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AN ATTEMPT TO |[MEASURE THE THERMAL CONDUCTIVITY

OF LIQUIDS, GASES, AND VAPORS WITH A HIGH DEGREE

OF ACCURACY OVER WIDE RANGES OF TEMPERATURE
(—180 to 500°C) AND PRESSURE (Vacuum to 500 atm)t

W. LEIDENFROST?
(Received 14 October 1963)

Abstract—A new thermal conductivity cell is described using a vertical cylinder with hemispherical
ends within a similar cavity. The design and assembly of the cell and precautions to minimize errors
are fully described. A high precision capacitance bridge was used to determine cell geometry. Dielectric
property data was also therefore measurable. The thermostat design enables wide temperature ranges
with low error to be obtained. A special pressure transmitter working at the test temperature is
described. Detailed error analysis is made of losses along the centering devices and for convection
and radiation. The first was eliminated with a new dimensionless number. Approximate and exact
radiation losses are compared. The experimental accuracy is estimated at 0-1 per cent. Preliminary
results are given for the dielectric constant of argon, carbon dioxide and toluene and the thermal
conductivity of helium. Dielectric constant values agree within six parts per million with recom-
mended data. The very small scatter from a smooth curve demonstrates the high accuracy of thermal
conductivity values. Possible modifications are suggested to enable obtaining additional property
values from a single determination, also of importance to statistical mechanical theories.

NOMENCLATURE test fluid surrounding the centering
Ay, A, constants; rod;
As, average cross-sectional area of the d, diameter of the heater element;
centering rod; Es », monochromatic emissive power of
B, geometric constant a black body;
C, electrical capacitance of the cell En(x), exponential integral function,
assembly; equation (18);
Ce. capacitance with eccentricity in the Eiu monochromatic emissive power of
arrangement; surface i;
Co. capacitance with zero eccentricity e, eccentricity;
in the arrangement or minimum Gr, Grashof number;
capacitance in the arrangement; h, length of the cylinder of the com-
c, velocity of light; bined configuration;

D, diameter of the cavity in the cold electric current;

I’
body; K, dimensionless number;
Da. D;,  diameters of annulus formed by k, thermal conductivity;
kh
kS)

radiative conductivity;
apparent thermal conductivity of

t The paper was presented at the 1963 Thermal Con-

ductivity Conference at Gatlinburg, Tennessee, and was the centering rod;
partly used also for discussion at the International Co- L iength of the centering rod
b ) A : » : also
ting C t Pr £ - - g s
3:312:1 I‘?% omimittee on Properties of Steam at Provi used as thickness of test 1 ayer in
+ Professor of Engineering, Purdue University, Lafay- model for radiant heat exchange;
ette, Indiana, U.S.A. M, N, constants;
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m, coefficient ;

ny, index of refraction;

Pr, Prandtl number;

7 pressure;

q, heat generated per unit volume;

Gks conductive heat flow per unit area
and time;

qL, heat loss from the heater element
along the centering rod;

4qr, radiant heat flux;

Ry, resistance of the heater element;

Ry,», Ro,;, monochromatic radiosity leaving
the surface i and surface o,
respectively;

Ry, resistance of the lead-in wires
enclosed in the rod of length L;

iy Fo, distances;

T, temperature;

Te, surface temperature of the cold
body;

T, surface temperature of the heater
element;

AT, temperature difference;

v, electric potential.

Greek symbols

B, variable;

€, dielectric constant of substance;

&g, dielectric constant of gas;

€, emissivity of surface i;

€0, emissivity of surface o;

€2, capacitance of vacuum;

0, variable;

K monochromatic absorption co-
efficient ;

Kr, Rosseland mean free path of
radiation;

s dynamic viscosity;

a, Stefan-Boltzmann constant;

Tas optical depth;

To, optical thickness;
variable.

1. INTRODUCTION
THE rapid technological development during the
last decades generated an increasing effort in
expanding our knowledge of properties of
materials. This seems to be especially true for
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transport properties since their exact values are
needed whenever heat transfer must be evaluated
and wherever the proper design of heat-transfer
elements is as vital as in nuclear engineering,
rocketry, space travel and in many other areas
of our modern technology. The effort spent in
experimental research as well as in theory has
up to now not yielded the goal of predicting
reliable data even for many common fluids and
certainly not for newly developed working
media applied at widening ranges of temperatures
and pressures. It is hopeless to measure proper-
ties of all fluids even under moderate conditions;
also it is impossible to determine them at such
high temperatures where experiments cannot be
carried out. But the need still remains; to meet
the demand only one way seems feasible
—this is a closer tie between theory and
experiment. The theoretician should name to the
experimenter the material to be investigated and
the ranges to be covered. The experimental
research in turn should try to measure property
values with high precision and in ranges of
temperature and pressure as wide as feasible
for accurate measurements. If one property of
one substance over wide ranges is accurately
known then all effort should be spent to measure
other properties of the same substance in the
same ranges. Especially those other properties
should be investigated which give, together with
the first one, the most information to theoretical
research on the estimation of intermolecular
forces. Theoretical models for statistical
mechanical treatment could then be proved
and/or improved thus enabling the reliable
calculation even over ranges where experimental
observations are as yet impossible.

Since many properties change quite drastically
with impurities one has to make sure that the
tests are carried out with the same materials.
To achieve this the best way would be to have
instruments in which, for the same sample under
identical conditions, different properties can be
measured simultaneously. (This point will be
discussed in more detail at the end of this
paper.)

Next to the accuracy of the measurements and
the quality of the sample the number of measured
points is of importance. There should be not
only a few data to cover a wide range but many
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points on a curve in order to enable evalvation of
gradients, change of gradients and inflections.

As recent surveys [lI,2] have shown, our
knowledge of the thermal conductivity of gases,
liquids and vapors is very incomplete or not in
existence even at lower pressures and tempera-
tures. Our investigation will try to fill in the
gap, but much more important is the effort
to measure the new data accurately and for this
reason the paper will deal more with the instru-
ment than with numbers of measured data.

This work had been initiated in 1958 when the
author measured, with Kestin, the viscosity of
several gases [3]. The high accuracy then
achieved made it attractive for the above men-
tioned reasons to try to determine the thermal
conductivity of the same substances in the same
ranges with approaching accuracy. Besides this
more scientific reason there also was a technical
need for obtaining high temperature data for
coolants in nuclear power plants [4]. The first
sketch of the experiments made at Brown
University had been followed up with a further
design at the Forschungsinstitut fiir Verfahrens-
technik Aachen which finally led to a somewhat
modified instrument now being used at Purdue
University.

2. METHOD OF MEASUREMENT

It does not need to be discussed here that highly
accurate measurements dictate an absolute
steady state method. It is not as simple to decide
which of the various known techniques should
be used. The horizontal test layer heated from
above and the, as common, coaxial cylinder
arrangements both have the disadvantage of
using guard heaters. The regulation of these
increases the time needed to achieve steady state
conditions considerably and there is further-
more the chance of undetected temperature
fluctuations and connected with it a remaining
temperature difference influencing heat flow
from the main heater, not to mention the
difficulties in heating uniformly, in alignment
and in insulating and sealing the guard heaters
especially over wide ranges of pressure and
temperature.

Guard heaters and the difficulties they intro-
duce can be avoided by using arrangements
where the heat source is completely surrounded
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by the test material and the heat sink, which can
be done only by producing heat by an exother-
mal process within the source at a given tempera-
ture. The more common arrangement uses
electrical heat input and the temperatures of the
heat source are measured by thermocouples or
resistance thermometers; therefore the heat
source cannot be surrounded completely since
part of the available heat flow area must be
occupied by lead-in wires. This introduces
errors but they can be made very small as will
be shown later.

At a first glance the spherical arrangement
appears to be the best but this geometry has the
disadvantage that a spherical heater producing
uniform heat flux is difficult to fabricate.
Furthermore the influence of eccentricity on the
accuracy of the measurements is only a function
of the eccentricity itself and not of the direction
of eccentricity. This means the spheres exactly
centered along one axis gives no advantage if
eccentricity exists in the other axis. Whereas
with a cylindrical arrangement, especially when
the length to diameter ratio is large, it is less
important to have equally thick layers at the
ends when the axial adjustment is correct, since
the heat-transfer areas of the ends are small
compared with that of the annulus. Of dis-
advantage on the other hand is the thermal
inhomogenity at the cylinder ends which again
introduces problems in producing a uniform
heat flux for the sake of temperature uniformity
which is also essential to keep free convective
heat transfer at a minimum.

The drawbacks of the spherical and cylindrical
annuli can be decreased or avoided by using a
combined arrangement for which most of the
advantages of the two configurations can be
maintained.

Cylindrical heater elements with hemispherical
ends placed within an equally shaped cavity of a
cold body acting as a heat sink was first used by
Schmidt and Leidenfrost [S]. In this paper, and
in other investigations with modified instru-
ments [6, 7], detailed information is given and
especially the ease and speed of operation and
the accuracy are demonstrated and discussed.
Therefore only specific features of the new
thermal conductivity cell need to be presented
here.



3. EXPERIMENTAL
3.1 The conductivity cell

A cross section of the cell is shown in Fig. 1.
The heater element (1), completely enclosed by
the cold body (2), is centered at its base by
means of a small thin walied tube (3), and at its
upper end by a long centering rod (4), in which
all lead-in wires to the heater element are en-
closed. The gap (5) between the heater element
and cold body of nominal 0-05 cm width is, for
the test, filled with the fluid, For measuring
gases and liquids, charging the cell is done
through the tube (6) connected to the instrument
at the bottom. If vapors are to be tested, liquid
will be brought in at the top where in the figure
the seal (7) is shown now. The centering rod
passes through the cold body in order to suspend
the cell from the top closure of the high pressure
vessel (8) with least thermal conduct. This high
pressure vessel itself is completely immersed in
the water bath maintained at tap water
temperature.

In operation the cold body is heated or cooled
and maintained at the required temperature and
the heater element is heated electrically by such
an amount that equilibrium is reached at a
temperature difference small enough to avoid
free convection and to minimize radiant heat
transfer but large enough to be detectable with a
high degree of accuracy. The temperature
difference across the gap, the heat input, to-
gether with the geometric constant of the system
enables the calculation of the thermal con-
ductivity to be made.

The cold body and the heater element are
made of high purity copper. The low strength
of this material especially at high temperatures
made it necessary to follow special precautions
in order to avoid damage to the cell under
pressure which might cause a change in the
geometry and therefore influence the accuracy of
the investigation. The forces acting on the
inner surface of the cold body under the test
pressure is balanced by equalizing the pressure
of the gas in the high pressure vessel surround-
ing the cell. This simple balancing cannot be
done easily in the case of the heater element
because its interior is, for construction reasons,
connected to the atmosphere. Fig. 2, represent-
ing a cross section of the heater element, shows
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the precaution followed to avoid damage under
pressure. In the axis of the heater element is
placed the electrical heating coil (1). Three 1 mm
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holes (2) accommodating the thermocouples are
equally spaced on the circumference and drilled
at different angles so deep that they terminate at
different heights within the heater element and
0-5 mm away from its surface. Due to the small
diameters of the holes protection against pressure
is needed only at the ends which is done by filling
the holes there tizhtly with copper tips (3), in
which also the thermocouple wires are jointed
together for the hot junctions. The bore for
accommodating the heating coil weakens the
heater element most and therefore it was
necessary to fill it solidly and completely with
least possible clearance and by making sure that
the thermal expansion of the coil is equal that of
copper. This necessity is achieved by winding the
electrical wires (4) enclosed in a 0-5 mm diameter
stainless steel tube on a copper rod (5) and hard
soldering this combination into a copper tube (6)
by using a solder which has almost the thermal
expansion coefficient of copper. The opening at
the top of the heater element is relatively large
for making, machining and drilling of the thermo-
couple holes possible. This large opening brings
the disadvantage that the forces acting on the
base (7) of the centering rod might at high
temperatures exceed the strength of copper at the
small supporting rim. In order to avoid deforma-
tion the rim is strengthened by three fine
threaded screws (8) made out of a steel
chosen to have the same thermal expansion as
copper.

To seal the conductivity cell special care must
be also taken to prevent damage and defor-
mation of the copper material. To seal the heater
element an O-ring made out of pure gold wire
is used. This O-ring with an outside diameter
equal the diameter of the hole is, by means of the
ring nut (9) acting on a sleeve (10), squeezed into
its final shape (11) filling the gap between the
sleeve, the outside wall of the bore and the
base of the centering rod completely. Selecting
the diameter of the gold wire properly guaran-
tees a foolproof seal under fluctuating tempera-
ture and pressure conditions and prevents
damage of the copper wall.

A similar arrangement is used to seal the
opening where the centering rod passes through
the cold body. As seen in Fig. 1, the cold body is
subdivided at the upper end of the cylindrical
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part of its cavity. To seal the cold body here a
gold O-ring is used.

To avoid welding of the gold with the copper a
nickel coating as a diffusion barrier is necessary.
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Since the pressure acting on the inside walls of
the cavity of the cold body is balanced by equal
outside pressure, the two parts of the cold body
need to be held together only so tight that sealing
of the test fluid is assured. The sealing force is
applied by means of eight bolts (9) as shown in
Fig. 1. These bolts are made out of a special
high temperature steel of the same thermal
expansion as copper. Therefore, the sealing force
acting on the cold body remains constant for all
temperature ranges. This force is high enough to
assure a definite seal but low enough that the
copper is not deformed even at high tempera-
tures.

3.2 The geometric constant

The heat flow conducted in steady state
through a fluid layer of the form of a cylindrical
annulus with hemispherical ends can be given
by

h D-d
ge =k (Th —To) 27 <m+51_6i) (0

where h is the length of the cylinder of the
combined configuration; D and d are the dia-
meters of the cavity in the cold body and of the
heater element; 75 and T, are the respective
surface temperatures of the two bodies.

This simple equation holds true under the
assumption that only radial heat flow exists.
But in the combined arrangement there certainly
exists a thermal inhomogeneity at the transition
from the cylindrical to spherical portions of the
annulus due to the fact that at this point the
temperature profile across the gap changes from
a logarithmic to a hyperbolic one. This error
can be made very small by proper choice of
diameter and gap width. Direct measurements of
the diameters and the cylinder height prove to be
extremely difficult. More reliable results are
obtainable by determining the volumes of heater
element and cavity of the cold body. But even
with this method quite an uncertainty remains
since both observations can yield the dimensions
only by solving cubic equations and matching
one result with the other; i.e. for equal length
of the cylindrical part. No matter how carefully
one operates and how sensitive are the instru-
ments one uses it is impossible to determine the
geometric constant exactly because surface
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roughness cannot be accounted for and further-
more there exists the above mentioned un-
homogeneity and also other disturbances of the
temperature field at locations like the top and
bottom holes in the cold body and heater
element and at the place where the two parts of
the cold body are joined together with a small
gap in-between. For our symmetrical arrange-
ment the increase in heat flow area due to those
effects could be estimaced by conformal mapping.
But only to a certain degree of accuracy since
this analysis depends on the knowledge of the
geometrical dimensions and configurations of
these disturbance points. The most promising
way to determine the geometric constant is to
measure the electrical capacitance of the cell
assembly, because due to the similarity between
the electrical and thermal field all unhomogenei-
ties will be included. The capacity measured will
be

C= ¢y

e B. @)

Measuring under vacuum makes the dielectric
constant ¢; = 1 and the geometric constant
becomes

c
B==

€

(2a)

where the capacitance of vacuum

! Farad
co = 107 = 88541735 x 10-10" =€
42 cm

when the velocity of light ¢ = 2997927 x 10%
m/s.

The geometric constant B measured electrically
is of value for the determination of thermal
conductivity only if in both measurements the
same eccentricity exists or none at all. As de-
scribed in Section 3.1 the heater element is cen-
tered definitely at the bottom by means of a small
tube and at the top by the long centering rod.
The centering rod places the axis of the heater
element not only on the axis of the cavity it
allows also the heater element to be located in
its proper position axially by screwing it on a
fine thread into the upper end of the tube (10)
soldered to the cold body as shown in Fig. 1
(this screw connection is necessary also for the
purpose of suspending the cell from the top of
the high pressure vessel).
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The centering rod has furthermore to fulfill
the requirement of conducting as little heat away
from the heater element as possible which is
assured by making the rod very thin walled at its
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material of high strength at high temperature.
The high nickel alloy “Nimonic™ suited the needs
best also in respect to its low thermal conductivity
and its high chemical resistance. Since Nimonic
has a different thermal expansion coefficient than
copper a compensation device is needed to keep
the heater element at all temperatures in ifs
proper position, for this reason the tube (10) is
used. Since this tube could not be made as
long as the centering rod a differently alloyed
Nimonic is necessary to assure compensa-
tion.

Further assurance for proper placing of the
heater element within the cavity is given by
shimming the two parts of the cold body which
aveids a change in the total height of the cavity
under differently applied sealing forces.

During the measurements of the geometric
constant the centering devices are replaced for
electrical reasons by geometrically identical ones.
The centering rod described above is replaced by
a tube which acts as extension of the guard of
the electrical lead to the heater element. This
centering tube is also insulated at its outside
along the length of its passage through the cold
body. This arrangement allows three lead
capacitance measurements and the capacity of
the cell assembly can therefore be obtained by
direct readings; the lead-in capacities have no
effect. The instrument used is a newly developed
capacitance measuring assembly made by
General Radio Company (Type 1620-A, accuracy
001 per cent from i pF to | pF).

If one assumes perfect alignment of the axis
of the heater element and the cold body cavity,
the capacity of the arrangement depends only
on its location along the axis, and must have a
minimum value where the least fringe effects
are present. At this location the temperature
field is most uniform and it is therefore of
advantage to place the heater element in this
position. In order to find this point it is necessary
to determine the capacity curve as a function of
vertical displacement, which in our case could
be done easily by means of the screw arrange-
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ment. The results of the measurements are given
in Fig. 3. The upper plot gives the total change of
capacity by moving the heater element from its
uppermost position (being in contact with the

~anld hody af tha tanY fa ite Inweer incatfinn
CO1G OOGY 4t 16l 0pP; 10 IS 10WLsL j00adin

{touching the cold body at the bottom). The
displacement is given in terms of degrees of
turning on the fine thread with 0-5 mm lead and
also in terms of axial motion. The total movement
is achieved by turning the centering tube 750°.
Due to the opening at the top and bottom of the
cold body the heater element could be moved in
either direction a little further. The geometrical
contact, where the upper hemisphere of the heater
element would touch the upper hemisphere of
the cold body therefore is at 15° and similarly at
the bottom at 748°. The curve, measured several
times in either direction, indicates a minimum
value of the capacity at 317° from the physical
contact at the top. The minitmum does not occur
at the geometrical center which is due to the
fact that the relatively large opening at the top
decreases the capacity. Since in the upper part
more disturbance of the field exists the capacity
changes with eccentricity more significantly than
at the lower end. In Fig. 3 is also shown the
section of the curve in the neighborhood of
the minimum magnified one-hundredfold. The
overall scatter of the measured points in the
curve is of the order of thousandths of a per
cent. The larger scatter to be noticed at the not
enlarged curve is partly due to misreadings on the
fairly coarse degree dial used (which is of less
effect at minimum setting) and, especially at the
bottom end, is caused by surface roughness of
the thread and by axial play in the screwing
arrangement, which causes by reversing the
motion, an axial shift due to the friction in
the O-ring seal changing contact from one
flange of the thread to the other.

To allow further analysis of the readings the
measured data are replotted in Fig. 4 as curve
(4). In Fig. 4 the capacities are made dimension-
less with the minimum value. For comparison
the capacity as function of eccentricity is given
for other geometrical arrangements; infinitely
long cylinders (1) spherical (2) and for a com-
bined arrangement where eccentricity exists
only in the spherical part (3). The curves (1), (2)
and (3) are calculated with the equations:
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For cylindrical arrangement

Ce 1
G 7{ e
[(D/ 2 (D] d)] J

For the spherical arrangement, neglecting higher
order terms,

Ce 11n [b—‘('ﬁdi?)] e @

Co
For the combined arrangement

3)

93 . (Ce) sphere + (Co) cylinde_r
Co~ (C,) sphere + (Co) cylinder

&)

where e == eccentricity. Since the diameter d of
the heater ¢lement and D of the cavity are known
only nominally it was necessary to determine
them more accurately and to vary them together
with the height of the cylindrical portion so that
they give, using equation (1), the measured
minimum capacity. For this purpose the dia-
meter and the total height of the heater element
were measured carefully and the total travel
length of the heater element within the cavity,
after correcting for the additional movements at
the top and bottom, was equalled to D —d.
The curve (4) in Fig. 4 shows the same trend
as was seen in Fig. 3 but the different dependence
of the capacity on the eccentricity in the upper
and lower part is more noticeable. Furthermore,
the severity of the fringe effects is demonstrated.
The result shown more clearly in the hundred
times magnified portion of the curve (3) is very
satisfactory. The excellent fit of the measured
points on the curve indicates that the axis of
heater element and cavity had been aligned
nearly perfectly. Of further significance is the
fact that, for vertical displacements of 0-15 mm
in either direction, the measured curve still
coincides with the theoretical one of the com-
bined arrangement. The measured points scatter
around the theoretical curve only by a few
thousandths of a per cent. Since during the
assembly of the instrument all dimensions but
one (that of the centering rod) are fixed, it is
demonstrated by the calibration that the origin-
ally determined value of the geometric constant
will be always obtained within 0-01 per cent
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because errors of this order occur at displace-
ments of some 4-10° which is unlikely to happen.
This was proven by excellent reproducibility
of the results. The most uniform field will be
achieved as already mentioned at a displacement
317° from the top (and not at the geometrical
center at 381°). The upper spherical gap is
therefore less wide than the lower one which has
the advantage of minimizing free convective heat
transfer.

In the present arrangement the geometric
constant could be measured only at room
temperature. The change with temperature,
(approximately 0-17 per cent per 100°) can be
calculated precisely enough with the well-known
coefficient of thermal expansion of copper.
Pressure effects on the geometric constant can
be neglected because of the low compressibility
of metals.

3.3 Thermostat arrangement

In order to gain the advantage of easy and
fast temperature regulation the cold body itself
as shown in Fig. | is designed as a thermostat.
1t is heated directly by means of electrical coils
(11) wound bifilarly on the upper and lower
parts. The two heaters are only needed to heat
the cold body rapidly to the required temperature
and to compensate for all heat losses to the
pressure vessel, which are minimized by a
multi-layer of radiation shields surrounding the
cell. From the upper part of the cold body many
connections are made to the top closure of the
high pressure vessel which made it necessary to
heat the two heater coils separately.

To avoid the influence of room temperature
fluctuations the high pressure vessel enclosing
the conductivity cell is kept at a constant
temperature by means of a water bath [Fig. 5(2)1.
The other part of the thermostat is a cooling
coil [Fig. 1 (12)] placed between the windings of
the heater. Through this coil air is forced. The
air passes first through another coil [Fig. 5 (3)]
placed within the water bath to assure constant
inlet temperature. The air within the coil of the
thermostat flows bifilarly, its average temperature
along the cold body therefore will be constant
contributing to temperature uniformity of the
cold body. By changing the inlet pressure the
cooling effect can easily be regulated. Heating
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of the coils is done by batteries or a constant
voltage power supply with the aid of a control
system. Previous experiments have shown that
such a thermostated cold body is heated uni-
formly and is able to keep the temperature
constant for a long time. Also, changing the
temperature level for successive tests can be
achieved quickly. This means that the steady
state needed for the measurements can be
rapidly reached and constant temperatures
readily and accurately maintained.

For measurements at temperatures somewhat
lower than room temperature the coil in the
water bath is bypassed and the air becomes
pre-cooled in liquid nitrogen. For even lower
temperatures a refrigerant or liquid nitrogen will
be forced through the cooling coil.

3.4 Temperature measurements and thermo-
couple calibration

All temperatures are measured with Pt-Pt 109
Rh thermocouples by using an ice bath or a triple
point cell as reference. The emf’s of the couples
are measured with a 6-dial Rubicon potentio-
meter and a high sensitive electronic null
detector able to make 0-01 pV visible. This
refers to a temperature change for these thermo-
couples of approximately 0-0017 degC. There are
three thermocouples evenly placed on circum-
ference and height of the heater element as
already shown in Fig. 2 (2) and three thermo-

457

couples are placed in the lower part of the cold
body at opposite locations, Fig. 1 (13). A
fourth thermocouple, Fig. 1 (14), measuring
the temperature of the upper part of the cold
body, is located at a similar location close to the
spherical surface as the thermocouple placed
lowest in the heater element. This fourth
thermocouple is needed for proper adjustment
of upper heater coil of the cold body and can
also be used for recalibration. The legs of the
thermocouples are joined together by electrical
discharge welding. In order to assure good
thermal conduction at a known location the
joint is wedged into a small hole of a copper tip
which fits tightly into the bore provided. In
order to avoid contamination and physical
damage the wires are insulated with high purity
twin-bore alumina tubing placed within a
stainless steel tube. To minimize influences of
inhomogeneities which might have been intro-
duced during the welding process the thermo-
couples are, whenever possible, guided a long
distance along an isotherm. The stainless steel
tube is hard soldered to the copper tip, therefore
sealing the thermocouple at the hot junction.
The tubes are bent gently, as seen in [Fig. 1 (13)],
in such a way that spring action remains forcing
the tip into good thermal contact. All thermo-
couple wires are outside the high pressure vessel
connected to pure copper wires leading to the
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F1G. 5. Layout of experimental setup.
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temperature uniformity of all connections the
junctions are enclosed in a heavy brass block
placed within a Dewar. Normal room tempera-
ture fluctuation will therefore never reach the
joints, and continuous change of temperature
will also be of no influence on the uniformity.
The thermocouples leading from the top closure
of the high pressure vessel to the junction Dewar
are rigidly mounted to avoid bending. For the
same reason the Dewar and the cold junction
are fastened to the top closure of the high
pressure vessel in such a way that they keep
their position whenever the instrument is
moved.

The calibration of the thermocouples is
performed in a stainless steel cylinder in which
a temperature uniformity of 0-001 degC could be
maintained at any temperature level due to a
thermostating arrangement like that of the cold
body. A hole along the axis of the cylinder
accommodates a calibrated platinum-resistance
thermometer. Three out of the seven thermo-
couples used in the conductivity cell were placed
in holes drilled on a circle around the resistance
thermometer. The calibration curve was ob-
tained by repeated measurements in such a way
that there was in the whole range (at about
every 20°C), a calibration point. The gradients
of this curve plotted versus emf made graphical
interpolation possible. in addition the emf-
temperature relation was represented by an
equation. Alil thermocouple wires had been
selected for homogeneity and for this reason
together with proper annealing emf readings
between individual thermocouples differed only
by negligible small amounts or could not even
be observed. The thermocouples can easily be
checked when they are mounted in the apparatus
and no heat is generated within the heater
element. In this way the four uncalibrated
couples have been tested with excellent results.

3.5 Heating the heater element and measuring
the power input

The cross section of the heater element in
Fig. 2 shows also the electric heater coil in
detail as discussed in Section 3.1. The coil is
fitted by a lapping process into the hole accom-
modating it. This tight fit has, besides being able
to withstand high pressure, the advantage of
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assuring good thermal contact. The bifilar
windings of the coil are in the center less close
than at the ends in order to assure uniform heat
flux at any location of the heater element surface.
The coil itself consists of chromel-alumel
thermocouple wires placed inside a 05 mm
stainless stee! tube insulated by magnesium
oxide. At the lower end of the coil the two wires
are joined together by a constantan wire (12) and
constantan wires also extend the chromel-
alumel leads at the top. This serves three
purposes. First, any thermal emf of the chromel-
alumel heater wires is cancelled out and will
therefore not influence the power measurements.
Secondly, the heat loss along the copper lead-in
wires to the heater element is minimized and
finally the constantan wires act as heaters to
correct for heat loss along the centering rod, as
discussed in more detail later.

The heat dissipated in the coil is determined
by measuring the current and the voltage with the
aid of standard resistors and the six dial potenti-
ometer. To correct for the voltage drop along
the lead-in wires, their resistance has been
measured at room temperature carefully with a
high precision Wheatstone bridge. Since the
lead-ins consist of different wires of different
length and can undergo different temperature
changes it is necessary to measure each indi-
vidually so that the true overall lead-in resistance
can be calculated for temperature changes.
This also is of importance for evaluation of the
heat loss along the rod.

3.6 Filling and emptying the cell, pressurizing
the test fluid and the gas in the high pressure
vessel and measurement of the pressure

The discussion easily can be followed from
Fig. 5, showing the layout and experimental
set-up.

When liquids are to be measured the glass
apparatus containing the gas-freed test fluid is
connected with the bottom of the conductivity
cell (1) and, a pressure transmitter and ex-
pansion chamber (PT) which is shown in Fig. 6.
There it can be seen that it is connected at the
top with the high pressure vessel surrounding the
conductivity cell and at the bottom with the gap
of the cell itself. During the measurements the
test liquid fills the inner tube (1) and part of the
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annulus formed with the outer tube (2). The test
fluid is separated from the gas pressurizing the
high pressure vessel by mercury which fills the
lower part of the annulus and part of the annulus
(3) which is connected to the first one by several
holes driiled radially through the wall of tube (2)
at its lower end. At any measuring conditions
the pressure of the test fluid is by this arrange-
ment practically equal that of the pressure acting
on the outside of the cold body. The pressure
of the gas is measured by a calibrated Bourdon-
type gauge which can be replaced by a pressure
balance. Since the influence of pressure on the
thermal conductivity of liquids is small, the
readings with the gauge are accurate enough and
there is also no need to correct for small pressure
differences introduced by the imperfectly
matched levels of the different liquids within
the unit. Temperature changes in the test cell
will cause only a displacement of the level of the
test fluid within the annulus between (1) and
(2). The dimensions have been chosen to fit any
possible volume change of a liquid from freezing
to critical point conditions. This dimension
had to be correct furthermore also in respect to
the mercury for the following reason. This
annulus (3) together with the amount of mercury
used had been designed so that under no circum-
stances mercury ever can reach the gap within
the test cell, even when the test fluid is removed
completely by accident. In this case the gas of
the high pressure vessel can bypass the mercury
and fill the gap of the cell.

The safety device necessary to protect the gold
coated walls of the test cell necessitates filling
the instrument in two steps instead of one.
The steps can be followed from Fig. 5. First
step, with valves (4) (10), (11), (14) and (15)
closed, unit (PT) and all connecting tubes are
evacuated by means of valves (8) and (12)
making possible the evacuation of each leg of
the mercury U-tube arrangement. After closing
valves (5) and (12), valve (14) is opened to
connect the liquid reservoir to the system.
Under atmospheric pressure all lines are filled
and the mercury fills annulus (3) in Fig. 6
completely. Valves (5) and (15) are opened now
to the atmosphere causing part of the liquid to
drain into (trap) until the forces acting on both
limbs of the mercury are balanced. Annulus (3)
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Fig. 6 is now only partly filled with mercury
allowing the second step and expansion of the
test fluid during the measurements.

During the filling of the cell itself the connec-
tion to unit (PT) is shut off by means of valve
(9), valve (10) is opened and the instrument
becomes filled with the test liquid under vacuum
in a self-explanatory way. In order to assure gas
free operation the instrument is filled and
emptied several times and, if necessary, by
cycling the temperature of the conductivity cell.
During the test valves (8), (11), (12), (13), (14},
and (15) are closed and valves (4), (5), (6), (7},
(9 and (10) remain open. To increase the
pressure of the test fluid to around 120 atm
commercial argon or nitrogen bottles are
connected with the instrument by means of
valve (16). For operation under higher pressures
up to the limit of the instrument the bottled
gas is compressed first with the aid of a dia-
phragm type compressor or by a condensation
and evaporation process in unit (CE1).

In measuring gases, unit (PT) is not used and
is kept out of operation by closing valves (5) and
(9). Also not needed are liquid reservoir and
(trap). The test gas stored in a bottle is, as
shown in the layout, either directly connected
with the cell or is first passed through unit
{CE2) similar to unit (CEl) needed to increase
the pressure above storage tank pressure by
avoiding contamination. This unit also will be
used to empty the cell by a condensation process
in cases where the test substance must be re-
covered completely. Since the pressures acting
on the outside and inside of the cell are not
balanced automatically an additional calibrated
gauge is connected to the test side (not shown in
the layout).

For measuring vapors, the test cell originally
filled with a certain amount of liquid is com-
pletely closed. There are no open connections
to the outside in order to avoid condensation
which would cause, due to the small volume of
the cell, a rapid pressure decrease which could
produce damage to the instrument when the
outside pressure cannot be lowered fast enough.
In order to measure the vapor pressure part (6)
in Fig. 1 is replaced by a membrane-operated
device working at test temperature. Fig. 7 shows
this device in detail. It consists of an upper part
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(1) shaped at its top to act as a high pressure
seal under the action of a ring screw (2) and a
lower part (3) which encloses in its center an
electrically insulated part (4). Parts (1) and (3)
and a thin walled membrane made out of a gold
alloy in-between them are at the same time joined
together by silver solder. The upper surface of
the membrane is in contact with the vapor
tested and its lower surface in contact with
argon or nitrogen gas pressurizing the high
pressure vessel. If the vapor pressure is higher
than the gas pressure the membrane is pressed
against the surfaces of part (3) and (4) (being
flat and in the same plane) assuring the closing
of an electrical circuit as indicated in (17) of
Fig. 5. If the pressure on the other side of the
membrane is higher than the vapor pressure the
membrane will buckle and break the electrical
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circuit. The membrane obviously will not be
damaged no matter how much the vapor
pressure exceeds the gas pressure. To assure
similar strength under the opposite conditions
buckling of the membrane is limited by a nickel
sieve (5) built into part (1) and formed into
proper shape. Holes in the sieve of 0-001 mm
diameter are large enough to assure free passage
of the vapor but far too small to cause damage
to the membrane as was proven by tests at
500°C and 500 atm pressure difference. The small
thickness of the membrane and the soft material
used makes the device sensitive enough for
thermal conductivity measurements.

Since the thermal expansion coefficient of the
membrane material is not perfectly equal that
of the materials used for part (1) and (3) the
sensitivity changes somewhat with temperature
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but it is always better than 0-1 atm. Another
advantage of the pressure measuring device is
that the thermal conductivity cell by measuring
vapors can be regarded as a constant volume
instrument.

To assure reliable and reproducible results all
substances measured will be tested for purity
before and after the measurements; for this
reason arrangements are made to collect the
test fluid whenever the instrument is emptied.
Fig. 8 shows the total arrangement. The high
pressure vessel and the water bath are enclosed
in the main unit shown in the center of the
photograph. All valves and gauges needed for
operation are attached to this unit and located in
a similar way as in Fig. 5. The top closure of
the high pressure vessel with the cell attached,
the thermocouple junction Dewar and the cold
reference container are suspended from a screw
which can be moved up or down by means of an
electric motor. To the rear on both sides of the
main unit can be seen the two units needed for
pressurizing the gas in the pressure vessel and
the test fluid. At the right-hand side is seen the
instrumentation for measuring emf’s of thermo-
couples and the power input to the heater
clement, (Similar units had been used extensively
at the technical universities Braunschweig and
Miinchen and at the Forschungsinstitut Ver-
fahrenstechnik Aachen. They proved their high
reliability due to their perfect shielding.) At the
left side is the AC-DC power unit for heating
the cold body of the cell. All units are mobile
and can therefore easily be moved whenever they
should be used for other purposes. The unit
enclosing the six dial potentiometer is for the
same rcason easy to disconnect and furthermore
provisions are made to connect other circuits
without imtroducing disturbances. The arrange-
ment of the total instrumentation is in easy reach
of one individua! for reading and controlling
and therefore the experiments can be carried out
by onc man.

3.7 Sources of errors and corrections
With the geometric constant B, equation (1)

can be solved for k

koo o (la)
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where V- [ is the electrical power input to the
heater element.

As proven in Section 3.2. B can be assumed to
be accurately known within 0-01 per cent. A
similar accuracy can be achieved in measuring
the power input and emf’s of the thermocouples.
This does not mean that the thernial conductivity
evaluated with those measured quantities will
be as accurate due to several facts. First, the
temperature difference measured at locations
somewhat below the surfaces of heater element
and cold body is not equal to the AT of equation
(la) due to temperature drops in the walls.
Secondly, the heat generated within the heater
element is not only, as the equation demands,
transferred to the cold body by conduction
through the layer of test fluid but also is con-
ducted along the centering devices and further-
more, transferred by convection and radiation.
All these errors are functions of AT and also
complicated functions of the geometry of the
system and of the thermal conductivity measured
and many other properties involved. In addition,
the errors are functions of pressure and tempera-
ture. From all this it becomes clear that achieving
a fair accuracy in thermal conductivity measure-
ments one has first to reduce the sources of
errors. Remaining errors must be small and they
should be either detectable by measurements or
analytically with sufficient precision. Normally
changing the experimental conditions to elimin-
ate one error can make others larger, therefore
compromiscs are necessary. This increases the
effort considerably and also the time required
in a process which is inevitably slow if high
precision is attempted.

3.7.1 Heat flow along the centering tube and
the centering rod. The centering tube of 3 mm
outside diameter, holding the heater clement at
the bottom in place, is very thin walled and
made of poor conducting high nickel alloy.
Its cross-sectional area occupies only 0-003 per
cent of the overall heat flow area. To minimize
the heat flow further there are many holes
drilled in a staggered arrangement through the
tube wall at the location where it bridges the gap
between heater element and cold body. The very
small amount of heat flow along this tube can
be neglected. Due to the fact that during the
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determination of the geometric constant the
disturbance of the field at this centering location
is included in the capacitance measurement the
disturbance caused by the centering at the bottom
can also be regarded as not existent, i.e. no
corrections are needed.

Quite different is the situation at the top of
the heater element where the contact to the cold
body is made by the centering rod in which all
lead-in wires are enclosed. The heat flow along
the rod is not only governed by its thermal
conductivity, its cross-sectional area and its
length and A7, it is also a function of the
thermal conductivity of the test fluid surrounding
the rod in an annulus and the amount of heat
dissipated in the leads which in turn is a function
of the measuring conditions in the test layer.

The heat flow along the rod can be found
analytically by solving the equation for tempera-
ture distribution in a thin long rod with uni-
formly distributed heat sources extended from a
surface

T
where
¢ = heat generated per unit volume
{=T-—T.
ks = apgarent thermal conductivity of the
ro

m=v® e am o5

As = average cross-sectional area of rod

Dg, D; = diameters of annulus formed by test
fluid surrounding the rod.

The general solution of (6) is of the form

g

{ = Me ™z 4~ Nemz | o

M

where M and N are arbitrary constants to be
evaluated with the boundary conditions

=0
{=Lo(T=Tn)

at x = L

at x = 0.
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The temperature distribution is then given by

sinhm(L — x) q

C=lo—mhmL kesm?
coshm (L/2 — x) q
coshmL]2 * ksm® ®)

The temperature gradient at x = 0 becomes

d¢ q mL
2 _ " phind
( dx>z=0 m {, cothmL - prapen m tanh >

€

and the heat loss from the heater element is

' q mL
qr = ks Asm (Co coth mL ~ tanh > )
(10)

The heat generated per unit volume is

. PRy

where Ry, = resistance of the lead-in wires
enclosed in the rod of length L

I == current.

Introducing constants
pr
A1 = /\/(ks As m)

- 2nL

" In Dg/ Dy

equation (10) becomes with (11) and after
rearranging

and

%

mL
gr = tanh —- A/(k)

coth mL I?R;,
(:otanh mL2 A ) (12)

Since the current passing through the lead-in
wires generates within the heater element of
resistance Rjp the heat I2Ry; I? in equation (12)
can be replaced with the aid of equation (1)
and equation (12) finally yields
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L
qr, == tanh ’%—- A, (k)

coth mL BR.
{g" (tanh mL2 Ath)] - (13
for all values mL > 6 (which can normally be
achieved easily by choosing proper L and/or m)

the hyperbolic functions become unity and
equation {13) simplifies to

, B-R
e [gn (1 _ AQRhL)}. (14)

For our geometry and all values of & > 0-000232
Watt/em degC equation (14) is valid.

The term BRy/A4,Rp inequations (13) and (14)
is a dimensionless number and can be written as
K = [(R1/A4)/( Ru/B)] where Ry /A4, is the resist-
ance of the lead-in or its loss related to the geo-
metrical and physical conditions governing the
loss; and Ry/Bis a similar ratio formed with simi-
lar quantities of the system. If these two ratios
are equal to each other (K = 1) or equal to coth
mkLjtanh mL/2, then the lead-in acts as a guard
no loss will occur along it in either direction from
the system. If K'is larger than coth mL/tanh mL/2
or for large values of mL, larger than unity,
additional flow into the system along the lead-in
takes place. [In this case the thermal conductivity
evaluated with equation (1) will be too small.]

The opposite holds true for values of K smaller
than unity. Since this dimensionless number
K resulted from the solution of the Poisson
cquation similar dimensionless numbers will
describe the lead-in losses of any other similar
system for which the Poisson equation is valid
also.* B, 4, and Rj are given values and known
at 25°C: Ry, can be chosen so that

making the heat loss along the centering rod
zero.

The geometric constant B changes with
temperature, so does A,. Since the thermal ex-
pansion coefficients of metals are small and do
not differ too much from material to material.

* See W. Leidenfrost’s forthcoming publication.
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the ratio B/4, can be regarded as remaining
constant with temperature. For the case that
lead-ins and heater coil are made out of the
same material the ratio Rr/R, also would not
change with temperature. The heat loss from the
heater element along the centering rod therefore
could be neglected for any temperatures. This
ideal situation is not preseht in our case for
several reasons. The material used for lead-ins
and heater coil are different, &, is not exactly
known and A, is an average cross-sectional area
of the tapered rod and for small values of &
the hyperbolic functions are not equal to unity.
Furthermore, & itself might be different in the
gap and the annulus due to different free con-
vection and radiation heat transfer. Finally, the
heat is generated in the lead-in wires and not
uniformly in the rod. All this is of second order
influence and the overall error at 25°C due to
heat loss along the rod can still be regarded as
being negligibly small and within the accuracy
claimed. At other temperature levels and
measuring fluids of very low thermal conductivity
corrections can be made analytically and checked
experimentally by evacuating the cell and
measuring the heat input to the heater element and
accounting for the radiant heat transfer through
the empty gap.

3.7.2 Temperature drop in wall. Knowing the
heat transferred from the heater element to
the cold body makes it possible to evaluate the
temperature drop in the metal layer between the
thermocouples and the surface of the two bodies.
As described in Section 3.1, the thermocouple
joints are placed in good thermal contact in the
center of copper tips which tightly fill the holes
provided. The location of those tips within the
copper walls in relation to the surfaces are well
known by careful measurements. If one assumes
radial heat flow the temperature drop in the
walls can be estimated with the thermal conduc-
tivity of copper and the measured distances. The
correction will be largest by measuring good
conducting liquids, and will then be of the
order of -3 per cent. In any case, the error
resulting from uncertainty in this correction will
be much smaller and might be of the order of
several hundredth of a per cent. To make the
error negligibly small needs perfect corrections
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and it seems to be a long way until this can be
achieved. The correction for radiant heat ex-
change appears equally difficult as will be
discussed later. ,

The heat dissipated in the heater element and
the temperature difference are known but this
is still not sufficient to calculate the thermal
conductivity with the aid of equation (1) or (1a)
because part of the heat might be transferred by
free convection and/or radiation.

3.7.3 Heat transfer by free convection. In any
arrangement other than a horizontal layer of test
fluid heated from above free convective motion
is present, no matter how small the temperature
differences are. But, it has been shown that, for
very slow so called “‘creeping motions™, heat is
still transferred through the fluid layer by
conduction alone. For our combined geometry
creeping motion exists as long as the product of
the Grashof and Prandtl numbers is less than
1200. A considerably smaller value than 1200
can always be achieved by measuring liquids
under almost any pressure and temperature
but not at, or close to, critical point conditions
where the Gr Pr product becomes infinite, Due
to the low dynamic viscosity of gases and vapors
and due to their density change with pressure
free convection can be expected in a very few
of them, especially at high pressures and low
temperatures. In those rare cases, it is necessary
to measure the thermal conductivity several
times with decreasing temperature difference.
Extrapolating towards zero degree temperature
difference will yield the true value, but one has
to keep in mind that overall error increases
because the measured quantities become small.

3.7.4 Heat transfer by radiation.* The outside
of the heater element and the surface of the
cavity of the cold body are gold coated and
highly polished in order to minimize radiant
heat exchange. To assure a lasting layer of gold
an undercoat of rhodium as diffusion barrier
was necessary. The gold layer was thick enough
to guarantee non-porosity which is not only of

* This section has been written with the asisstance of
Professor Raymond Viskanta. His help and suggestions
are highly appreciated by the author.
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importance in respect to the optical properties
of the surfaces but also vital for the prevention
of corrosion and for reaction of the test fluid
with the copper walls causing a change in the
fluid itself.

For correction for radiant heat exchange there
are three distinct conditions which must be
treated separately. First, the most simple case of
a perfectly opaque fluid where no correction is
necessary. Second, the fluid is perfectly trans-
parent and corrections can easily be made by
measuring the heat loss from the heater element
when the apparatus is evacuated so highly that
the mean free path of the molecules exceeds by
many times the width of the gap. The conduction
through the rarefied gas is then negligibly small
and the heat input to the heater element after
correction for the heat loss along the centering
devices is equal to the heat transferred by
radiation.

The third case, of partly transparent fluids
capable of emitting and absorbing radiation, is
much more complicated. Since most liquids and
all polyatomic gases and vapors are of this kind
a more thorough treatment is needed. So far,
to the best knowledge of the author, only
approximate solutions of this problem have
been applied, but no rational adjustment of
measurements of thermal conductivity of radiat-
ing fluids to allow for radiation absorption
emission characteristics has ever been made.

Thermal radiation in partly transparent fluids
affects the heat transfer in two ways; first,
directly as in the case of perfectly transparent
fluids the energy is absorbed and emitted by the
surfaces of the cell; secondly, the radiation is
absorbed and emitted by the test fluid altering
the temperature distribution in a way that the
temperature gradient across the layer of test
fluid is highest near the two surfaces and smallest
at some points in-between. This influences the
radiant heat transfer and also the thermal
conductivity because the actual temperature
gradient present within the test fluid during the
measurements does not correspond to that in
equation (1) which was derived from Fourier’s
Law. The temperature distribution or the local
gradient depends not only on the geometry of
the system but also on the temperature of the
two surfaces, radiative properties and on the
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ratio of heat transfer by conduction in com-
parison to that by radiation. All this makes it
clear that the usual procedure of subtracting the
radiant energy exchange measured in vacuum
from the total energy input (measured with
fluid in the gap) to the heater element is generally
not permissible unless the radiation effect is
smaller than the experimental error of the ther-
mal conductivity measurements.

In order to correct the measurements for
radiation the energy equation must be solved.
For simultaneous conduction and radiation. this
equation becomes a complicated non-linear
integro-differential equation. In order to make
solution possible it is necessary to reduce the
geometric complexities introduced by the de-
pendence of the radiant energy flux on our test
cell configuration. Therefore, in the following it is
assumed that the heat transfer takes place be-
tween two infinitely large parallel plates. This
assumption seems to be permissible because of
the large ratio of the diameter to the width
of the test layer. The physical mode!l considered
is shown in Fig. 9. The walls of the test cell are
assumed to be isothermal, diffusive emitters and
absorbers of thermal radiation and to have
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constant radiation properties except for variation
in wavelength. The fluid is supposed to be an
isotropic homogeneous gas or liquid which can
absorb and emit thermal radiation, and the
fluid is at rest. The energy equation for this case
has been solved by Viskanta and Grosh [8], and
the radiation heat flux coming from the heater
element at surface i and passing through a
fluid having a monochromatic absorption co-
efficient «, and an index of refraction n, is
given as

gr = 2[ [Ro, A Eg(70.2)
0

T 13
+ j " (72) By (r) i) dry — 4 Rm] dA
0

(15

where the optical depth 7, is the new independent
variable. =, and the optical thickness =, , are
defined as

y

T :J. Kk, dy (16)
]
I

Toa = j s dy. (17)
0

Ey, , is the monochromatic emissive power of a
black body and E,(x) is an exponential integral
function defined as

[

.
rexp (<) du (8
Jrree H) po (18)

Ep(x) = j

The monochromatic radiosity or radiant energy
leaving the boundary at r; is given by

Ri,y = fi,,\n,z\ (0) Ev, 5 (0)
+2(10 ~ e, [Ro,an(To. by

To, A )
T J 1 (7,) Ep, o (72) Eo(7)) dﬁ} . (19)
0

The first term on the right represents the emission
by surface i. The second term gives the fraction
of the incident energy that is reflected from
surface /. The radiant energy incident on / is
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due to radiation leaving surface O plus radiation
emitted by the fluid.

The monochromatic hemispherical emissivity
of the solid surface i is defined as the ratio of the
monochromatic emissive power of surface i
E,,1 to the monochromatic emissive power of a
black body radiating into a fluid having an
index of refractionn,, €,,; = Ej,i/n2Es, . When
n, = 1, this reduces to the conventional defini-
tion of the monochromatic hemispherical emis-
sivity. Due to the lack of information, the
functional dependency of the emissivity on the
optical properties of the two materials involved
cannot be predicted.

The energy flux leaving the surface 0 is similar
to equation (19).

Ry, ) = €., ”f (70,2) Eb, 3 (70, )

+ 20 — ‘o,/\) [Ri,AEs("'o, ,\)

To, 2 .
+ j 7 (12 v 2 (r2) By (7.1 — 72) dm]. 20)

Equations (19) and (20) can be solved simul-
taneously and the resulting radiosities can be
introduced into (15). But the evaluation of this
equation is still very complex due to the double
integration. To simplify the calculation it is
assumed that «¢;, n; can be replaced by appropri-
ate average values and that the absorption
coefficient is given by Planck’s mean value

. = Jo k2 Ev 2 dA Jo" x3 Ep, 3 dA
f& Ep,ydA oT?

2D

where o is the Stefan-Boltzmann constant. The
radiant heat flux can now be expressed as

(/ra o [Ro E3 (TO) + n2o jTo T4 (7-) E2 (T) dr

0
.l

Making equation (22) dimensionless by intro-
ducing the variables:

@2

T @ qr R

o= “merst P
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yields

®=2 b B0+ | B YO — 18,
0
(23)
Solution of (19) and (20) yields

e +2(1 — )i +2(1 — &) €08 E5 (7o)
+ 4(1 - fi)(l - €o)Ea(To)Io

A= T—4(1 — &) (1 — ) E2 (7o)
(24)
and
€03+ 2(1 — ) Jy +2(1 — <o) & Eg(7g)
B, = + 4 — fi)(l — €9) E3(7) It
0 I =40 — &) (1 — €g) EZ(7g)
(25)
where
I = r° 6 () Ey (v) dr (26)
0
and

I = K" 08 () Ey(ro — ) dr.  (27)

Thus if the temperature distribution is known
the radiant heat-transfer rate can be predicted.

In general 0 (7) could be found from the
solution of the conservation of energy equation
and would yield a temperature profile as dis-
cussed above. However, it has been found that
when the parameter

(28)

the temperature distribution is very little
affected by the presence of radiation and is
governed by conduction alone. This also holds
true for the case when the optical thickness
7o < 0-1. For the computed results given below
either or both of these conditions were satisfied
and therefore the temperature distribution used
in evaluating the radiant heat flux is

() =1 +Tlo(9° Y (29)

This linear temperature distribution can be still
regarded as being correct [9] even for cases when
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the above conditions are not perfectly met for
cases where T ~ T as it will be always in the
experiments.

Substituting (29) into (26) and (27) and
integrating gives

4
- Ey (7o) - - (g~ DIF — 70 Es(70)

0

[ i .12

6
SEN T 0= DR - B Es ()
— 274 Eq(70) — 2 E; (0)] (30)

and

4
Iy =} — E3(7o) +;‘(90 -1
0
T 6
|- 1+ 3+ B - @ -1

o 255(70)}. GD

[__ 1. I‘%’ — g:“ -

o
Since the temperature difference by measuring
the thermal conductivity always will be small
(8 — 1) is small and therefore terms containing
(8, — 1)® and (8, — 1) have been neglected in
(30) and (31). Equation (23) can now be solved
for the radiant heat exchange, but the calculation
is still somewhat involved and it is therefore of
interest to discuss further a more simple approach
and check how well it compares with the exact
method.

It has been known for some time that if the
optical thickness of radiating matter is large,
ie. 7, > 1, the radiant energy flux can be con-
sidered as a diffusion process. The radiant heat
flux at points optically far from the walls in case
of gray radiating fluids can be represented by the
equation

4r = — krfg (32)
where the radiative conductivity &y is given by

16 n2oT?
Ky = T

and the Rosseland mean free path of radiation is
defined as [10]
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The diffusion approximation works well in
the interior of a fluid, buf is not accurate near
boundaries because it does not take into
account radiation leaving the surfaces. Thus,
except for extremely large optical thicknesses
(high pressure in radiating gases) considerable
error may be made in the calculations of radiant
heat transfer through a fluid for given tempera-
ture of the boundary surfaces.

The range of validity of the diffusion approxi-
mation has been extended by introducing the
jump boundary conditions at the walls. This has
been done by Shorin [11] and more recently by
Probstein [12] and Deissler [13] by different
methods.

Using Deissler’s approach the validity of the
diffusion approximation can be extended to
radiating fluids having an index of refraction
different from unity. The equation for radiant
heat flux can then be expressed as

1 (Ep,i — Eb, )
e O R U e
with 7, L. In the limiting case of n: - 1
equation (34) reduces to

Eb i Eb.u
- L AT 35
L I B P e B

as it has been shown by Deissler.

Equation (33%) differs somewhat from the
equation given by Shorin; in his equation the
first term in the denominator is 4/3 times higher
than that given in (35). This is due to the fact
that &k, used by Shorin was 4/3 times smaller
than that used by Deissler. Comparisons show
[12, 13] that cquation (35) predicts radiant heat-
transfer rates that are in good agreement with
the numerical solutions of the exact integral
cquation for all values of optical thickness in the
case when the walls of the system are black. It
should also be remembered that equation (34)
has been derived by assuming that heat transfer
by conduction was absent.
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With the aid of equations (23) and (34) the
radiant heat exchange has been evaluated. Since
the optical properties used for calculations are
not known precisely, it seemed to be permissible
tc use throughout 74 = .

The calculation shows that the diffusion
approximation yields larger values of radiant
heat exchange than using the exact approach.
gr in each case [as easily can be seen from
equations (23) and (34)] decreases with increasing
optical thickness. This decrease is more rapid
when the radiant heat transfer is calculated from
the energy equation, therefore the difference in
gr obtained by the two methods increases with
increasing optical thickness. These results are of
interest to thermal conductivity measurements
for the following reasons. If thermal conduc-
tivity data for absorbing media are not corrected
for radiant heat exchange they will show a
dependence on the thickness of the test layer
and also on pressure, the latter especially for
gases or vapors. Increasing the thickness and/or
the pressure will result in an apparent decrease
of thermal conductivity. Therefore equally
precise determinations of thermal conductivity
carried out in different instruments will disagree
with each other, maybe only due to the fact that
the geometry used was different or the pressure
was not the same (assuming k is independent of
pressure) and therefore the radiant heat exchange
influences the measurements by a different
amount. The dependence of thermal conductivity
on test layer thickness is noticeable in the results
published by Fritz and Poltz {14]. Thermal
conductivity of liquids not corrected for radiant
heat exchange shows quite clearly a decrease
with increasing thickness of the test layer. (For
water that decrease seems to be larger than one
would expect from the calculations). The
decrease in thermal conductivity is with further
increase of test layer thickness first compensated
and later overcompensated by free convection.
Fritz and Poltz also observed a dependence on
the temperature difference under which the
measurements had been carried out, even in the
region where no free convection was noticeable.
The higher values of k observed in the case of
larger temperature differences cannot be ex-
plained by radiant heat exchange because the
calculation of the error caused by radiation is

HM 7 4 E
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practically independent of the temperature
difference, at least for values of one and five
degrees. This is noticeable in Figs. 10, 11 and
12 where ratios of radiant to total heat transfer
through a stagnant parallel layer of toluene, water
and water vapor respectively are plotted versus
temperature. These ratios have been calculated
from equations (23) and (34) using thermal
conductivity and optical property data listed in
handbooks. The optical data are normally given
only for one temperature. For other conditions
they were corrected, or in the case of the spectral
distribution of the absorption coefficient, it was
assumed to be constant with temperature. This
introduces a certain degree of uncertainty which,
however, can be expected to be small.

Fig. 10 shows how much thermal conductivity
measurements on toluene are influenced by
radiant heat transfer. If the walls of the instru-
ment have an emissivity of 0-1 then at room
temperature the error is approximately 0-1 per
cent and increases to 0-2 per cent at boiling
temperature. For the same temperature range
the error changes from 1 to 2 per cent when the
walls of the conductivity cell are black. If no
corrections for radiant heat exchange are applied
to the measurements the values of thermal
conductivity will be too high by the same
percentages. If the thermal conductivity data
are corrected by using the diffusion approxima-
tion the resulting values will be too small by
an amount of 0-5-1 per cent for black walls and
0-1-0-5 per cent for walls having an emissivity
of 0-1 and for the temperature range given. These
results seem to be of special importance because
toluene has been recommended as a calibration
or control fluid for thermal conductivity
measurements {15, 16]. If one investigator
attempts to correct his results by using the
diffusion approximation then he overcorrects
and his results will deviate from the exact value
almost as much but only in the opposite direc-
tion as when no correction was made. Therefore,
the disagreement between otherwise equally
precise measurements becomes larger. This
stresses the fact that in some cases the more
involved exact correction must be used. A
similar situation is given for water (Fig. 11) but
the influence of radiant heat exchange on thermal
conductivity measurements is much smaller, due
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F16. 10. Ratio of radiant to total heat transferred through
a stagnant layer of toluene between paralle! walls.

to its more than twenty times larger optical
thickness and also due to its higher thermal
conductivity compared with the properties of
toluene. For water vapor, as shown in Fig. 12,
the radiant heat exchange at [ atm is consider-
ably larger. Increasing the vapor pressure will
increase the optical thickness and therefore in
high pressure steam the radiant heat exchange
might be of the same order of magnitude as in
the case of toluene and water, but the influence
of increase in optical thickness could be com-
pensated by an increase in the index of refrac-
tion. Due to the lack of information, calculations
could not be made.

Summarizing, it can be stated that errors on
thermal conductivity measurements introduced
by radiant heat exchange cannot always be
assumed to be negligibly smali even for fluids
which appear to be very opaque. In order to
achieve high accuracy, corrections should be
made but this might often be impossible be-
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cause the optical properties are not known.
Therefore, it is essential to make and to keep the
surfaces of the walls of thermal conductivity
cell as mirrorlike as possible. The surface
material should be selected properly also in
respect of its porosity and chemical and physical
stability under measuring conditions. Further-
more, one has to keep in mind that the radiant
heat exchange measured in the instrument under
vacuum not necessarily yields the true emissivity
values for the correction of thermal conductivity
measurements due to the influence of the index
of refraction of the test fluid which is not only
of importance for fluids able to absorb and emit
radiation but also for perfectly transparent fluids
if their refractive index deviates considerably
from unity as it can at high temperatures and
pressures.

4. EXPERIMENTAL RESULTS
4.1, Thermal conductivity of helium over a range
of pressure

There are several reasons to select helium as
first substance to be measured with the con-
ductivity cell. The viscosity of helium shows a
negative pressure dependence as measured by
Kestin and Leidenfrost [3]. This decrease with
pressure cannot be explained theoretically and
therefore it seemed to be of interest to check if the
thermal conductivity is influenced by pressure in
a similar way which should be the case because
both properties are dependent on the inter-
molecular forces in a similar manner. This
expectation is in disagreement with thermal
conductivity measurements by Johannin, Wilson
and Vodar [17]). Their results show an increase
of thermal conductivity with pressure which is
rather steep in the region where the decrease of
viscosity has been observed and becomes less at
higher pressures. This initial large pressure de-
pendence becomes more noticeable at higher
temperatures. Other reasons for selecting helium
are due to its simple molecular structure making
theoretical prediction of its properties more
probable. Furthermore, helium has a value of
thermal conductivity which is approximately in
the middle of possible values of all common
fluid media. In addition, helium has an index of
refraction close to unity even at high pressures
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and finally under these conditions the product of
Gr Pr is several hundred times smaller than its
critical value, assuming therefore that free
convection heat transfer will not influence the
measurements.

The results are represented in Fig. 13, where
the thermal conductivity at 17-4°C is plotted
against pressure for the range from 1 atm to
120 atm. Two curves obtained during the present
work are shown and for comparison Johannin’s
data are given in a third curve. Furthermore,
viscosity values are included in the figure. The
values measured first are represented by the
dotted line. In a second run repeated measure-
ments obtained under increasing and decreasing
pressure are give by the full line. The helium
used during the investigation is a product of
Air Reduction Company, New York, N.Y., and
has a purity of 99-989 per cent.

The storage tank was connected to the system
as described in Section 3.6. For the first test the
instrument was evacuated by means of the
vacuum system connected to the main instrument
unit by means of a 2 cm i.d. copper pipe and the
valves shown in Fig. 5. After the pressure in the
2 cm pipe was kept for several hours below 1 u the
cell was filled with helium, evacuated again but
for a shorter period and refilled, This cycle was
repeated several times. Measurements began at
atmospheric pressure. Subsequent readings under
increasing pressure indicated a very steep in-
crease of thermal conductivity at the low pressure
end and a sharp change of the slope at moderate
pressures. Further pressure increase finally
caused an almost linear pressure dependence of
thermal conductivity, having a gradient approxi-
mately equal to that observed by Johannin at
higher pressures. Decreasing the pressure from
100 atm to 1 atm produced an almost linear
decrease in thermal conductivity over the total
range. (These values are not included in the
figure in order to avoid interference with the
data measured during the second run.) These
inconsistent results could be explained only by
impurities (air and water vapor) causing even
in a very small concentration due to their low
thermal conductivity a noticeable decrease of
the high thermal conductivity of helium.

Following the layout in Fig. 5 explains how
impurities could have remained in the cell despite
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the precautions followed to avoid them. The
cell itself is at the end of the high pressure line
and also at the end of the vacuum line. Evacuat-
ing the cell by means of the fairly wide copper
line does not necessarily empty the cell at
the same time down to the same pressure as
observed in the copper tube because in the high
pressure line Knudsen flow exists slowing down
the evacuation process considerably. Therefore
at the end of this process there was still a certain
amount of gas inside the cell. During the filling
this gas is not removed, it remains inside the
instrument and there are also added the im-
purities which remained in the high pressure
lines. Increasing the pressure by adding more
helium into the cell will only decrease the
concentration of impurities. In case water vapor
was present, this decrease would occur very
rapidly until all vapor is condensed. Further
pressure increase will then result in a lesser
linear decrease of impurity concentration. The
curve measured during the first run demonstrates
this condition quite clearly. To assure complete
removal of all impurities for the second run the
instrument was evacuated again, but for a longer
time at higher temperatures of the cell and the
instrument was filled with high pressure helium.
After allowing sufficient mixing time the helium
was drained out of the cell until 1 atm was
reached. This cycle was repeated at least ten
times. During the last cycle the cold body
temperature was decreased to its final value
which ‘was then maintained constant for all
measurements. Readings were taken under
increasing pressure up to 70 atm then under
decreasing pressure to the lowest value and
finally a further point was measured by increas-
ing the pressure again. The curve obtained in this
way is covered by thirteen points fairly evenly
spaced. The measured values scatter from the
smooth curve by several hundredths of a per
cent. An attempt was made to measure the
pressure dependence of thermal conductivity
of helium at 20°C. The regulating device to hold
the cold body temperature constant failed un-
fortunately and it was necessary to maintain the
instrument at tap water temperature, by means
of the water bath. In addition tap water was also
forced through the cooling coil. This water did
run first to the coil placed within the water bath
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in order to damp very small temperature fluctua-
tions. This precaution made fast temperature
fluctuations unnoticeable but creeping changes
of temperature level could not be eliminated
completely, resulting in a very slow oscillation of
the cold body temperature with an amplitude
of a few thousandths of a degree. When the
direction of temperature change reversed there
was sufficient time to reach steady state not
under perfect conditions but good enough for
taking final readings. The small scatter of the
experimental points from the smooth curve
might be partly caused by the above-mentioned
oscillation. For all measurements the tempera-
ture difference between the cold body and heater
element was kept practically constant. It was
chosen to be large enough that it could be
measured with high accuracy. After completion
of the second run the instrument was evacuated
in order to evaluate the radiant heat exchange,
which was very small and can be assumed to be
constant for the correction of all the thermal
conductivity data measured because not only
the temperature difference was the same but also
the refractive index did practically not deviate
from unity.

The smooth curve shows an almost linear
pressure dependence in the pressure range 1-
30 atm. In the neighborhood of 30-40 atm the
gradient begins to decrease. This decrease con-
tinues but lessens with further pressure increase.
For the thirteen measurements taken during the
second run approximately 14 h were needed.
If the cold body is maintained definitely at
a constant temperature steady state can
be reached much faster and the values
obtained will be of less scatter and more
accurate.

The overall absolute accuracy can be assumed
to be of the order of 0-1 per cent. The largest
error is due to uncertainties in measuring the
temperatures of the heater element and cold
body. For the continuation of the work k as
function of pressure and temperature of helium,
carbon dioxide, water and toluene, will be
measured next.* The thermostating device
as well as the temperature measurement
techniques will be improved so that equally

* See W. Leidenfrost’s forthcoming publication.
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precise or even more accurate data can be
obtained.*

The author is aware of the fact that the
accuracy claimed is unusually high for thermal
conductivity measurements, For this reason it
seems to be worthwhile to discuss briefly the
errors influencing thermal conductivity measure-
ments and the steps possible to avoid or reduce
them. Fourier’s Law in its simplest form relates
the heat flow directly to the thermal conductivity,
the area and the temperature difference between
the heat source and the heat sink and inverse
to the thickness of the test layer. This equation
is quite misleading for thermal conductivity
measurements because perfect conditions rarely
exist and many corrections are necessary. For
the heat flow one has to correct for radiant heat
exchange, heat transport by free convection,
lead-in losses which can be in either direction
and for errors introduced by temperature
fluctuations coming from the cold body or the
heat source and are of different influence.
Corrections also might be needed for inhomo-
geneities within the heat source and sink, and
within the test fluid. A similarly large number of
corrections must be applied to the area, thick-
ness and temperature difference, or the tem-
peratures.

Avoiding and/or correcting most of the errors
is insufficient if steady state cannot be achieved
and maintained long enough to take the readings.
In an instrument as used in the present work this
necessary condition can be much more easily
achieved than in apparatus using guard heaters,
the same can be said about the uniformity in the
temperature field. In addition, it was shown that
the heat loss along the lead-in rod can be made
very small and even negligibly small by designing
it properly. The area and thickness measured
combinedly by determining the capacitance of
the arrangement is by far superior than by
measuring them separately because all fringe
effects are included and finding the setting for
minimum capacity assumes best homogeneity.
(This is especially important in the case of

* A platinum resistance thermometer is being built into
the cold body for automatically regulating the cold body
temperature and also for the calibration of the thermo-
couples in the cell.
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horizontal layers because a change in thickness
will result also in a change of effective area due
to changing inhomogeneities.) The cold body
designed as a thermostat and the good thermal
contact of the heater coil (being itself like a solid
body of high thermal conductivity) assures to a
high degree uniform heating and therefore
uniform temperature distribution. For all those
mentioned reasons the accuracy claimed and
possible to reach in the future seems not to be
too optimistic. Also for the additional reason
that heat exchange by radiation can be predicted
more precisely by solving the energy equation
and by the possibility to measure one of the
important properties for radiant heat exchange
simultaneously in the same instrument by de-
termining the dielectric constant of the test
fluid.

4.2, Dielectric constant

The geometric constant of the cell configura-
tion had been determined as outlined in Sect. 3.2.
by measuring the capacitance under vacuum.
Repeating the capacitance measurements when
the instrument is filled with the test fluid allows
the dielectric constant of the test material to be
calculated with the known geometric constant
and the aid of equation (2).

This has been done with three materials of the
highest purity: argon, carbon dioxide and
toluene. The results are given in Table 1. For
comparison NBS values listed in circular 537 [18]
for 20°C and 1 atm have been corrected for the
same temperature and pressure conditions as our
measurements by using equation (36) recom-
mended by NBS in circular 537 and valid for

temperatures 10-30°C and pressures 700-

800 mm Hg.

(=D _ P

(e — D2g-c, 1atm 7601 + 0-:003411 (T — 20)]'
(36)

Toluene was measured at room temperature
but the temperature of the cell was not de-
termined accurately enough to allow corrections.

The excellent agreement of the measured
values with the recommended ones proves that
despite repeated dismantling and assembling
the geometric constant of the cell is reproducible
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Table 1. Dielectric constant of several test fluids of highest purity measured under normal conditions

Material Argon co, Toluene
Temp.0C 25.04 24.00 —_—
Press.mm Hg 746.76 755.14 —_—
€(measured) 1.0004932 1.000899 2.3787
N.B.S. value
corrected for the 1.00049% 1.0009038 2.379
same temp. G press. (not corrected)
Departure -6ppm —5ppm —

The measurements furthermore indicate that
the three lead capacitance measurement was
done properly, since when there was still a
lead-in capacity included in the measurements
this part would have not been changed by
filling the test layer with a fluid therefore intro-
ducing larger deviations in the results.

S. OUTLOOK AND DISCUSSION OF A MULTI-
PURPOSE INSTRUMENT

Whoever needs values of properties for any
theoretical or technical purpose finds himself in
a dilemma the instant he starts searching the
literature. Normally one may be able to find
the value of one property given at certain
conditions. In some cases this one property even
" might be listed as function of temperature,
pressure, etc. But very often the ranges covered
do not include those needed. Finding values of a
second property of the same substance for the
conditions wanted happens not too often.
Searching for values of a third, fourth, etc.,
property for the same ranges is in most cases a
hopeless task. The situation is worsened by the
fact that the different values given have not
necessarily been observed with the same sub-
stances, even when nominally the material
tested is called the same.

To improve the situation by measuring all
properties over the widest possible ranges is, as
we know, impractical. But, as already discussed,
the task becomes less tremendous by selecting
specific test substances and measuring selected

properties of most utility to theoretical research.
The task appears to become even more promising
and feasible by developing multipurpose instru-
ments able to produce data for several properties
simultaneously. The thermal conductivity cell
discussed in the previous sections of this paper
could easily be redesigned and some of its
special features improved in such a way that over
the same or wider ranges of pressure and
temperature the following properties can be
measured.

1. Thermal conductivity k.

2. Electrical conductivity A.

3. Power factor, dielectric constant e and
therefore index of refraction #.

4. p-v-T properties of gases or vapors and
hence the compressibility factor.

5. Vapor pressure of liquids.

6. The thermal expansion coefficient of the
test cell material.

Such a multipurpose instrument could be
similar to our thermal conductivity cell. Apply-
ing an electrical potential difference between
heater element and cold body and measuring
the current flowing through the test fluid allows
the determination of the electrical conductivity
with the aid of the equation (1) due to similarity
of the electrical and thermal field. For determina-
tion of the dielectric constant the same arrange-
ment as we had could be used but special design
is necessary to make three lead capacitance
measurements possible without interfering with
the detection of emf’s and power input. Measur-
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ing the capacitance of the arrangement under
vacuum at different temperatures produces the
geometric constant as a function of temperature
and this in turn gives the thermal expansion of
the test cell material and hence the true volume
occupied by the test fluid within the instrument.
Therefore the apparatus can be used for p-v-T
measurements. (A similar pressure measuring
device as shown in Fig. 7 but more sensitive
would then be used and the overall volume
would be increased by adding another cavity for
making the observations more feasible.)

Measuring the capacitance of the arrangement
filled with the test fluid together with the value
observed under vacuum gives the dielectric
constant and hence the refractive index. Balanc-
ing the capacitance bridge yields also the power
factor.

From a study of the variation of k, e, p, v with
T an analysis can be made of the intermolecular
potential function most accurate in presenting
the observed temperature variations for moderate
pressure. For higher pressure the variation of
properties can be used to check dense gas theory.
From the potential function other properties
such as diffusion coefficient, viscosity, etc., can
be calculated. If ideal gas thermodynamic data
are available (or if they can be calculated from
spectroscopic data) the above measurements
can be used to generate enthalpy, entropy,
specific heats, free energy, etc., thermodynamic
functions.

The properties measured will have bzen ob-
tained for an identical sample under identical
conditions so that no error will occur in com-
paring experimental data measured in different
apparatus for different temperatures, pressures
and impurity contents. Moreover, the additional
expenses of multiple instruments, operation
costs, supplies, etc. are eliminated.

It might be possible to extend the use of the
instrument further and it is certainly possible to
build other multipurpose instruments measuring
several other properties. This should enable a
more rapid determination of many properties
of selected substances to be made and such
detailed property data will then be useful for
checking the validity of existing theories and
therefore could make the prediction of data
more accurate.
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Résumé—On décrit une nouvelle cellule de conductibilité thermique utilisant un cylindre avec extrémités
hémisphériques dans une cavité de méme forme. On a employé un pont de capacités de haute précision
pour déterminer la géométrie de la cellule. Les propriétés diélectriques étaient donc aussi mesurables. La
configuration du thermostat permet d’obtenir de larges gammes de températures avec une erreur faible.
On décrit un capteur de pression spécial fonctionnant 3 la température de I’essai. On a fait une analyse
détaillée des erreurs provenant des pertes le long des dispositifs de centrage et de celles dues a la con-
vection et au rayonnement. Les premiéres ont été éliminées 4 I’aide d’un nouveau nombre sans dimension.
On a comparé les pertes par rayonnement approchée et exacte. La précision expérimentale est estimée &
0,1 pour cent. On a donné des résultats préliminaires pour la constante diélectrique de I’argon, du gaz car-
bonique et du toluéne et pour la conductibilité thermique de I’'hélium. Les valeurs de la constante di-
électrique sont en accord avec les valeurs reccmmandées avec une différence relative de 6.10-¢. L’écart
trés faible autour d’une courbe lisse montre la précision élevée des valeurs de 1a conductibilité thermique.
On suggére des modifications possibles pour pouvoir obtenir les valeurs de propriétés supplémentaires
4 partir d’une seule déterminaticn, qui sont également importantes pour les théories de mécanique
statistique.

Zusammenfassung—FEs wird eine neue Wirmeleitzahlapparatur beschrieben bei der ein senkrecht
stehender zylindrischer Heizkorper mit halbkugeligen Fnden von einem gleichgeformten Hohlraum
umgeben ist. Die Konstruktion und der Aufbau der Messanordnung und die Massnahmen zur
Vermeidung von Messfehlern werden ausfithrlich behandelt. Die gecmetrische Konstante der
Apparatur wird mit Hilfe einer Prizisions Kapazitits Messbrucke bestimmt und damit wird auch
die Messung dielektrischer Grossen méglich. Die Apparatur selbst ist als Thermostat fiir einen
weiten Temperaturbereich und grosse Temperatur Konstanthaltung entworfen. Eine spezielle
Einrichtung, die unter Versuchstemperatur arbeitet, wird fiir Druckmessungen beschrieben. Fehler
durch Wirmeverluste durch Leitung linges der Zentrierungen, durch Konvektion und Strahlung
werden analysiert. Erstere kénnen durch die Einfilhrung einer neuen dimensionslosen Kenngrosse
eliminiert werden. Strahlungsverluste berechnet nihrungsweise und exakt werden verglichen. Die
Versuchsgenauigkeit wird auf 0-19 geschitzt. Vorliufige Ergebnisse werden angegeben fiir die
Dielektrizititskonstante von Argon, Kohlendroxyd und Toluol und die Wirmeleitzahl von Helium.
Die Werte der Dielektrizititskonstanten stimmen mit Tafelwerten bis auf 6 ppm {iberein. Die sehr
Kleine Streuungen der Versuchswerte um eine Kurve demonstriert die hohe Genauigkeit der
Wirmeleitzahimessungen. Anderung der Versuchseinrichtung werden empfohlen, die es ermdglichen
zusitzliche Stoffgrossen gleichzeitig zu bestimmen, was auch fiir Theorien der statistischen Mechanik
von Wichtigkeit ist.

ABBOTSI{RH—OHHCHE&ETCH HOBOE yCTpOﬁCTBO AJI1 U3MEePEeHUA TeIJIONPOBOAHOCTH, COCTOA-
mee u3 BEePTHHKAJBHOIO HIJIMHApPA C HO.TIyCdJepI/I‘IC‘CHPIMI/I KOHIAMH, NOMEIIEeHHOTr0 BHYTPH
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TAKOro e NWIMHAPA. [TogpoGHO omMcaHa KOHCTPYKIHMA, cOOPKA, a TaKMe CIOCOOB yMeHb-
ntendA norpemHocreit. JlaA  onpemeneHus (QOpMBL  YCTPOMCTBA  HCIHOJHL3OBAICH MOCTHK
eMKOCTH BHICOKOW TOYHOCTH, YTO HABAJIO BO3MOMHOCTL WBMEPHTH TAKIKE UAIIEKTPIYECKHE
XapakTepucTHrE. HOHCTpyKIMA TepMocTaTa [OMyCKaeT TeMIepaTypHHE M3MEHEHMA B
IIMPOKAX Npefelax ¢ HebGombuioi mnorpemuocTbio. OmMCAH TaKWe CHEIUANBHBEIE FaT4MIs
AaBienusi, paGoTalomuit IpuM TeMmeparype okcuepuMeHnrta. IlpoBejen mWORPOGHBIN aHANU3
omuGoK NpH ONMpeNeTeHNH NOTeph BHOJIb IEHTPHPYOIUX YCTPOUCTB, & TAKHKE HA KOHBEKI[HIO
n usnydenne. HomBekIMA yuurthiBaeTcA Oeapasmepnoii Bemumunuol. CpaBHUBAWTCA TpU-
GawKeHHHe M TOYHMeE NOTpeM HA Manmydenue. Tounocts sxcmepumenta cocraBuAna 0,19%.
IIpuBogATCA MpeABAPUTENbHEE NAHHbIE 0 BHAYEHUAX AMDIEKTPHYECKO! MOCTOAHHON aproua,
ABYOKUCH YTIEPONA M TOIYOJNA, 4 TAKKe TeIIONPOBOXHOCTM resns. 3HAUEHUA RU3JIEKTpuec-
KO¥ TNOCTOAHHOI COTJACYIOTCA C DPEKOMEHAYeMRIMM [AaHHRIME ¢ TouHOuUTBEIO X0 0,000006.
HeGoabo#t pasGpoc AAaHHBIX Ha KPHMBOI MOKABKBAET BHICOKYI TOYHOCTb 3HAYEHM TEMIOpO-
sogHocTd. IlpepuaraioTcs pasuMyHBHe MOAMPUKANUN AJIA TOJYyYeHMA HA OCHOBAHUK OFHOTO
N3MEPeHAs JOMOIHUTENBHHX XAPAKTEPUCTUYECKHX BeJAMYMH, TaKKe NPENCTABIAIINNX
HHTEPEeC IJA TEOPUH CTATMCTMYECKOM MEXaHMKH.



