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Foxeword

This program had as its objective the development of a
new instrument to accurately measure electrical, thermal and
optical pr&pettioc of fluids over wide ranges of pressure
and tcmpoﬁture and of important properties of the instrument
and its material, The cell was designed and constructed and
brought into operational readiness under contract AF 49(638)-
1574, The research described in the repcrt demonstrates
that fourteen of the properties that the instrument is
capable of measuring can be determined accurately. For the
continuation of the work properties of selected fluids such
as simple monoatomic gases will be measured to permit
construction of a theoretical model for use with more complex
molecules., Influences of the effects of dissociation will
also be studied. Selected liquids such as freons will be
investigated for their suitability as heat transfer substances
especially in compact electronic devices as used in computers
and guidance systems of high speed aircraft and rockets.

It is further anticipated that the feasibility of
converting the multi-purpose instrument to semi- or fully
automatic operation will be investigated and that the
unsteady technique described in the report for remote
observations of heat transfer and properties will be

developed.
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MEASURING 14 PROPERTIES WITH THE MULTI-PURPOSE
INSTRUMENT AND A TEMPERATURE FREE METHOD
OF MEASURING THERMAL TRANSPORT PROPERTIES

Abstract

The multi-purpose instrument originally designed to
determine seven properties was extended in its capabilities
to measure additionai properties, The paper describeg briefly
the instrument and the operational procedures and brings the
results of measurements of some of the properties, namely:
four properties of the instrument or its wall material,
thermal conductivity of He, N2 and C“F8 (in vapor and liquid
state), p-v-T data of N, dielectric constant of N,, He, A
and CaFB-vapor and liquid, vapor pressure of methanol,
electrical conductivity and dissipatior factor of C,Fg-liquid,
thermal expansion coefficient of Benzene index of refraction
and polarizibility of NZ' A new unsteady method ir introduced
for the determination of heat transfer and thermal transport
properties without measuring temperature and its technique 1is
demonstrated by heat transpOt;: observations in He, A, Nz and

vacuum,

1. _Introduction

Much effort is currently expended to measure and/or
calculate the properties of materials over continuously
widening ranges of pressure, temperature and, in the case of

mixtures, composition, The user of such data has the task of
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reconciling different types and quality of information and

often estimating new values for a needed condition, This is

true for a single property., Often more than one property is

needed and the necessary information cannot be found, Even

Af it can be found the values usually are not physically

concordant, In order to overcome these difficulties the

concept of an instrument able to measure many properties of

substances was introduced and followed up by the construction

of the apparatus which, when properly functioning, should

(a) eliminate variations in sample in different tests, (b)

secure identical conditions for all different properties and

(c) greatly reduce the time and expenses otherwise needed for

separately measuring all the properties. The instrument

further should allow most of the data to be observed absolutely,

with high precision and over as wide a range of temperature

and pressure as feaaidle for accuratea measurements, The data

therefore should be usable for theoretical studies, to verify

and check models for prediction of properties by statistical

mecnanics especially for those ranges of temperature where it

is impossible to carry out measurements. The theory and design

of the development of the instrument have been described in

detail in reports (1)* seminars (2,3) and presentations at

national and international meetings (4,5,6) and so were the

facilities of the laboratory and the experimental setup

necessary for operating the instrument (7).

*( ) refers to References.

This paper
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discusses first the procedure to obtain the properties of the
instrument and then the results of measurements of properties
of various test fluids. It was not attempted to measure for
each of the test fluids all the properties the instrument can
determine but to demonstrate that the apparatus can be used
to determine with high accuracy as many properties as was
proposed,

For comparison reasons such test fluids in most instances
were chosen for which the progorty or properties to be
determined were well known, fﬁ. ranges of pressure and
temperature were selected accordingly. In some other cases
samples were selected for which only one or two properties
were known accurately but not the others--or given only for
single conditions of pressure and temperature., For safety
reasons the mnalurcnongc vere carried out at pressures and
temperatures which are fzr from the extremes of the design
capability of the instrument. Some of the measurements are
used for theoretical studies hut those are beyond the scope
of this paper and thereferce not included,

For the sake of easier reading a short description of
the instrument and its operation is felt necessary despite
the fact that detailed information is given in the above

references.
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4._Short Description of the Instrument and the FProcedure
Lo Measure the Various Properties

The instrument shown schematically in Figure 1 consists
of four major parts., A heating element (the so called "hot
body") of cylindrical shape with hemispherical ends enclosed
in a similarly formed but slightly larger upper cavity of the
cold body, which is made out of three parts. The lower part
encloses a pressure measuring device, valve arrangements and
& standard Pt-resistance thermometer which is located in the
lower spherical cavity formed between the lower and middle
parts of the cold body., The upper part suspends and centers
the hot body by means of a centering rod. It furthermore
houses a feed-in device. The test fluid is filled into the
system either from below or through the feed-in device. The
instrument can be sealed off completely for constant volume
measurements or possibly commected with outside instrumentation
for other types of measurements, The temperature of the
instrument is regulated by means of thermostat fluids
channeled bifilarly through passages provided as indicated in
the figure., The temperature of the hot body is determined by
a Pt-resistance thermometer placed in a coiled capillary hard
soldered in the wall at a well known distance from the
surface. The temperature of the cold body is also measured
by a Pt-resistance thermometer similarly mounted in the wall
at a location where it surrounds the hot body., The range of
temperature is from -190°C to +650°C, the pressure range from

vacuum to 500 atm,
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The hot body contains a heater element and serves to
generate a thermal potential between it and the cold body when
thermal conductivity is to be determined. Likewise by
establishing an electrical potentisl difference between the
hot and cold bodies the fluid electrical conductivity can be
measured, In the first case Fourier's Law is applied, in the
latter case Ohm's Law, The geometric constant, i.e., the
ratio of overall area and average width of the gap between
hot and cold body for both cases, is determined by capacitance
messurements under vacuum and the value of permittivity of
free space., Measuring the capacitance of the arrangement as
a function of temperature will yield the change of geometry
with temperature which allows the thermal expansion coefficient
of the instrument material to be computed, 1t will be shown
below that repeating these measurements under slightly
eccentric positions of the hot body within the cold body
cavity will yield the thermal expansion coefficient of the
centering rod., The change of the instrument with pressure
can be determined by observing pressure changes of capacitance
with a test fluid for which the dielectric constant is known
as a function of pressure, Measuring the capacitance with a
test fluid in the system allows evaluation of the dielectric
constant of the sample when the capacitance value is divided
by the vacuum value observed at identical temperature and
corrected for possible change of geometry due to pressure.

In many cases the index of refraction can simply be computed

from the dielectric constant,



The measurements of capacitance are carried out by a
three lead technique with the aid of a capacitance bridge
(General Radio: Type 1615A) which for highest sensitivity
mist be balanced in respect to dissipation., This yields
together with the frequency of operation the a.c. electrical
conductivity,

The volume of the instrument accommodating the test fluid
can be determined as shown below precisely at a given condition
of temperature and pressure., From the properties of the
instrument known the volume value for other conditions can
be computed. Therefore p-v-T properties of vapors and gases
can be determined by observing under various specific volume
conditions the change of pressure with temperature,

Likewise vapor pressure can be measured when the
instrument is filled only with a certain amount of liquid,

If the instrument is filled completely with a liquid which
is in contact with outside instrumentation then its volume
change with pressure or temperature can be observed and its
compressibility and thermal expansion coefficients can be
computed,

There are other steady state measuring possibilities of
other properties which are in part described in (l)--also
some others under quasi-steady state., These are not utilized
in the present paper. In addition the instrument can be used
under unsteady state conditions for the observation of six
other properties. Only one of these, namely the determination
of thermal diffusivity (and conductivity), will be demonstrated

and discussed in detail below,
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The measurements of most of
the properties listed are carried
out and made possible by altering
only outside connections as shown
schematically in Figure 2 for the
electrical observations., A more
detailed wiring is given in
Figure 3 showing the arrangements
for measuring power input to the
hot body by voltage and current
measurements with the aid of
standard resistors and a
potentiometer. The current and
potential leads of the heater
coil are connected by means of a

master and main switch to the

potentiometer and the standard

BATTERY
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resistors, In
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the four leads of
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FG.3 WIRING DIAGRAM FOR

POWER MEASUREMENT

to the ground wire

of the hot body.

hot body thermometer--

combined and connected
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The so formed single lead is connected in one position of the
master switch to the low side of the capacitance bridge. In
another similar position of the master switch® the single
lead is connected to a conductance bridge., The ¢9ld body is
connected to the high sides of the two bridges by =*saus of
an antenna switch activated accordingly by the .s.cerswitch,
(The antenna switch is shown in the upper right hand corner
of Figure 3,)

A considerable effort was spent to assure in the wiring
least possible dissipation in rocpeét to capacitance measure-
ments and highest possible d.c. insulation in respect to
conductance measurements, The condﬁctance bridge (Honeywell
Model 1700) is a Wheatstone type bridgo utilizing in their
arms two simultaneously changeable standard resistors which
are of 33 Megohm value when extremely low conductivity values
are to be observed. The wiring of the instrument represents
many parallel resistors to these bridges resistors. For the
sake of high accuracy in the measurements it was therefore
necessary to insulate the wiring from the shield as well as
possible, This was achieved by selecting wires with high
grade insulation and placing them in metallic and insulated
tubes which are connected to a metallic box enclosing the
masterswitch, This box is on shield or guard potential and

the metallic tubes represent shield or guard continuation.

*The master switch is a rotary switch with 60 positions
circumferentially and 50 positions axially, From the 3000

possible switch combinations only 300 are used for the wiring,
Other positions of master switch refere to & different position
circumferentially--and activation of other contacts.
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The box is maintained continuously under a slight pcsitive
pressure of dry nitrogen which leaks out at the open ends of
the tubes, Moist air therefore never can enter the system,
Dissipation losses could be disregarded completely (at least
in the most commor range of frequency used) and a total d.c,
resistance between wires and shield of better than 1012 Ohm

could be established and maintained,

Fig. 4 Laboratory

Figure 4 shows & photograph of the experimental setup of
the laboratory and the arrangements of the operational

facilities., Starting at the right hand side Figure 4 shows
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first the capacitance bridge, next to it the conductance
bridge and the masterswitch., Further to the left can be seen
the potentiometer and the mainswitch., All these bridges are
mounted in consoles which are insulated from ground and
represent shield respectively guards which are connected to
the mounting platform of the multi-purpose instrument shown

in the center of the photograph. The console on the right hand
side of the instrument houses devices for filling and emptying
the test fluid, further pressure measuring equipment and
devices to observe volume changes of test liquids. On the
other side of the instrument are located vacuum pumps and
thermostats. Further to the left is an automatic control

unit needed to heat or cool the cold body to the temperature
of the calorimeter container when specific heats are measured,
(See Ref. l-specific heat measurements are not included in

the present work.,) Next to this unit is a Mueller bridge

used to calibrate with the aid of a NBS standard the Pt-
resistance thermometers built into the cell, The equipment

is arranged in such a way that it can be run by a single

observer,

2. Expacimental Results Under Steady State Conditions
3A__Detarmination of the Properties of the Instrumsnt
AL Measucsments of the Geometric Constant B

The geometry of layer of test fluid bounded by the walls

of hot and cold bodies is given by



12

A

- = B = 2n [ ] + D.d]

ln D/d D-d

(1)

where h is the cylindrical length of hot body and of cold
body's upper cavity, d and D are their respective diameters.
This relationship is correct only for perfect geometry,
i.e., homogeneous field everywhere., Influences of surface
roughness and interuption of the layer by the bore at the
bottom and at the top and at the location where the upper
and middle part of the cold body join together are neglected.
It is impossible to correct the relationship analytically
but it is possible to measure its true value which includes
all the effects of these disturbances by determining the

capacitance of the arrangement according to the equation

C=Bc¢ (2)

o °t
where co is the permittivity of free space, a physical

constant precisely known and Ce the dielectric constant of

the test fluid., Measuring under facuum makes ef equal unity
and therefore
Ba=-C (3)

‘o

This value of B is correct for the measurements of the
transport properties only if in those cases identical conditions
exist, i,e,, isopotential surfaces and /or homogeneity of the
field can be assumed or assured, For electrical measurements
isopotential surfaces normally can be achieved more easily

than in thermal cases. In order to aid the conditions for

the latter measurements the cold body's sink represented by
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the channels for the thermostat fluid has been given the
geometrical shape of the hot body. (The influence of non
uniform heat flow due to disturbance in its path will be
discussed bdelow,)

The value of the capacitance measured and therefore of
B will have a minimum at a position of hot body within cold
body's cavity vhere the most homogeneous field is present,
In case of perfect geometry this position will be at a
perfectly centered one. Due to the disturbances mentioned
above (especially caused by the borss) a minimum value will
occur at a slightly eccentric position in axial direction as
was proven in (8). 1t is of advantage to measure properties
under homogeneocus field conditions and therefore it was
necessary to determine this position. This was achieved by
measuring the capacitance of the arrangement under vacuum and
constant temperature as a function of axial displacement of
the hot body in the cold body's cavity. The results of the
measurements are given in Figure 5. The almost paraboliec
curve was observed by moving the hot body by means of a
screw arrangement from a lowest possible position to the
upper most position, The latter occurs at a lesser displace-
ment off center because of the sealing arrangement between
the centering rod and the upper cold body. The measurements
were carried out at 25°C, In order to establish the
geometric constant for other temperatures of interest to the
measurement of the transport properties and the dielectric

cunstant it was necessary to deterxine the capacitance of
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Spherical eccentricity e (mm) the arrangement at minimum

.wm 479 396 313 229 148 063 ; 021 i 104 :
I =i -_——- 2
o e . setting and under vacuum
pid | as a function of tempera-
:i | ture, The results of these
s
g f measurements are shown in
= T |
% m Figure 6, The data
T msl
e | observed under increasing
T
f .s and decreasing temperatures
s
o scatter only in a few cases
s - )ﬂ-
we [- and then only by thousandths
i - o
: j of a per cent around the
" | smooth curve.
i (Codpgec ™ 156.917 pF ——
::F e I During the measurements

0 % 0 %0 ™0 300 360 4zol4;o‘uo
Turning angle of the centering tube

Fig.5 Capacitance as a function of verticl displacement
of hot body ot 28 °C under vacuum

of each point it was
observed that the capaci-
tance values given were not established at the instant
thermodynamic equilibrium was reached but with a certain time
lag of the order of 1/2 hour. In the case capacitance
measurements under increasing temperatures the data increased
by a few thousandths of a per cent to the final value, The
opposite was observed for measurements under decreasing
temperature, This observation indicates that the change of
dimensions due to thermal expansion does not occur simulta-

neously with a change in temperature,
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3A2 Determination of Thermal Expansion Coefficient of

Instrument Material and Centering Rod

The capacitance curve of Figure 6 shows an increase in
slope with temperature, Inspection of equation 1 demonstrates
that the geometric constant will increase linearly with
temperature for constant thermal expansion coefficient., The
curvature therefore could be explained by an increase in
thermal expansion coefficient with temperature. An analysis
of the curve yields values of the thermal expansion
coefficient and its temperature dependence which are both

considerabdly higher than literature data. Therefore an
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additional temperature dependent influence on the capacitance
measurements must exist. Those changes are possible only
vhen changing temperature will cause displacement of the hot
body relative to the cold body. An axial displacement is
likely to occur for reasons that the centering rod being a
structure composed of three different metals and ceramic not
necessarily has the same thermal expansion as the material

of the cold body--despite the fact that during the design

and construction a matching of thermal expansion coefficients
of the two bodies was attempted,

Figure 5 demonstrates that an axial displacement in
either direction from a minimum setting will increase the
capacitance. The axial displacement due to a temperature
change from 25°C (at this temperature hot body was placed

such to achieve minimum capacitance of the arrangement) is

o= LR? - LNT (4)

with length of centering rod at T ¢ 25C

LRT - LRZS (1 + o AT)

and length of cold body surrounding centering rod

= 1 T
L“T LNZS (1 + ay o )

for

es= Lzs (aR - aN) (5)
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Increasing temperature will cause a motion of the hot body
relative to the cold body in a downward direction when the
thermal expansion coefficient of the rod ap is larger than
that of the cold body Qe For ap < GN motion in the opposite
direction will occur,

Repeating the measurements of capacitance change with
temperature will determine if a, > ay or vice versa when in
the arrangement the hot body is placed eccentric at 25°C,

The capacitance curve of the arrangement obtained with

hot body originally displaced downward is given in Figure 7,

Thé curve deviates

= —T—1 from linear but now by

a slope decreasing with

temperature, This

indicates that axial

displacement was in an

Capacitance Cy (pF)
g
g

upward direction and

theref .
erefore ap < a

The curves of

o 10 20 30

;o 80 ‘% T # %0 100
emperature °
Fig.? Capocitance os a function of temperature Figurel 6 and 7 allow

for hot body displaced off center
the values of a_ and

ay to be evaluated as follows, )

The axis of the centering rod is perfectly aligned with
the axis of the cold body, Similarly well aligned is the bore
accommnodating the rod in the upper part of the cold body with
the axis of the upper cavity. Therefore it can be assumed

that eccentricity in a radial direction does not exist and
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will not be introduced by temperature changes, The curve of
Figure 5 therefore gives only the change of capacitance with
axial displacement--and the curves of Figures 6 and 7 are
influenced by eccentricity in axial direction only., In the
neighborhood of the minimum value the curve of Figure 5 can
be represented by an equation which results from eccentricity
in the spherical part of the arrangement only as was proved
in Ref, (8),

(c) = (C) (c.) (6)
® total “e sphere * %% eyl, :

where the subsecript e refers to axial eccentricity and the

subscript o to zero eccentricity and

(c) = (C)
® sphere © gphere (1 +2¢(

)2 2] )
D(D-d)
is the capacitance of the spherical arrangement influenced

by eccentricity, neglecting higher order terms. (C )
sphere

is the capacitance value of the spherical part of (C,)
of Figure 5. £ones
The C. value observed at 25°C in Figure 7 yields from
Figure 5 or eq. 6 and 7 the initial axial displacement., The
capacitance values observed in the tempersture range of
Figures 6 and 7 introduced into equations 1, 5, 6 and 7 allow
the thermal expansion coefficients of the centering rod and
of the Nimonic 80A wall material of the instrument to be

determined--at any temperature. Since the computation is
quite involved only averaged vaiues (0-100°C) were calculated

uith the results,
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ay = 12.56 x 10-6 (ox)-1

ap = 12,02 x 10°6 (ox)-1

Of these two values only oy is of interest to the measurements
with the multi-purpose instrument mainly for reasons of
correcting the volume of the test fluid enclosed within the
cell when p-v-T, thermal expansion and compressibility are
determined as function of cemperature.

A literature value of thermal expansion coefficient of

Nimonic 80A (9) is
ay = 11.9 x 10-6 (ox)-1

and deviates from the value given above by approximately
5%. The walls of the multi-purpose instrument as shown in
Figure 1 are linod at its wetted surfaces by a 1 mm thick
gold layer. Taking the thermal exparsion coefficient of
gold a, = 14 x 1076 (°k)"! into account will yield for the
combined structure a higher coefficient which is in very
good agreement with the value computed from the measurement,
The averaging procedure followed for the computation
introduces a certain degree of uncertainty, But this error

is small enough to be neglected,

A3 Determination of the Volume of the Instrument Accommodating
the Test Fluids

The multi-purpose instrument as discussed in section 2

is operated either with the test fluid connecfed to outside
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instrumentation or hermetically sealed., This is accomplished
by using two different valve arrangements seated differently
into the lower part of the cold body. The valve shown in
Figure 1 is seated at a location close to the lower spherical
cavity. In this condition the test fluid is connected with
the outside. 1In case p-v-T data will be observed or other
properties under constant volume conditions another valve is
used which is then seated at a somewhat lower location and at
a wider rim., The instrument can be evacuated by means of this
valve and test fluid either can be charged into the cell
through this valve or by means of the feed-in device. After
charging both devices will be sealed off., The pressure of

the sample is then measured by means of the pressure measuring
device which is at the temperature of the test fluid and its
readings therefore cannot be influenced by condensation and/
or evaporation,

The volume occupied by the test fluid within the
instrument under these different ooalins conditions must be
precisely known, They were determined by measuring the
volume of mercury necessary to replace a gas which fills the
instrument from vacuum 5 a preset pressure, The arrangement
is shown in Figure 8, The two self-explanatory steps of
measurements yield the unknown volume according to the

equation

M -M

Ve (8)

f)
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where M1 is the mass of

mercury of density o

observed in the reservoir

at step 1 and M2 the mass

remaining in the reservoir

ﬁ

after the mercury piston

compressed the gas charging

the instrument to the

original pressure Py

Ml and M2 were determined

with the aid of a precision

balance which readings were
T =Constant Gos

VAC corrected for buoyance,

- 1_________l

' m 1 ] The dotted lines

FIG.8 ARRANGEMENT FOR MEASURING VOLUME OF MPI

surrounding the experimental
set up represent an isothermal envelope, In the present case
the laboratory itself was maintained by controllsd heating
and cooling at a temperature of 28,15°C, The volumes observed

at this temperature are:

a., Valve seated at upper rim: vy = 83.8730 cm3 + 0,0018 cm3
b., Valve seated at lower rim: vy = 84,2284 cm3 + 0,0007 emd
These values can be corrected for other temperatures by means

of Qe

Together with the geometric constant the most important
properties of the instrument itself are therefore known and
properties of test samples can be determined absolutely and

with high accuracy. Obviously in addition it is necessary to
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determine changes of volume and of geometric constant with
pressure, Due to the complexity of the geometry only an

estimate can be made analytically,
For this it wvas assumed that the volume of the cell is

enclosed in a cylinder of inside bore equal in digmeter to
the bore of the upper cavity and of identical wall thickness.

For an infinitely long cylinder (inside pressure Py = P
outside pressure p = 0)

2
p (£o/ry) +1

9.5--:5(0':-\)0:)-; ——+ ] (9)
¥y (rg/ry)" - 1
where L, - inside radius = 17,5 mm
r_ = outside radius = 45 mm

o
E = module of elasticity = 1,9 x l.O6 kp/c':m2

v = Poisson's ratio = 0,3

For p = 500 atm

A% . 4,36 x 10~% and

r
.‘:’l - 8,72 x 1074

The change of volume is less than ,1% and will be approximately
1% when the change of volume of the hot body is included,

The real volume change with pressure will be smaller for
reasons of the heavier walls of the spherical cavity which
occupies approximately 75% of the total volume.

The remaining uncertainties in determining the volume as

a function of internal pressure therefore might be of the
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order of a few hundredths of a per cent at highest pressure
and negligibly small at lower pressures,

The situation is much more critical in respect to the
geometric constant because AOr is relatively large compared
to the layer of test fluid. Together with the decrease of
dianmeter of hot body the total increase in width will be
2.6% at 500 atm. This large influence necessitates a more
careful evaluation as follows,.

Equation 1 can be rewritten

J - [ [ ]
hCZ hhz D2 dZ
B2 = 2y [t < 4+ ] (10)
1n Dz/d2 D2 . d2

the subscript 2 refers to the dimensions of the hot and cold
bol/1es under a different pressure than vhen B was determined,
Bz cannot be analyzed properly but it can be determined by
measurements of capacitance with a test fluid of known

dielectric constant at two (or more) different pressures.

Cl = B1 eo ¢ 1 observed at pressure pl

(Preferably 1 atm--since €, is known)

C2 - Bz eo el observed at pressure P,

Introducing B2 - 881 yields

Ch €
w21 (11)
C, €2

Measurements with helium at 1 and 15 atm and 20°C resulted in

—
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B = 156.878 X 1.000065 - .99919
156,913 x 1,000650

vwhere ez vas evaluated from € by assuming perfect gas
behavior. B8 indicates a decrease in geometric constant by
.08%, Lincar extrapolation to 500 atm yields 2.69% a
slizhtly higher value than estimated above which is under-
standable because the analysis regarded only changes in
radiad direction,

1f the change of dimensions of each of the terms in
equation (10) could be evaluated properly in terms of p and
E the latter could be evaluated. But only when the pressure
does not introduce eccentricity in the arrangement.

The measurements of 8 will include possible eccentricities
vhich are only a function of geometry and properties of the
instrument and the pressure forces. 5 itself therefore is a
property of the instrument and must be remeasurable under
identical pressures independent of the test substance, as
iong as the respective fluid is ideal and ¢, can be computed
properly. I1f measurements with a gas do not reproduce B
then the gas is not ideal and the deviation in 8 is a measure
of the deviation from perfect gas conditions for this sample
at the respective pressure,

Since E is practically temperature independent g will
remain constant with temperature when corrected for thermal
expansion, The change of geometry with pressure observed

above can be used to determine a pressure coefficient of B

by introducing
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B, = 81 (1 - apAP) (12)

2

which ylelds with B8
ay = 57.9 x 107%/atm

Changing pressures from 1l atm to vacuum will result in an
increase of B, Whenever a gas of susceptibility = 57,9 x
10"6 is in the system then changing the pressure from 1 atm
to vacuum will not change the capacitance despite the fact
that the dielectric constant of the gas decreases to unity.
For gases having a susceptibility smaller than 57,9 x 10-6
the capacitance of the evatcuated system will be larger than
at 1 atm, This effect was observed with the multi-purpose
instrument at elevated temperatures and helium as the test
gas,

The temperatures as already stated above are measured
by means of resistance thermometers made out of standard
grade platinum, These thermometers mounted and sealed
securely into the instrument were calibrated in place, The
properties observed were used to compute tables with one
thousandths of a degree Kelvin interval,

The properties of the thermometers are:

Ro = 25,6168 Ohm
a = 0,003924846
6 = 1,55367

g = 0,110

Standard
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R = 1,62968 Ohm

o

a = 0,003919673
Hot Body

5 = 1,61647

g = 0,110

Ro = 1,73489 Ohm

= 0,003912994

Cold Body

a
$§ = 1,59571
B = 0,110

The pressure is measured by means of mercury or water
manometers, by calibrated Heise gauges and by a pressure
balance. Unfortunately the pressure balance only covers the
range 250 to 500 atm. The measurements of this report were
restricted for small pressure ranges whenever precision in
the readings were necessary. It is hoped that funds become
avai.lal;lo to cover the total range of pressure measurements
vith more sensitive and reliasble instruments. The pressure
measuring device mentioned above observes the pressure
indirectly by means of a diaphragm opening and closing an
electrical contact. At contact position the diaphragm is
very sensitive but due to the fact that it was not perfectly
flat when mounted into the device a slight pressure
differential must be overcome first, This value has been

determined and is known to a fraction of .1 mm Hg for the

temperature range of the measurements.

Mo -
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Ranze of Pressuce

The measurements of thermal conductivity were the most
critical ones for reasons that they not only check a
considerable part of the total system but most of all the
quality of the gold bond., Values observed too low would
indicate a faulty bond for reasons of apparently too high
values of temperature difference. An insufficient und/or
non-uniform bond obviously would in addition influence or
possibly even prevent the measurements of most of the other
properties, 1t was therefore a great relief when the first
value of thermal conductivity ever measured with the multi-
purpose instrument was identical to the data given in
Ref. (10). Further measurements under increasing and
decreasing pressure agreed very satisfactorily with the well
established pressure dependence of helium for the two
isotherms. The hump in the curve observed first in (10)
seems to be verified by the measurements. The data given in
Figure 9 was computed from the measurements of AT between
hot and bold body and the power input q and the geometric
constant at the respective temperatures from Fourier's Law.

k= -9 (13)
BAT

B was corrected for change of pressure and for the influence

of Th > Tc' Other corrections were not applied for reasons
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that radiant heat

o transfer between
the highly polished
gold surfaces is

very small in this

THERMAL CONDUCTIVITY k(mW-cm—-*C)

25 °c temperature range.
Free convection
practically does
not exist because
of very low Rayleigh

number, and lead-in

losses also are
[E-1E] 2 © Measured at decreasing pressure
LBz Prasant {0 Measured at increasing pressure
[E.11:] mark 4  Thermal equilibrium possibly not very small 1!‘1
1808 established ot 30 °C
1508 o Results of Ho and Leidenfrost accordance with
]
1504
502 Ref, ( 11) .
et I S S T S S S

0 1 2 3 4 835 6 7T 86 9 101 1213 M4 1516 IT 18 19 20 21 22

p—(ATM) To the bust
FIG.9 THERMAL CONDUCTIVITY OF HELIUM GAS vs. PRESSURE knowledge of the
author it is the
first time that a correction for a temperature drop in the
walls was also not necessary. Due to the proper mounting of
the thermometers, the true surface temperature existing at
the regions outside the ranges of unhomogeneous heat flow in
the wall is measured. This was proved in (1 and 12). 1In
(12) it was also shown that the disturbances of the heat
flow by the sensing elements in the walls does influence the

geometric cdnltant by only a negligibly small amount,
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The data in Figure 9 scatter by .2% around the smooth
curve, This scatter possibly results from the fact that
after each pressure change not enough time was allowed to
reestablish thermodynamic equilibrium, This was proved by
measuring the time needed by the gas to reach its original
temperature after a pressure change. The instrument itself
vas kept at a constant temperature. The time observed was
approximately equal to the time normally allowed between the
readings taken at different pressures., Providing more time

resulted in a lesser scatter as demonstrared for the 30°C

isotherm of Figure 9,

The instrument was evacuated and pressurized several
times with higﬁ purity nitrogen gas and finally sealed
hermetically after enough mass had entered to establish a
certain pressure at ambient temperature, After equilibrium
was established pressure and temperature were recorded and
the capacitance measured. Power was then provided for the
heater coil in order to establish a steady state temperature
difference for the measurements of thermal conductivity.
This procedure was repeated stepwise under increasing
temperatures up to 1C0°C and then under decreasing tempera-

tures until 0°C was reached, Finally the measurements taken
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Fig.10 Pressure & Dielectric Constart Of Nirogen Vs. Temperature At Constant Density

at ambient conditions were repeated., ldentical results of
the readings especially in respect to pressure gave assurance
that the system had been sealed perfectly. All measurements
therefore were taken at constant mass conditions, The valve
was then opened and the instrument was charged with an
additional mass of nitrogen and a second set of data taken in
a similar way as demonstrated above,

The pressures observed were corrected for the volume
change of the instrument due to thermal expansion, There-
fore the curves given in Figure 10, 11, and 12 refer to
constant density conditions. The density values were
calculated by means of thermodynamic relationships. Normally
it is anticipated to determine the mass introduced into the

system before and/or after the test,
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The pressure curves appear to be linear in the graphs
but the data demonstrate for each plot a different curvature
which will be used later and when more measurements have been
completed to evaluate compressibility factors and virial
coefficients, The same figures show also the measurements
of the dielectric constant, These values remain practically
constant with temperature as was expected, The scatter of
the values is very small and mainly caused by small deviation
from thermodynamic equilibrium conditions; i.e., the tempera-
tures of the hot and cold bodies were not identical.
Temperature differences of the order of one hundredth of a

degree will influence the readings of ¢ by one thousandth of
one per cent, For the hot body warmer than the cold body ¢

apparently will be higher,
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A similarly small temperature deviation of the tempera-
ture difference will cause errors in thermal conductivity of
the order of 1 per cent, Which demonstrates again that those
measurements are much more difficult to achieve and much more
attention is necessary., The thermal conductivity data
observed at the three different values of dengity are
represented in Figure 13 by a single curve, Each point on
the curve represents an averaged value of the data measured
under the three density conditions and at the respective
temperatures, The deviation between the readings were small
and of the order of a few tenths of a per cent, The thermal

conductivity of nitrogen therefore can be reported as
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pressure independent in the small pressure range of the
measurements and within the accuracy of the determination,

The values ~gree very well with INBS data (13) but are

approximately one per cent higher than recommended by TPRC
(14),

n 20 2% 300 30 320 % %0 %0 360 no
Temperature T (*K)
Fig. 13 Thermal Conductivity Of Nitrogen At Pressures Of 02 To 14 Atm. V.S. Temperature
From the values of dielectric constant and density the
specific susceptibility, the polarizibility and index of
refraction can be computed,
The constant density measurements of p and ¢ taken close

to atmospheric conditions as shown in Figure 1l resulted in

a value of susceptibility

¢ =1=605x 10~°
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Applying the relationship
€ = 1M 4n
- % = N a 11 (14)
€+ 20 3 L R

evaluation of the polarizibility of nitrogen, With M = 28
the molecular weight of nitrogen r = 1,2723 kg/m3 the
density and NL = 2,68719 x 10'25/m3 Loschmidt's number one

obtains
a= 17,58 x 10'25cm3

which is practically identical to the value of 17.6 x 10'25

cm3 given in literature.

The pressure observed under constant density conditions
at 20°C wvas 829.4 mm Hg, Reducing the value for comparison

reasons to 760 mm Hg yields
(€)300¢,760 = 1.000554

which deviates only by 6 ppm from the value given in NBS
circular 537, According to Maxwell

nz = £ (15)

and

(n)20,760 = 1,000277

This value reduced for comparison reasons to 0°C yields

vhich again is in agreement with data listed in Smithsonian

tables.
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2B3 Determination of Thermal Conductivity and Dielectric

Constant of Octafluorocyclobutane 94_28 = Vapor at 1 atm
in_the Range of Temperature 0-100°C

The vapor thermal conductivity of this substance is
known only for a single point which is in large disagreement
with data estimated later. The test material used for the
investigation is of "Food-grade" purity and was furnished by
DuPont under the trade name Freon C-138, The measurements
were carried out under increasing and decreasing temperatures

by holding the pressure constant at 760 Torr.
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Fig. ¥4 Thermal Coriductivly & Dielectric Constant Of C;Fy Vapor At | Atm. As A Function Of Temperature

The values of thermal conductivity and dielectric constant
observed are given in Figure 14, The thermal conductivity

curve agrees in curvature and slope with the estimated
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temperature dependence shown in DuPont's Bulletin C-30A, The
values of conductivity measured are lower by 2%. The single
point given in Bulletin EL-1 is lower by 15 resp. 17%.

The measured values of dielectric constant decrease with
temoverature due to the decrease in density. The data
practically have no scatter around the smooth curve but the
one point observed close to saturation condition. A single
literature value (15) observed at 283,16° agrees with the

measured data within a few thousandths of a per cent.

3B4 Vapor Pressure Measurements of Mathanol* in the
Ismperature Rangze 0-100°C

The instrument was first filled with vapor and evacuated
repeatecdly., After high purity conditions of the vapor could
be expected within the cell an additional small amount of
sample in liquid form was charged into the instrument which
then wvas sealed hermetically. The vapor pressure was
determined by means of the diaphragm device and a mercury
manometer,

The pressures observed under increasing and decreasing
temperatures in a first run were higher than values cited in
physical tables (16), This disagreement could have been a

result of leakage of air into the system at low temperatures,

*Purity 99,96% (Impurities: .039% H20
001% acetone
.002% CHOOH

]

i
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i,e., lov pressure conditions, But this was ruled out by
remeasuring exactly the value which had been taken at low
pressure and before the temperature had been raised. Since
the literature data were regarded as correct and because the
measurements of pressure cannot be faulty by the amount
observed only the test fluid itself must have provided the
conditions for the different readings.

The correctness of this reasoning easily could be checked
by measuring other properties of the vapor known at certain
conditions., The measurements of thermal conductivity and
dielectric constant at these respective conditions yielded
results which did not agree with literature data, In case
of thermal conductivity the value measured was too high; the
dielectric constant was too low, Both results indicate that
not pure vapor but a mixture possibly with moist air was
present. (This demonstrates one of the features of the
multi-purpose instrument; namely that the measurements of
more than one property allow checking if anomalies or
deviations observed in one of the properties really exist.)

The methanol was delivered in a bottle not sealed
hernetically and it must be assumed that moist air and/or
other gases were absorbed by the fluid in time. Boiling of
the sample at low temperature yielded better results of the
vapor pressure which are still slightly higher than the table
values represented by the solid curve in Figure 15 but they

are in a very good agreement with newer data (17),
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Vapor Pressure p, (Torr)
3
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Present Work
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Fig 15 Vapor Pressure Of Methanol

The solid curve is

by an equation based on

logp--

T{ °K]
where the constants are
a = 38,324
b = 8,8017

0,05223a

represented in accordance with (16)

four references.

+b (16)

The data of (17) are based on more information (thirty two

references) which resulted in
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c + t[°C]

when
a = 1474,08
b = 7,89750
c = 229,13

385 Determination of Thermal Conductivitv, Dielectric
Sonatant, Elesctrical Conductivitv and Dissipation Factor
of C, Fo Liquid at 10 atm in the Tsmperature Range 0-80°C,

The instrument first was filled with pure vapor under
vacuum and then connected by means of a valve to a reservoir
containing the test substance under its vapor pressure--which
forced the liquid to enter the system. The decrease of
weight of the reservoir was observed and when the conditions
of complete charging was assured the liquid in the reservoir
was preassurized further to 15 atm with nitrogen. All the
measurements were carried out under constant pressure at
15 atm assuring that boiling could not occur at the highest
test temperature,

The reservoir is connected with the cell by high
pressure tubing of small inside bore and of such a length
that the liquid within the instrument will not be contaminated
by diffusion of N2 even in a very long time,

The observations of the properties were carried out by

measuring heat input AT and/or capacitance and computing the

properties with the respective equations and the geometric
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constant corrected for pressure and temperature, The results
are given in Figure 16. It can be seen that ¢ and k decrease

with temperature but the curves have opposite curvature,
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Fig. 8 Thermal Conductivity & Dielectric Conslant Of C,F, Liquid At 15 Atm.

The thermal conductivity data are in very good agreement
with values observed at lower pressures and listed in (18,19),
The single observation by (18) is identical to the data of
the curve at the respective temperature. The values of (19)
are a few tenths of a per cent higher than the present data.

Measuring the capacitance necessitates balancing the
bridge for dissipation. The dissipation factor is observed
by direct read-out of the bridge,

The conductance bridge connected by means of the master-

switch to the system measured directly the conductance

G-XQ.AB
L

s
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From this the d.c, electrical conductivity A 1is obtained.
Dissipation (observed at 1 kHz) and electrical

conductivity are of very low value as can be seen in

Figure 17, Dissipation and electrical conductivity remain

practically constant in the low temperature range,
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At temperitures above 40°C measurements were difficult
to obtajin for reasons of fluctuations in the readings. The
values of the properties increase as indicated by the dotted
lines, These lines represent readings averaged over the
range of fluctuation and must be regarded as inaccurate to a
certain degree,

The unstable measurements could be a result of impurities
introduced into the liquid., The impurities might beminute
residues of previous test samples which had remained on the

walls., They became dissolved by the Freon in time and the
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particles started to move under the influence of the
electrical field at higher temperature when the viscosity

became low enough,

2B6 Determination of Thermal Expansion Coefficient of Liquid
Benzene at 1 atm at Various Temperatures

The instrument was filled completely with the liquid in
the same way as described above, The cell was then prepared
for the measurements simply by closing the valve at the
reservoir, The liquid within the cell is now only connected
with a pressure balance arrangement. The free piston properly
loaded maintains the pressure in the test fluid, Measuring
the motion of the piston when the temperature of the
instrument is changed by a value of AT allows evaluation of
the thermal expansion coef icient from the volume displaced
and the volume of the instrument VL at the respective pressure
and temperature.

The measurements were carried out at several temperature
levels,

Since the motion of the piston is limited to approxi-
mately 2 cm and because the volume displaced is rather small
it is necessary to bleed some of the liquid back into the
reservoir (at a slightly lower pressure) in order to bring
and hold the piston in proper starting position, Obviously
the smaller the amount of liquid released the smaller the

temperature increments between the measurements.
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around this curve

by a few tenths of a per cent,

Under section 2 of this paper it was pointed out that the
multi=-purpose instrument can also be used under conditions
other than steady state, In this paper only the procedure
for the unsteady observation of one property is included,

The procedures followed to determine thermal diffusivity
(and conductivity) represents a novelty in measuring thermal
properties and heat flow (i1.e., heat transfer) insofar as the
observations are carried out in the absence of temperature
measurements, But by very sensitive obgservation of other
quantities depending on true surface conditions which other-

wise can be determined inaccurately or indirectly only.
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A short description of the technique is included for
the sake of demonstration, A detailed analysis will be given

elsewhere (20),

The technique easily can be followed as demonstrated in

Figures 19, 20, 21 and 22, Figure 19 shows schematically a

a. perfect insulator
Test fluid{b. perfect conductor
¢. finite conductor

|—Material Nimonic 80A

_Thermostat
/(20L Trafo-oil)

——— Heat input startsat time t=0 to
heot up instrument continuously or
to change temperature from T, to
a new steady value T.

Fig. {9 Multipurpose instrument used in transient conditions to determine
thermal diffusivity of test fluids

cross-section through the multi-purpose instrument. Hot body
and cold body are properly connected to the capacitance
bridge, The cold body originally is kept at a constant
temperature To by means of the thermostat., At time t = 0

the thermostat begins to heat (or cool) the cold body
continuously or to a new steady value T, The test fluid
enclosed in the gap between hot and cold body is considered

to be:
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a. a perfect insulator
b. a perfect conductor

c. & finite conductor.

/
- / Continuous heating o
o //>Tc °
S
2 z e
5 . 2
a " Limited heating 4 Limited heating
E — e e n /
® o
- Q \
T Th \_Continuous heating
Time t Time ¢

Fig.20 Schematics of T =f(t) for hot and cold bodies and
C= f(T,t) for case q, test fluid is a perfect insulator

The heat input to the cold body obviously never will be
noticed by the hot body when the test fluid is a perfect
insulator., For a perfect conductor it will change its
temperature simultaneously with the cold body, 1In case of a
real substance the hot body will follow after a certain time

lag the temperature change of the cold body,

Confinuous heating P
—_— ~
’ -~
-
= //\ Continuous heating ¢, =
s
» /..f’ = '-\xLirru'M haating
ﬁ c
c . a
e ~.._ Limited haating ‘G
§| A &
(= T+ Th o
To
Time ¢t Time t

Fig.21 Schematics of T=f(1) for hot and cold bodies and
C=f(T,t) for case b, test fluid is o perfect conductor

The temperature change experier.ced by the two bodies

under constant or limited heating are given schematically in
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Figere 20, 21 and 22, (Under cooling the effects will be
similar.)

Continuvus heating Limited: Faghio
— ENMIAC 0T, N

/’/ /, o

/,7Tc /’ ®
2 Vg e
.g Z S Continuous
i ~T} 'g heatig
E Limited_heotin S Iw
s o _-
To

Time t Time 1t

Fig.22 Schematics of T=f(t) for hot and cold bodies and
C= (Tt) for case c, test fluid is a finite conductor

The temperature change within each of the two bodies
will be uniform (therefore identical the change of surface
temperature) for sufficiently small Bi-numbers. The poor
heat transfer of the thermostat fluid guarantees those
conditions, The dimensions of the bodies change therefore
with temperature only due to thermal expansion., (Changes
due to stress can be neglected.) Eq. (1) demonstrates that
the change of dimension will cause a change of capacitance.
These capacitance changes are given schematically also in

Figures 20, 21 and 22 for the respective test fluids,

4.1 Determination of Thermal Transport Properties of Helium,
Ntxogen, and Argon at 1 atm and Vacuum in a Small
lemperature Range

For four different cases where the heat transfer between
the tvwo bodies varied from good to poor the method has been

checked by using as test substances helium, nitrogen, argon

T
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and vacuum, In the latter case heat transfer occurs only
along the centering rod, by radiation and residual molecular
conduction,

The results of the measurements are given in Figure 23,
The change in capacitance observed verifies the change
predicted in Figure 22. (The initial and final capacitance
values of each curve divided by the Co-value of Figure 6
yield the dielectric constant of the test substance at the
respective temperatures.) The maximum change in capacitance
measured in helium is approximately one order of magnitude
less than in the case of vacuum and new steady state
conditions were established five times faster,

The maximum capacitance change observed in helium is of
the order of ,05%. This accounts for a similar change in
gap width (nominal .5 mm) of 2.5 x 10'4 mm, If one assumes
that the maximum change occurred at a time wvhen the cold
body only had changed in temperature then its excess tempera-
ture was approximately 1°C, (Free convection can be assumed
negligibly small,)

This is the maximum temperature difference between
cold and hot bodies. In accordance with Figure 22 it will
decrease in time and finally become zero.

The sensitivity of the instrumentation i: so high that
change of capacitance of the order of ,001% can be detected.
This refers to a change in gap width of the order of

5 x 1078

mm which in turn is identical to the change in
diameter the cold body will experience when heated by

2 x 10'2 °C,
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The capacitance time curves observed are perfectly
similar and can be made to form a single curve by proper
reduction., Due to the complexity of the geometry an analysis
is impossible, Therefore calibration becomes necessary and
the meas :rements will be relative ones only,

Another system of simple geometry easily could be
built which could be made of lesser heat capacity. Absolute
and much faster measurements would then be possible,

The measuraments by this technique* utilize electrical
observations directly, This demonstrates the adventage of
using it for remote control measurements of heat transfer
and properties in many instances. Since diffusivity, thermal
conductivity and dielectric constant are observed simultane-
ously the measurements also could be used for quality control
and/or to determine the test substance in cases in which the
sample is not known before hand,

The analysis of the technique and more detailed infor-
mation of its use are outside the scope of this report--and

will be given in another paper as already stated above,

2. Sumnary and Future Progsram

The measurements of the various properties carried out
so far have indicated that the data observed compare ravorably
with literature values of separately measured properties, It

is safe to assume that the determination of the properties of

*Patent disclosed by W, Leidenfrost.
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the instrument and instrument material in all cases did aid
the research on test fluids, In some of the cases it was
demonstrated that the capability to measure more than one
proﬁerty under perfectly identical conditions is of advantage
in determining other properties more reliably, It is hoped
that the statements hold true in respect to the other
properties which also can be determined with the instrument,
This will be investigated shortly., Neglecting initial costs
for the more complex and more involved experimental total
set-up it also seams to be reasonable to state that measure-
ments with a multi-purpose instrument will produce properties
more cheaply.

For the future it is planned to determine properties of
gases of different molecular structure and over wider ranges
of pressure and temperature for theoretical studies,

Selected liquids will be tested in respect to their heat
transfer and electrical qualities in order to establish their
suitability as coolants of powerful compact electronic
devices., 1t is furthermore anticipated to develop instruments

applying the transient technique described under section 4,
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