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Abstract—This paper describes the experimental measurement of the coefficient of thermal conductivity
of argon and nitrogen in the range 100-300°C at atmospheric pressure utilising a guarded concentric

cylinder cell made of silver.

Also given are results for argon, nitrogen and steam in the range 140-180°C at atmospheric pressure

utilizing a concentric cylinder cell made of brass.

The results show good agreement with recent published values. The mean deviation of the points from
the recently published correlations, for these gases, of Vargaftik and Zimina is some 1 per cent.

NOMENCLATURE
coefficient of thermal
[W/em’K];
radial heat flow [W];
radius of inner cylinder [cm];
radius of outer cylinder [cm];
length of measurement section [cm ;

, temperature of the inner cylinder [°K];
temperature of the outer cylinder [°K];
¢, emissivity of the test cell material;

conductivity

o, Stefan—Boltzmann constant
[W/em? (°K)*];
4y ransparenys D€L transferred radially by radia-
tion [W].

1. INTRODUCTION

THE AUTHOR has constructed a new test rig to
measure the thermal conductivity of steam in
the range 100-700°C at atmospheric pressure.
So that experience could be gained in operating
the apparatus and to confirm that the test rig
could be used to obtain accurate thermal
conductivity values it was decided to obtain
first experimental values for two gases at
moderately high temperatures.

Since the thermal conductivity of argon is
well known in this range it was thought that

argon would prove the most suitable gas to
test the accuracy of the rig. Despite many
measurements and correlations for the thermal
conductivity of nitrogen there appear con-
siderable divergencies in the published values in
this range. It was therefore thought that new
measurements for nitrogen would also prove
useful.

2. METHOD OF MEASUREMENT

In these experiments a vertical coaxial cylinder
apparatus with guard heaters was employed.
Heat is generated in the inner cylinder and is
passed radially through a narrow gas filled
annulus to the surrounding receiving cylinder.
In this case:

1= qlog.7,/ry )
2n (T, — To,)

3. APPARATUS

A sketch of the conductivity cell used is shown
in Fig. 1. The cell is of similar design to that used
by such experimenters as Venart [1] and Vines
[2]. The brass and silver cells are of identical
construction but of slightly different dimensions
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as shown in Table 1. Only the silver cell will be
described.

The cell consists of two cylinders made of
pure silver. The inner cylinder is divided into
three sections, the emitter E and two guard
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FIG. 1. Thermal conductivity cell.

cylinders GU and GL. In the gaps between the
emitter and the guard cylinders additional
support is provided by six small 1-mm-dia.
silver pins, three spaced at 120° on a 15 cm
P.C.D. at the top and bottom gaps (not shown
in diagram). The width of the heat guard gaps
is 1 mm. Surrounding the inner cylinder is
the receiver R. The emitter is located inside the
receiver by means of six mica spacers three
spaced uniformly around near the top. CU, and
three similarly spaced near the bottom, CL. The
spacers are held in position by means of grub
SCIEWS.

Table 1. Cell dimensions

(a) Silver cell
diameter of emitter: 2-:0433 + 0-00025 cm
diameter of receiver: 20836 + 0-00006 cm
length of measurement section: 7-50 + 0-015 cm
O.D. of receiver: 30 cm
surface finish: 4 x 107 %in

(b) Brass cell
diameter of emitter: 19202 4 0-00025 cm
diameter of receiver: 2-:0038 + 00001 cm
length of measurement section: 7-50 £ 0015 cm
O.D. of receiver: 30 cm
surface finish: 4 x 107 %in

All measurements made at a temperature of 20°C.

The complete cell is mounted in a precision
bore quartz tube Q. The quartz tube on each
side of the cell is fitted with accurately machined
blocks of fired pyrophyllite PH.

The heater H is a press fit inside the slim
stainless steel heater tube HT of O.D. 32 mm.
The heater consists of a six bore, 1-8-mm dia.
alumina insulator, bore size 0-4 mm, on which
the main and guard heater windings are wound.
The windings are of 41 s.w.g. Nichrome wire
and are cemented in position by a high tem-
perature refractory cement. Current carrying
copper leads (32 s.w.g.) are silver soldered to
the ends of the three windings and potential
leads (36 s.w.g. chromel), are also attached to
the ends of the main winding. The current and
potential leads are carried to the outside of the
furnace in the heater tube through the bores of
the insulators. The main advantage of this
heater construction is that with the cell guard
heater temperatures matched, as they were in
these experiments, to the temperature at the
centre of the emitter axial heat exchange
between individual heater sections is, if not
eliminated, reduced to an extremely small value.
The d.c. supply to the heaters is provided
from two 72 V banks of heavy duty batteries.
Any voltage between 2 V and 72 V can be
selected. The power input to the emitter heater
is obtained by measurements of the voltage
drop across the heater, utilizing a potential
divider, and the current flowing through the
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heater, by measuring the voltage drop across a
standard resistor in series with the heater.

Thermocouple wells, TE and TR, are pro-
vided to enable measurement of the temperature
difference across the gas gap to be made.
Thermocouple wells are also provided in the
heat guards so that the temperature of the
heat guards can be accurately matched with
the temperature at the centre of the emitter.
The thermocouples are made from annealed
33 s.w.g. Pt — Pt — 13% Rh wires which are
supported and insulated in slim two bore
12 mm-dia. alumina tubes. To avoid con-
tamination the thermocouples are enclosed in
thin-walled stainless steel tubes of O.D. 1-5
mm sealed at one end by means of small
silver cylinders which are silver soldered to
the ends of the stainless steel tubes. The hot
junctions press against the silver end plugs
which maintain close thermal contact in the
thermocouple wells. From experiments carried
out on these thermocouples it was concluded
that any thermal gradient along the length of
the thermocouples encountered in the thermal
conductivity experiments had no measurable
effect on the measured thermal e.m.f. The cold
junctions are soft soldered to heavy copper
leads which are attached to the potentiometer
circuit. The soft soldered junctions are im-
mersed in long glass tubes sealed at one end
and filled with paraffin wax. The glass tubes
are immersed in an ice bath which provides
zero reference temperature. At all points be-
tween where they emerge from the furnace and
the ice bath the wires are supported in thick
P.V.C. sleeving to prevent undue straining.

A cross section of the thermostat assembly is
shown in Fig. 2. It consists essentially of a high
temperature refractory furnace tube FT on
which three separate windings UW, CW, LW of
21 sw.g. Nichrome wires are spaced and ce-
mented in position. The current of the central
winding CW is controlled by a CNsS. SR,
temperature controller. The platinum resis-
tance thermometer TH which effects the control
is placed, as shown, next to the central winding.
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F1G. 2. Thermostat assembly.

Manual control of the end heaters UW, LW is
obtained by means of Variacs. The power to the
end windings is supplied through a Sorensen
voltage regulator. In order to keep a check on
the temperature of the windings three quartz
insulated chromel-alumel thermocouples TC
are located on the surface at the centre of each
winding. The furnace tube FT is surrounded by
a thick layer of finely grained aluminium oxide
powder AL which is contained in a cylindrical
copper shell CS. Sindanyo end caps S are
placed on the ends and the complete assembly
is held together and kept rigidly fixed on the
test rig framework by means of four steel
rods RS. The complete thermostat is placed in
a room where the temperature can be controlled
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to within +05 degC. The dimensions of the
furnace are formulated on the conclusions of
Laubitz [3]. The work of Motzfeldt [4] was also
consulted.

By careful adjustment of the guard heaters
the furnace can be controlled such that the
gradient along the length of the test cell area can
be no more than a few thousandths of a degree.
The temperature stability can be controlled
such that the variation in temperature over
periods of 30 min-1 h does not exceed 002
degC and over periods of 5-10 min is of the
order of only a thousandth of a degree.

All electrical measurements which require
accurate measurement such as the thermo-
couple em.f’s and the power input to the d.c.
heater in the centre of the emitter are made
with a Diesselhorst pattern thermo-electric free
potentiometer. The potentiometer has two ranges
2 x 107! Vand 2 x 1072 V. An automatic
current controller controls the potentiometer
current to one part in 10%. A photocell galvano-
meter amplifier provides amplification in the
detection circuit. The sensitivity is such that
with Pt — Pt — 139 Rh. thermocouples tem-
perature discrimination of 2:5 x 1073 °C can
be made. To reduce errors due to switching
the switches, which utilize thick copper terminals
and spring loaded copper switching leaves are
completely immersed in heavy gauge copper
tanks filled with moisture-free paraffin, So that
‘the effects of thermal e.m.f’s in the measuring
circuit can be eliminated a thermo-electric {ree
reversing switch is also incorporated in the
circuit.

The pressure of the gas is measured utilizing
a U-tube mercury manometer. The quartz tube
containing the cell is sealed at both ends by
means of stainless steel end caps bearing on
Viton “O”-rings which are located in “dovetail”
grooves at each end of the thermostat. The
thermocouple and heater tubes are sealed in a
similar manner.

4. EXPERIMENTAL PROCEDURE
The apparatus was filled with the appro-
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priate test gas by allowing the gas to flow through
for a period of approximately 30 minutes. The
gas inlet and outlet valves were then closed.

The thermostat, which had been previously
calibrated, was then switched on. The tempera-
ture controller was set to obtain the desired
temperature and appropriate adjustments of
the guard heater Variacs were made. When
stable isothermal conditions were reached the
em.fs of the thermocouples were intercom-
pared. One thermocouple was chosen as the
“standard” thermocouple and the emf’s of
the other thermocouples compared with this
one. When the differences had been noted
checks on these values were carried out by
quickly interchanging each thermocouple in
turn with the “standard” thermocouple and
again noting the differences. In making these
measurements the reversing switch in the circuit
was utilized and readings both “direct’” and
“reverse”” were made. To ensure that the dif-
ferences were both accurate and consistent this
process was repeated several times over a
period of several hours. At each temperature
over the range 100-300°C at which thermal
conductivity determinations were made this
procedure was used and plots of the differences
against em.f. drawn. It was noted that as the
temperature at which conductivity determina-
tions were made was increased the differences
between the thermocouples increased. At the
maximum temperature at which experiments
were carried out the differences between the
thermocouples were of the order of 0-8 pVv. It
is considered that the error in the differences
found in this way did not exceed 0-1 uV.

The d.c. heater in the centre of the emitter
was then switched on in order to establish a
suitable temperature difference across the gas
annulus. In these experiments various tempera-
ture differences were used, varying between
2 and 5 degC. The cell guard heaters were then
adjusted so that the temperature difference
between the centre of the emitter and each of
the guard heaters did not exceed 0-1 pV. When
steady state conditions were reached determina-
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tions of the apparent thermal conductivity
were begun.

Readings of the thermocouple em.f’s, the
voltage drop across the emitter heater and the
current passing through the emitter heater were
taken at regular intervals over a period of at
least 30 min. Readings both “direct” and “re-
verse” were noted. This procedure was repeated
for all temperatures at which thermal conduc-
tivity determinations were made.

Over the intervals of time in which steady
state readings were taken the variation in
mean temperature did not generally exceed
0-02 degC and in many cases was less than 0-01
degC. Over 5-10 min intervals variations were
of the order of a few thousandths of a degree.
The temperature differences between the thermo-
couples were constant and only slight variations
of the order of one part in 10° in the power
input to the emitter heater were noted over
these 30-min periods. In many cases as an
additional check the thermocouples were again
interchanged while the apparatus was still at
steady state conditions and e.m.f’s intercom-
pared. This always confirmed the accuracy of
the original intercomparisons.

The argon (9999 per cent purity) and
nitrogen (999 per cent purity) used in experi-
ments were supplied directly from commercially
available gas cylinders and the apparatus was
frequently charged with a new sample of gas.
The steam used in the brass cell experiments
was supplied from a boiler filled with pure
degassed—-demineralized water. In these steam
experiments all external portions of the appara-
tus which contained steam had to be kept
heated at a temperature of above 100°C in
order that the pressure of the steam in the cell
could be kept close to atmospheric.

5. CONSIDERATION OF POSSIBLE
ERRORS AND CORRECTIONS

The influence of any axial heat flow from the
emitter section of the test cell was kept very

small in these experiments in three ways.
By making the gap between the emitter and

heat guards of low conductance, by accurately
matching the temperatures of the heat guards

'with the temperature at the centre of the emitter

and by using reasonably large radial heat flows.
The influence of axial heat flow, caused by
inaccurate matching of the thermocouples was
noted at each point at which thermal con-
ductivity determinations were made. However
in order to make a more accurate assessment
of this influence a series of tests were carried
out at a temperature of 211°C. The heat input
to the emitter section was kept constant and
the heat inputs to the guard heaters adjusted so
that the cell temperatures were out of balance.
The influence of this out of balance on the
measured value of the thermal conductivity
of the test gas was noted. This was done for
several different degrees of out of balance and
a plot of measured conductivity against out of
balance was drawn. These experiments showed
that the maximum possible error caused by
axial heat flow in the thermal conductivity
determinations could be estimated to be less
than 1 per cent.

The influence of thermal radiation was small
due to the low emissivity of the test cell material
and the very narrow annulus used. Calculation
showed that the maximum influence at the
highest temperature was some 0-3 per cent. For
nitrogen and argon the effect was estimated
utilizing the well known equation:

o2nr, L(TY — T?) '

qr transparent = 1
rifl
€ ry\¢

Utilization of the above equation for an
emitting and absorbing medium, such as steam,
is not accurate and is permissible only when
the radiation effect is smaller than the experi-
mental error of the conductivity determinations.
The problem of combined conduction and
radiation in an emitting and absorbing medium
has been studied by Leidenfrost [18] and as
stated in his paper a more accurate though
more complex correction must be used if
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serious errors in conductivity determinations
are to be avoided particularly at high tempera-
tures. It has been shown by Kraussold [17]
among others that when the Grashof-Prandtl
product is less than 1000 the influence of
convection effects on the thermal conductivity
determinations is very small. In these experi-
ments convection effects were negligibly small.

Calibration of the thermocouples, which
conform with the British Standard Institute’s
Tables B.S. 1826, showed that the error in
overall temperature was only some 0-1 per cent.
The fact that the thermocouples were located
slightly below the cell surfaces was taken into
account. Calculation showed that any small
temperature differences which existed between
the points at which the temperatures were
measured and the cell surfaces during conduc-
tivity determinations were very small, maximum
influence some 0-3 per cent. Calculation also
showed that since the pressure of the gas was
atmospheric and the temperature at which
determinations were made were only moderately
high corrections for “thermal jump” effects
were small.

Corrections had to be applied to the cell
constant, which was measured at 20°C, to
compensate for the expansion of the cell with
temperature. When assembling the cell con-
centricity of the emitter inside the receiver
was checked by means of a calibrated wire
such that the maximum eccentricity could be
some 0-0002 in. Calculations showed that an
error caused by this eccentricity was negligible.

When all factors are considered the probable
accuracy of the presented data can be estimated
to be within +1'5 per cent.

6. RESULTS

The values obtained are shown in Table 2.
Each value quoted is the result of at least
seven separate determinations. Figures 3-5
show the values obtained in this work along
with the recent correlations of Vargaftik and
Zimina {5-7]. Also shown are some of the more
recent determinations of other workers. For
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Table 2. Results

{A) Silver cell
point number temperature (°C) 4 x 10° (W/cm °K)
(a) Argon
(1)a 1527 235
(2)a 1564 235
(3)a 1747 246
(4)a 1753 245
{5 1759 244
{6)a 2120 254
(Na 2121 258
(8)a 2124 253
92 2485 274
(10)a 2494 277
(11)a 249-5 273
(12)a 2792 278
{13)a 2797 280
(1d)a 2800 280
(b) Nitrogen
(15)a 1542 339
{16)a 1724 358
(17a 1737 358
(18)a 211-4 373
(19)a 2117 372
(20)a 2480 399
(2D)a 2480 396
(22)a 2480 388
(23)a 2783 413
(24)a 2788 412
{25)a 2795 409

(B) Brass cell

point number temperature (°C) 4 x 10° (W/cm °K)

{a) Argon
()b 1459 230
(2)b 149-8 22:8
{3)b 1669 240
{4jb 1708 239
(b) Nitrogen
(S)b 1464 335
(6)b 1484 341
(b 1682 350
(C) Steam
point number temperature (°C) 4 x 10° (W/em °K)
8)b 1424 278
{9)b 1438 285
(10)b 1586 29-3

argon and nitrogen, Vines [2]. Nuttall and
Ginnings [8]. Johannin and Vodar [9]. Geier
and Schafer [10], Schottky [11], Zaitseva [12],
Keyes and Vines [13]. For steam the values
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shown are those of Vargaftik and Oleshchuk
[14], Vargaftik and Smirnova [15], Vargaftik
[19], Keyes and Vines [16], Geier and Schafer
[10] and Vargaftik and Zimina [5].

7. CONCLUSIONS

The results obtained show good agreement
with the results of other workers in this region.
The mean deviation of the points from the
correlations of Vargaftik and Zimina is some
1 per cent. The results confirm the accuracy
of the test rig.
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Résumé—On décrit ici les mesures du coefficient de conductibilité thermique de 'argon et de 1'azote dans
la gamme de 100 4 300°C 4 la pression atmosphérique en employant une cellule a cylindres concentriques

en argent munie de cylindres de garde.

On donne aussi les résultats pour I'argon, 'azote et la vapeur d’eau dans la gamme de 1402 180°Cala
pression atmosphérique en employant une cellule & cylindres concentriques en laiton,

Les résultats sont en bon accord avec les valeurs publiées récemment. La déviation moyenne des points
4 partir des relations publiées récemment, pour ce gaz, par Vargaftik et Zimina est d’environ de 1 pour cent.

Zusammenfassung—Es werden experimentelle Losungen beschricben fiir die Wirmeleitfihigkeit von
Argon und Stickstoff im Bereich 100-300°C, bei Atmosphérendruck, wobei eine Zelle aus konzentrischen

Silberzylindern verwendet wurde.

Ausserdem sind Ergebnisse fiir Argon, Stickstoff und Dampf.im Bereich 140-180°C und Atmosphéren-
druck angegeben, die in einer Anordnung konzentrischer Zylinder aus Messing erhalten wurden.

Diec Frgebnisse zeigen gute Ubereinstimmung mit kiirzlich verdffentlichten Werten. Die mittlere
Abweichung von Punkten nach einer neueren Korrelation fiir diese Gase nach Vargaftik und Zimina

betragen etwa 1%,

Annorannsi—B janHofl cTaThe OMUCHIBAETCA DKCHEPAMEHTANbHOE H3MepeHue xoadhpunpenra
TENJONPOBOAHOCTH AProHa U asoTa B juarnasone 100-300°C mpu atmocepnom fanienun
HYTEM UCTHONb3OBAHUA Cepedpanoil KOHUEHTPUYECKOH HNAMHAPUYECKOR AYeliKn.

Take NPUBORATCA Pe3YJABTATH 110 AProuy, a30Ty n napy B amanasone 140-180°C npn
aTMOCepHOM AABIEHHH, MOJNYYeHHBE ¢ MOMOI(LIO JIATYHHON KOHNEHTPUYECHOH JMAWI P~

yecKoit Aueiku,

PesyabTaTsl XOpOUIO COTJACYIOTCH € HefaBuo onyliamuosanuvimu. Jlis JaHubiX rasos
¢peanee OTHAOHEHNe TOUEK OT HEJIABHO OMyOaMKOBaHHMIX AanHubX Baprafruwa w 3umuna
octananer okono 1%, .



