as the size of the total temperature probe is
decreased or the flow density is decreasedﬁthe sensing element
temperature tends to indicate the external surface temperature
of the probe, which is nearly the adiabatic wall temperature
associated with the external boundary layer on the probe., This
suggests that by designing a probe of suitable geometry where
the relationship between adiabatic wall temperature and total
temperature is known, the measurement of that adiabatic wall
temperature would be sufficient for boundary layer work. Such
a probe might be called an adiabatic wall temperature probe.
Unfortunately, some conduction and radiation effects are also
present in any practical design and, therefore, the sensing
element does not indicate adiabatic wall temperature but a tem-
perature associated with equilibrium between the heat losses and
the aerodynamic heating. Therefore, such a probe is called an
equilibrium temperature probe,.

Theory of Fquilibrium Temperature Probe

A possible configuration for an equilibrium temperature
probe might be a sharp, small-angled cone made from low emmis-
sivity metal and supported by a thermal insulator (see fig. 7).

The cone is mounted in the flow with its axis parallel to the

flow direction. A thermocouple measures the temperature of the

cone (T,). An additional thermocouple (Tp) is provided in the
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insulating support to facilitate evaluation of the conduction
losses effect on T,.

Ideally, the primary thermocouple (T,) indicates the
adiabatic wall temperature (Tg) which is a property of the basic
flow, the cone geometry, and the type of boundary layer on the
cone, Cone adiabatic wall temperatures are directly proportional

to local total temperature, all other conditions being equal.

TO =ATe (10)
where

A = V/[r, (1-T/T ) (T/T,).) .

(T/Ty). is the ratio of static to total temperature in the flow
Just outside the cone boundary layer, and it can be determined
from the Mach number ahead of the cone and the cone geometry
through use of conventional cone relations?3, The recovery
factor (1}) is approximately a constant because it depends only
on the Prandtl number which varies only slightly with temperature
under wind tunnel operating conditions. If the local cone
Reynolds number does not exceed the Reynolds number of transi-
tion, then the recovery factor equals the square root of the
Prandtl number.

Data Reduction for Equilibrium Temperature Probe

Fquilibrium temperature probes were held in the tunnel by

the same mechanism as used for the Pitot probe. The temperatures
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indicated by the probe thermocouples were recorded on strip

chart recorders, Wall contact was indicated by the conical tip
completing an electrical circuit when it first touched the wall,
Tunnel supply temperatures were recorded during all surveys.
Thus, a recovery factor for the probe was computed for each
survey when the probe was in the free stream and assumed constant
for that survey. Local total temperatures through the boundary
layer were calculated by (a) interpolating between the Mach
number data to obtain values corresponding to the same position
as the temperature data, (b) calculating the factor A in equa-
tion (11) from the cone Mach number (obtained from ref. 25) and
the constant recovery factor and (c) calculating Ty from equation
(10).

Heat transfer rates were calculated from the slope of the
total temperature distribution at the model surface (equal to
the slope of the static temperature at the surface) and the
thermal conductivity of air26 at the surface temperature. This
procedure supplements the heat transfer obtained from the tem-
pera ure distribution within the model wall,

In forming Stanton numbers, the adiabatic wall temperature
is required. For the zero mass transfer cases, the adiabatic
wall temperatures were calculated assuming a recovery factor
equal to the Prandtl number raised to the one third power, where
wall temperature was used to evaluate the Prandtl number. The

effect of mass transfer on the recovery factor has been measured
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by Leadon and Bartle32, Their value of recovery factor ratio
(i.e., recovery factor with mass transfer divided by the zero
mass transfer recovery factor) shown in figure 3 was used to
obtain the recovery factor for the various mass transfer cases.

Static temperature distributions through the boundary layer

were calculated from total temperature and Mach number distribu-
tions. Compressible flow tables2% were used to obtain the
required temperature ratio at the corresponding Mach number, %
With static temperatures known, local velocities of sound can be
calculated, and this times the Mach number gives the local

velocity.
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TEST CONDITIONS

All of the experiments reported herein were performed in
the U. S. Naval Ordnance Laboratory's Hypersonic Tunrel No. 4.

Flow Conditions

The Hypersonic Tunnel No. 4 was equipped with a fixed block
uniform flow nozzle of nominal exit Mach number of 6.7. This
nominal exit Mach number varied slightly with exit Reynolds
number per unit length. However, the resulting changes were
small, as w~ere the nonuniformities in the nozzle's axial flow.
Both the effect of Reynolds number on the Mach number and the
uniformity of the flow are described in reference 21.

Throughout all tests the supply temperature was held con-
stant at 2759C, while the supply pressure was varied between
15 and 38 atmospheres. The Reynolds number per unit length
varied from 8 x 108 to 19 x 106 per meter.

Model Conditions

Four locations on the plate were investigated, 37.78, 42,86,
47.94, and 53.02 cm from the leading edge. These stations were
presumed to have fully developed turbulent flow for the following
reasons: the Mach number and velocity profiles were character-
istic of supersonic turbulent profiles; the measured wall tem-
peratures were characteristic of completed transition, i.e., a
local maximum at, or before station 5 (32.7 cm from the leading
2dge); and profiles cbtained nearer the leading edge than

station 5 were characteristically laminar. The transition
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Reynolds number without air injection was 2.6 x 109, A rela-
tively small decrease was observed to occur ~ith air injection,
indicating that free stream turbulence probably controlled the
location of transition more than any other factor. Thus,
natural turbulent boundary layers were obtained at the last four
stations, and boundary layer trips were not required,

The ratio of wall temperature to free stream temperature
varied somewhat with mass transfer; the average values were
4.1, 5.2, and 7.6. Because of the change in heat transfer rate
in the transition region, a variation in the wall temperature
occurred in that region which could not be controlled by the
cooling system. It was most pronounced for the zero mass
transfer and highest pressure conditions and decreased, along
with the overall temperature level, as the mass transfer rate
increased. Figure 9 shows the temperature distribution which
had the greatest variation. It amounted to 25% or about 10
percent of the driving potential Te-Tw for heat transfer.

The boundary layer on the plate was investigated without
air injection and at three mass transfer rates. These corre-
sponded to .09, .17, and .25 percent of free stream mass flow

per unit area.
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STATIC PRESSURE DISTRIBUTION

Figure 10 shows the wall static pressures as measured by
an oil manometer for the runs of 15 atmosphere supply pressure.
The static pressure in the undisturbed free stream was 3.65 mm Hg
corresponding to a Mach number of 6.7. It was observed during
all the testing that the model surface pressure was considerably
higher than free stream static pressure. The amount of the
excess in pressure can be seen from figure 10. In the down-
stream region where most of the testing was performed, the
increase was due to the displacement effect of the boundary
layer. That is to say, the boundary layer was so thick that its
effect on the external flow could not be neglected.

In the zero injection case, there was a slight favorable
pressure gradient in the flow direction of -4 x 1074 mm Hg/mm,
The effect produced on the skin friction coefficients compared
with the ideal flat plate can be calculated from the integral

momentum equation which can be written33 as

(o)

.48 208 §¥ 2
=237 - S'X(2+-§-M8) (12)

Cc
£ 2
fYs

oo

The last term in equation (12) represents the pressure gradient
effect. The second term on the right is approximately the
difference between the friction relation for the flat plate and
the two-dimensional body which is

T
Ct = 'de (13)
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A value computed for a typical station 1is:

X -
_9_ dp(?_-ﬁ-%-Mé) = .’l¥$O+ (14)

or about 1.5 percent of the average skin friction coefficient
(cf = 14 x 10-4), Although the wall shear stress obtained from
the Mach number curves should be corrected for the pressure
gradient effect, the inaccuracy in the determination of cyg is
much larger than 1.5 percent (10 to 15 percent based on repeat-
ability of the measurements) and, hence, no correction was made
in the data.

Free Stream Static Pressure

In figure 10 for the mass transfer cases, wall static
pressures are seen to rise sharply near the start of the porous
material. The high pressure in this region may be attributed
to a rapid change in displacement thickness where the injected
air first influences the boundary layer. Changes in displace-
ment thickness are so rapid that a shock wave is formed and
propagates downstream essentially parallel to the leading edge

shock wave. It can be clearly seen in figure 12 where static

pressure probe surveys perpendicular to the plate are presented.

The static pressure surveys were made for each station and with
and without mass transfer using a 1.14 mm diameter static pres-
sure probe with the orifices 7.62 cm behind the sharp tip.

In the zero injection case, there is a distinct peak in each
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survey which can be correlated with the downstream propagation
of a weak leading edge shock wave. In the mass transfer cases
there are two peaks. The first is the leading edge shock wave,
and the second is a stronger wave emanating from near the start
of the porous section. It should be noted that whenever the
probe penetrates the shock wave, there ¥il1l1 be shock-induced
boundary layer separation on the probe, and the pressure readings
are not correct local static pressures, Nevertheless, the
maximum pressures are associated with the passage of the shock
wave over the probe orifices. Thus, the maximum pressure can
be used to locate the shock waves.

The fact that the origin of the mass transfer induced
shock wave is displaced from the beginning of the porous
material is probably due to the flexibility of the long and
slender static pressure probe. Unsymmetrical loading on the
probe tended to bend it about 5 mm away from the wall, which
accounts for the probe location data being apparently o mm too
near the wall. The same effect shows up in locating the leading
edge shock wave which appears more oblique than it should ' a |

free stream Mach number of 6.7, :

The flat plate surface is shown full scale in figure 12 and
at each station on the plate is shown the static pressure
measurement divided by the free siream static pressure. This
pressure ratio is plotted against distance from the wall

which is also shown full scale. The total boundary thickness is
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indicated by a dashed line for the last four stations where
profile surveys were made. An expansion wave traceable to
imperfect continuation of the nozzle contour into the test
section can be seen interacting with the flow at the most rear-
ward stations. The expansion wave, as can be seen in the figure,
did not reach the boundary layer in these tests.

It is interesting to note that the measurements show a
small pressure rise near the outer edge of the boundary layer.
The higher pressure corresponds guite well with the wall static
pressure and, therefore, supports the assumption that the static
pressure is constant across the boundary layer. These results
should be considered qualitative, however, because the forces on
the flexible probe may have caused some unwanted deflections.

In addition, the point where the shock waves reflected from the
wall begin to interfere with the measurements was not determined
although very near the wall (om the order of the probe diameter),
it was possible to see some interference effects in the data.
Nevertheless, there is a measurable increase in pressure near

the boundary layer edge which might be explained by the effect
of turbulence level on static pressure measurements. The pres-
sure rise might also be related to the turning of the mean
streamlines as they enter and pénetrate into the boundary layer.
At the high Mach numbers of the outer layers, the turning could

account for the observed pressure increase. In any case, for
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the purpose of data reduction, the static pressure was considered
constant across the boundary layer and equal to the wall pres-
sure.

Following the high pressure region near the start of the
porous material, there is a minimum in pressure which can be
seen in figure 10 in the mass transfer cases. The small pres-
sure rise after the minimum is associated with the transition
of the boundary layer from laminar to turbulent flow. A similar
effect has been observed by Coles39 in connection with supersonic
turbulent boundary layer measurements. The pressure change is
slight for the 15 atmosphere zero mass transfer cases shcwn in
figure 10. Figure 11 shows a 38 atmosphere zero mass transfer
case on an expanded scale. The transition region now extends
from station 3 to 6 as indicated by wall temperature measure-
ments. With mass transfer the boundary layer thickness is con-
siderably larger, and the effect of transition produces a
measurable pressure change.

Analysis of Displacement Thickness Effect

The displacement effect on surface pressures in the region
where measurements were made can be analyzed in the following
way. Consider a control volume of unit width, one side being
the plate surface extending from the leading edge to a given
station, a second side is identical and parallel to the first
side but displaced away from the surface sufficiently to be

entirely outside the boundary layer. All the mass that enters
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the upstream face of the control volume must be accounted for
as it leaves the volume. The total inflow cannot leave the
downstream face of the volume since the effect of the boundary
layer is to decrease the mass flow near the plate. Thus, the
flow is displaced upward away from the plate; that is, it is
given a component of velocity away from the wall and leaves the
control volume through the upper surface. At supersonic speeds,
a turning of the flow is accompanied by a change in pressure.
As the flow turns in the boundary layer, it is compressed as in
the case of flow through an oblique shock wave, and the larger
the turning angle the higher the downstream pressure becomes.
At hypersonic speeds only a very small turning angle is required
to produce measurable amounts of compression.

Qualitatively, the displacement effect can be calculated

from the following analyses. The continuity equation is:

Aeu) | AEW) _
IX dY

(15)

This equation is integrated from the wall to the edge of the

boundary layer, y = &, to obtain

)

y=§

vl | 2 (eu)d y (16)
y=o o O%

Che limits can be written pys= (’3\’8 at y = 6 and V= ew‘\fw at

y = 0. It can be assumed that ¢ US is constant, so that:
3
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Therefore, equation (16) can be written as:

$
d
v =p, v, So )—x((’sug“ eu)dy

If equation (18) is divided by eausone obtains

4
Jk cls
us Cq dX

where

Cq-(,w /PSS

X d eu
8 =, So(\_q_ﬁs\dy

(17)

(18)

(19)

(20)

(21)

if the angle of flow deflection due to the displacement effect

of the boundary layer is equal to a, then

(22)

Equation (22) and (19) show that the flow at the boundary layer

edge will turn in direct proportion to the mass transfer coef-

ficient and the change in slope of the displacement thickness.

The deflection of the flow is associated with a pressure rise,

and the applicable relation is the same as that used to calculate

deflection angles of oblique shock waves,34
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oy Pe/beml  |2MG- (-0 - D E/R
TMZL-P /R () /bt (0= 1)

(23)

This relation is more clearly understood if equation (23) is

approximated by the more simple relation:

tant & (%‘-\)/rMoo (24)

which holds for small pressure changes PS/P“-I << MwCom-

bining equations (19) and (24), the final result is:

&
%an: |+X‘M,,(cq+%-§) (25)

Equation (25) shows that the pressure rise is of the order of
rbmbtimes the turning angle. For the present investigation,
the percent pressure rise is about 1000 times the turning angle
in radians (Y‘M“=3.4), A 10 percent increase in pressure is
caused by a 0.69 turning angle.

A comparison 1s given in the following table between the
experimental measurements and the pressure increase predicted

by equations (19) and (23).
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TABLE II

Comparison between Experimental and
Calculated Surface Pressures

cq X 104 Ty/Ts cq + %‘(2) Ps/Pw(l) Ps/Pw(2)
0 4,2 .0091 1.09 1.08
0 7.6 .0184 1.17 1.12
9 4,2 0151 1.19 1.10
17 4.2 .0220 1.23 1.18
25 4.2 .0304 1.32 1.30

(1) Calculated from cquations (19) and (23)

(2) Measured data

The calculated values are also shown on figure 10, The
calculations should only be compared with the pressures measured
at the last four stations, 6, 7, 8, and 9, because the experi-
mental displacement thickness slope (fig. 13) corresponds to

the average of these last four stations.
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EXPERIMENTAL RESULTS

The experimental results obtained from the boundary layer
measurements are presented and discussed in the following section
including descriptions of the Mach number, total and static tem-
perature, and velocity profiles. The effects of heat and mass
transfer on the boundary layer characteristics such as skin
friction, Stanton number, total thickness, displacement thick-
ness, and momentum thickness are also discussed based on the data
contained in tables III through XIII which summarize the data
from the present experiments.

Mach Number Profiles

A typical Mach number distribution through the boundary
layer is shown in figure 14 for the zero mass tran<fer case,
and on the same graph, for comparison, are three mass transfer
cases of nearly identical Reynolds numbers and wall temperatures.
Not all the data points that went into drawing the figure are
shown. Zero mass transfer profiles were obtained for a relatively
high heat transfer rate since the wall temperature is about
half the adiabatic wall temperature. At the same wall tempera-
ture, the heat transfer rates are progressively smaller for the
mass transfer cases.

The curves siuow a smooth monotonic decrease in Mach number
from the free stream value to the wall. The linear region near
the wall is roughly about 1 mm in thickness independent of the

magnitude of the mass transfer and, hence, also the boundary
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‘layer thickness. In addition, the slight increase in concave-
ness with mass transfer indicated the Mach number profiles
cannot be made similar by any nondimensionalization of the
distance from the wall by the boundary layer thickness.

Temperature Profiles

Temperature profiles are shown in figure 15 which cor-
responded to the Mach number profiles shown in figure 14. Total
temperatures, nondimensionalized by the static temperature at
the edge of the boundary layer, were obtained from equilibrium
temperature probe measurements and show the strong influence
mass transfer has on the total energy content in the air at a

given distance from the wall. Although it is not very apparent

§ from the figure, a slight increase in the total temperature
exists at the outer edge of the boundary layer. Conduction of
heat from relatively hot regions near the wall is greater than
the transport of energy toward the wall near the outer edge,
and as a result there is a slight accumulation of energy
exceeding that of the free stream. High wall temperatures,
i.e., low heat transfer rates into the wall, make the condition

more pronounced.

The slope of the total temperature at each point of the

boundary layer is an indication of the local transport of energy, ‘l
kinetic as well as thermal. In an extended region (2 mm <y <96), I
the transport of energy is increased with mass transfer, as l

i

evidenced by an increase in slope although the absolute level
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is decreased. Most of this energy is absorbed by the injected
air and only a fraction penetrates through the boundary layer
to the surface. Actually, a considerable decrease in heat
transfer is indicated by the decrease in slope at the wall
compared to the no mass transfer case. Immediately next to the
wall, all the energy is thermal energy and is transferred into
the wall by conduction.

Decreasing the wall temperature at a given mass transfer
rate increases the heat transfer rate, and as a result a larger
percentage of energy is taken out of the boundary layer.

Figure 16 shows the effect wall temperatures have on the tem-
perature profiles for zero mass transfer. As expected the
otal temperature level in the boundary layer is decreased as
the wall temperature decreases, but the decrease is not large
over most of the boundary layer (i.e., outer 80-90 percent).
Most of the effect on the temperature distribution is within
the 10 percent of the boundary layer nearest the wall.
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