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The data of purenon-polar polyatomic gasesasa function of temperature has been reviewed to .
provide the best available values of thermal conductivity to experimentalists and theoreticians.
The gases considered in detail are Oy, Ny, Hy, 00,, €O, NO, N,0, CH, and D, for which
several sets of measured values are available. Smooth average values are tabulated at an interval
of 25°C to permit linear interpolation.

In many practical design problems of great importance such as energy control in nu~.
clear reactors, controlled combustion and explosion problems, design of outer space explo=

ration vehicles, the kriowledge of thermal conductivity, A, of pure gases and their multi-
component mixtures is essential. Tt is also an important piece of information in & variety of

very simple problems dealing with the transfer and exchange of thermal energy as well as in

many theoretical problems relating to the understanding of molecular structure of complex

molecules as regards the energy equilibration between various internal and external modes.

The availability of experimental data of monoatomic gases and their mixtures was reported

in a comprehensive article by Gandhi and Saxenat. The lack of enough experimental data

have encouraged to the development of many approximate, empirical and semi-empirical

methods of prediction, and. these are compared and contrasted recently by Saxena and

Gandhi® 3. A number of workers 410 have also given the methods for calculating the

thermal conductivity of polyatomic gases and their mixtures. These approaches funda-

mentally suffer for want of an adequate physical picture of the process involved in the energy

balance of the various modes of the polyatomic molecules. To aid theoreticians to achieve
this goal, it is imperative and tosome extent obligatory for the experimentalists to evolve
adequate and reliable experimental data of the required type. This section is intended in
this general direction with alimited and less ambitious aim and plans to review the situation

of the experimental data on the thermal conductivity of pure non-polar polyatomic gases.

As will be seen in certain cases a number of workers have reported the experimental data and
thus this study willl throw light on their relative appropriateness and will tend to evolve
the best values available at the moment. This work will also bring to lime-light the obvious
contradictions in the available data and at a few places their complete absence, which will
beacon the plan for new measurements. We have a programme of measurement of thermal
conductivity of gases and gaseous mixtures as a function of temperature, 7, going on in
this laboratory and we hope to bridge at least some of these deficiencies in due course.

EXPERIMENTAL DATA

Flaborate thermal conductivity data available for many pure polyatomic gases spch as
0y Ny, Ha, CO,, CO, NO, N,0, CH, and D, is considered in detail here as a function of
femperature. :
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Ozygen

The thermal conductivity data of this gas reported by a number of workers!!-3!in the
temperature range — 200 to 1100°C is plotted in Fig. 1. Some data could not be shown
in this figure becausc of overlapping. The data of Geier & Schyfer?® and Westenberg and
de Hass® for temperature bigher than 550°C are also not shown in this figure. However, these
data agree well with each other and with the values of other measurements in the over-
lapping temperature range. The high temperature values smoothly join the low temperature
curve. The data of Westenberg and de Hass™® were obtained according to a line-source
technique®? which falls in the broad category of the dynamic methods. Tbbs & Hirst!s
measurements are according to a Katharometer of the type first given by Daynes &
Shakespear®. The familiar parallel plate method was exploited by Todd™ but th:s value
is apparently about 16 per cent smaller than t{be emooth value of the other workers. No
weight has been given to this value while recommending the smooth values of thermal
conductivity as a function of temperature in Table 1. Further, the A values in the tempera -
ture range 550 to 1100°C are based on the measurements of Geier & Schifer®®, and Westen-
Berg & de Hass®, The co-axial cylinder type of thermal conductivity cell for measurements
was used by Keyes 22 2, Waelbroeck & Zuckerbrodt?s, and Cheung ez al?”. Kannuluk &
Martin, and Srivastava et al.?6, 28 have employed the tkick-wire variant of the hot-wire
cell, while Weber 33, Jebnston & Grilly20, and Pereira & Raw3! have used the poiential-
lead method very often referred to as the thin-wire variant of the hot-wire cell. A group of
workers'4 18, on the other bhand, have preferred to use the compensating-cell method
first introduced by Gregory & Archer 3¢ who used two conductivity cells of different 1angtbs
inthe two arms of a wheatstone bridge and it was hoped that the measurements so cbtained
related to the central portion of the longer cell where radial conditions of heat flow exsted.

Fig. 1 clearly bears out a marked degree of consistency between the data of d.fferent
workers except Todd. It does not seem possible to discover anything regarding the re-
lative accuracies of the different methods ; the values agree among themselves within a
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Fig. 1—Thermal conductivity of O, as a function of temperature



GAMBHIR & SAXENA ; Thermal Conduetivity Polyatomic Gases 3%

maximum dgviation of about 4 per cent except Todd’s! single value and Franck’s? value
at 280°C. Mostly the deviation is much less than this and is, thus, within the precision of the
individual metbods., We suggest that A measurements above 200°C shoula be repeated
employing var.ous methods to have a check on the values of Franck?, Geier & Schifer?,
ond Westenberg & de Haas%,

Nitrogen

It is one of those gases which have been studied most exterisively and the data of a large
number of workers!l, 14-16, 18,21-23, 26, 27, 29, 31, 35-36  j5 plotted in Fig. 2 in the tem=
perature range —200 tc 900°C. Certain comments in this connection are important.
Earlier values of Keyes & Sandell®® as revised by Keyes22 2,41 gre in good agree-
ment witk ctber values. Todd’s! value is again less by about 16-per cent as in O, but the
measurements of M.chels & Botzen®, and Nuttal and Ginnings®, obtained also by using
parallel plate apparatus, are in good agreement with the cther measurements. This indicates
that something was particularly wrong in the measurements made by Todd™ although his
technigne seems to be alright in general. Discrepancies in the thermal conductivity values
at few temperatures are quite pronounced. The only Ibbs & Hirst® values at 0°C are left
which differ from others by 4-5 per cent, seem to have poor precision as ‘evidenced by theit
two measurements. Further, even the katharometer method used by them is open to objec-
tion®, However, all the measurements viewed in this context can be regarded as consis-
tent with each other upto 300°C within experimental accuracy. At and above this tempera<
ture there are some interesting points to note. Measurements of Jobannin & Vodar®,
Vines®, Keyes 2% 25,41 and Rothman & Bromley*® are all on the ceo-axial cylinders
type cell and though these individual measurements have a high degree of self consistency,

they offer very systematic discrepancies and trends among themselves and differ by 3-4 -

per cent in value. Vines5* values, like those of Rothman & Bromley*s, are also over an
equally extensive temperature range but curiously enough these are systematically
higher by 3-4 per cent. This is important when we recall that both groups have used
similar conductivity cells. Westenberg & de Hass® values have poor precision, Schifer &
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Reiters, and Geier & Schifer?® have measured thermal conductivity from 0 to 1100°C.
At lower temperatures their values are consistent with other workers but at higher tempera-
tures these are consistently lower. Values of Schottky®® and Frank® are consistently
smaller in the temperature range 300 to 500°C. Thus the need for more precise measure-
ments for this gas in this temperature range is paramount; and further, it will be interesting
to exploit the hot-wire type of cell as well. We plan to report such measurements from our
laboratory. The values upto 900°C reported in the Table 1 are used on the compromise of the
existing data ; while at the two higher temperatures these are of Geier & Schéfer?®,

Hydrogen

The thermal conductivity of hydrogen is measured by a number of workers11-13,
16-20, 22, 25, 26, 20, 34, 35, 39, 42, 65, 5870 and all these data are plotted in Fig. 3. Unfortu-
nately , the various sets of values are not in good agreement with each other specially
above 0°C. The data of Gregory® obtained by the compensating-cell method seem to be
systematically greater than those of Keyes?% 68 who employed a co-axial cylinder type of
cell. The latter values are, however, consistent to a good extent with the values of the otber
workers obtained with different types of cells, viz. parallel plates, co-axial tubes, and hot-
wire. Dickens®, and Gregory & Dock®, who also employed the compensating type of
cells, found the thermal conductivity values smaller than those of Gregory 8, Ttisstrong-

lyfelt that Gregory’s® values are unreliable for this gas and hence no weight is given to
this data while reporting average valuesin Table 1.
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TABLE 1
-—] —] -l .
SMOOTHED VALUES OF THERMAL QONDUCTIVITY, A(CAL. SEC. DEG. OM), OF COMMON NON-POLAR
POLYATOMIO GASES A8 A FUNOTION OF TEMPERATURE
Temp. 1052
°C
H, N, 0, co, 00, CH, NO N,0 D,
—250 3:50 3:62;
—225 7-566 7.26
—200 11:56 1-62 1.57 1:48 1.93 10:6
—175 15:6 2:16 2-13 2:03 2.53 13-7
—150 19-6 2:71 2:69 2-59 3-14 2:59 1.21 16-4
—125 23:0 3:24 3-26 . 3-13 3-78 3-14 1-56 18.-9
—100 26-5 3-73 3-83 1-96 3-61 4-45 3-66 - 1.91 21-4
—175 30-0 4.-20 4:35 2-30 4:11 5-13 4.21 2.29 28-7
—50 33:2 4-68 4-86 2-66 4-60 579 4:-74 2.-69 26.0
—25 36-5 5-14 5-39 3:05 5-08 6-53 5-23 3:12 28:1
0 39-5 562 5-87 3-46 5-53 7-34 5:-70 3-60 30-2
25 42:6 608 6-33 3-88 5-98 8:14 6-16 4:11
50 45-5 6:50 6-81 4-28 6-42 9:03 6-62 4.-60 -
75 48-2 6-91 7-27 4:72 6-86 9-98 7-08 5-15
100 50-8 7-31 7.68 5-18 7-28 10-9 7.52 5:70
125 53:6 7-64 8-12 567 11.7 7:92
160 56-1 8:03 8:51 6-14 12.7 8:33
1756 58:7 8-37 8:90 662 13-6 8:76
200 611 8:74 9.24 7-12 8:72 14-6 9.-16
225 635 910 9-67 7.64 15:6 9.53
250 65-9 9-44 10-1 8-18 16:6 9.91
276 68-3 9.78 10-5 8:72 17-7 10-3
300 70-5 101 10-8 9.26 10-1 18.8 107
325 10-4 11.2 9-78 19-8
350 10-8 11.6 10-3 20-9
376 11-1 12:0 10-7 22-0
400 75-6 11-4 12-3 11.2 11-5 23:0
425 11.7 12:-6 11-6 24-0
450 12.0 13-0 12:0 25.1
475 12-3 13-4 12-5 26-1
500 83:7 12-6 13.7 12.9 12.8 27.1
526 12-9 14:0 13-3
-550 13-2 14-4 13-7
575 13:5 15-0 14-1
600 92:0 13-8 15-3 14-4 13-9 33:2
625 14-1 15-7 14-8
650 14-4 16-0 15-2
6875 14-6 16-4 15.6
700 100-7 14-9 168-7 15-9 15-1 39:0
725 5.2 17-1 16-3
750 15-4 17-4 16:7
76 157 17.7 17.0
800 108-2 15-9 18-1 17-4 16-3
825 16-1 18-4 17-8
850 16-4 18-7 18:2
875 16:6 18.5

19.0
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TABLE 1—contd.

Temp 105%
oG ,
H, N, 0, co, co CH, NO N,0 D,
900 1165 169 19-3 18:9  17-4
(120- 0)*
925 19-6
950 - 19:9 -
015 . 202 - o
1000 - 124:0.-  17:2 205 19:2"
o (1626) . - - - -
1025 . 20-8
1050 21:1
1075 - 21-4
100 131.5  17-9 217 203
(165-2) -
1200 1385 . -
77y -

*Values within braces are those of Blais & Mann®.

As already stated, discreij}a.xicies above 0°C - .431:1’e rafhér- proﬁdl;nced; ana folloﬁng
trends are observed, : . .- . . : .
(&) Jobnston & (’;‘rﬁﬂy% values obéaiﬁed on the hot-wifé éell s;e;a;;'l to ld
L s yield somewhat
smaller values than those of other workers though-thev sre i d 4 t wi
values of Gray & Wright5s, -g,. ey em g00¢ - agreemen with the

(b) The values of Geier & Schﬁ,ferz*; ‘at 0 an(i 160°C a;'é'iﬁ ooa:'é eeme.n"c ith th
data of other workers but at 200 and 300°C these are smaller. Asg agrééngll(;nt is obt‘g'.ned iI?

other gases, atleast in this temperature range, nothing definite can be concluded ab i
- ) tth
trend. In Table 1, values reported above 300°C are of Geier & Schifer®, recabout this

(c) Blais & Mann™ have used a hot-wire typé of thermal diffusion column to measure
thermal conductivity and have reported data between 1200 and 2000. °K. In the
temperature range 1200-1473°K the only data of Geier & Schéfer?® are available for
comparison and are systematically low. Blais & Mann? values are as higb a8 20 per cent
at 900°C and 29 per cent at 1200°C. Asthe data of Geier & Schyfer®for other gases in
this temperature range agree well with the other available data, this comparison raises the
possibility of Blais & Mann™ data being higher than the actual values. This conclusion is
in conformity with the similar suggestion made- by Saxena & Agrawal™ i
. with the data of helium. Therefore, we have excluded these data from our o
An effort is also, being made in this laboratory to establish this technique.

n connection
present survey.

We have not included in our discussion the data of Vargaftik & Parfenov™ as it
found to be systeme‘btically higher than the other available da‘inﬁz. ‘Thus, onth eaiv}]jilés
we find that there is an urgent need for rehable measurements for this gas above 0°C;
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Ourbon dioxide

It seems (O, has been fairly understood as it bas been widely investigated and a large
amount of data of different workers* are available on allthe methods. These data are shown
in Fig. 4. Jobnston & Grilly20, on the potential-lead method, measured the values in the
temperature range—-87 to 106°C, which are in good agreement with the values of Keyes2223,4
obtained on the co-axial cylinders metbod in the range—50 to 350°C. There are also a
number of additional measurements in this range at a few temperatures but the agreement
is nct very satisfactory. The scatter of data at 0°C, 125°C and 225°C is approximately 8, 7
and 13 per cent respectivdly. It is worth noting that Todd’s" value at 55°C, obtained on the
parallel-plate apparatus is abcut 59, smaller. In addition to Johnston & Grilly2°, Sherrat
& Griffiths™ have also reported data in the temperature range 66 to 292°C on a similar
conductivity cell and the two sets of measurements are in good agreement. Archer™,
using compensating-tube metbod, reported values in the temperature range of 12 to 319°C
which though consistent among themselves, are in marked disagreement with the values of
Jobnston & Orilly?0, and Sherrat & Griffiths™. The disagreement also increases with
temperature. ‘There are four more sets of valuable measurements which extend beyond
300°C and go upto 1100°C. One is of Vines 5480 from 0 to 900°C and the secend is of Rothman
& Bromley® from 0 to 800°C. The important point to mnoteis that though the above
two sets employ the same tezhnique of co-axial cylinders there is no reasonable agreement
between the values. The two irdividual sets a1e also not very.smcoth but when an attempt
is made to draw a smooth curve, discrepancy becomes more pronounced at high tempera-
tures; as an example it is about 5%, at 800°C. The situation is somewhat similar to that of
nitrogen. The third set is of Westenberg & de Haas® obtained by using the line-scurce
technique32. The precision of this set is very pcor as can be seen from two measurements
around 775°C, The fourth set is of Geler & Schifer® between 0 and 1100°C ard is in good -

-agreement with the values of Rothman & Bromley*, i <

* 1113, 15—18, 20—23, 25, 27, 29, 35 37—39, 41; 42, 44,46 48,51, 54, 56, 60, 62,69, T4—S81,
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Thus on the whole we find that at temperatures beyond 200°C the data are not satise
factory. By passing a smooth curve through the existing data we have given the compro-
mise values upto 900°C in Table 1. In smoothing the data we have given relatively less
weight to the measurements cf Archer™. We have no particular reascn to offer for this
choice except the general trend of these values as regards temperature dependence though
Franck’s?! values also agree with Archer’s” measurements. The A values at the highcst
two temperatures are of Geier & Schéfcr?®,

This effort bas brought to limelight the need for fresh measurements so that reliable

and consistent values may be available. We further endeavour to suggest the use of the

- thick wire variant of the bot-wire method fcr this purpose. For information we may recall

that one measurement at 0°C of Kannuluik ef al.1% " js available ana this is in agreement
with the average value at this temperature given by different workers.

The detailed thermal conductivity study of this gasis particularly interesting because
of the internal modes of this molecule, which get readily excited at relatively lower tempera-
tures. A critical look at A versus T' graph in Fig. 4 shows a change in its curvature at about
350°C. This, if confirmed by careful precisc measurements, may lend a valuable source of
information regarding the mechanism and ease of excitation of rotational modes. We feel
that the rotational modes of this gas get readily excited and, therefore, after a certain
temperature the rate of increase of A with T' slows down. Again at high temperatures,
with the increasing participation of vibrational medes, the trend will exhibit a change.

Carbon monoxide

_ For carbon monoxide the relatively elaborate data are those of Johnston & Grilly2,
Keyes??, and Geier & Schifer®, The available datall, 16-17, 20, 22, 29, 51, 60, 76, 81 82 gre plotted
in Fig. b. It is gratifying to note that these two sets 20 22 of data, obtained ob different tech-
niques, are consistent with eacher otber. Todd’s! value at 55°C is in good agreement in
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this case in notable contradiction with all previous gases ccnsidered so far. At 0°C there aze
two more measurements!® 17 and the mwaximum discrepancy assumes a magnitude as bigh
as 5%. This, of course, is not very alarming for Ibbs & Hirst?s values cannot given too much
reliance though the other value!” obtained on the thick-wire cell is also about 39, low. Gruss
& Schmick’s® values are also much lower. Thus, we find that firstly it will be ‘interesting to
repeat measurements in this range on the hot-wire type of cell with a view to establish the
techniques and secondly to extend the temperature range of measurements beyond 100°C.
Smooth values are reported in Table 1. In this Table values above 100°C are of Gejer &
Schiifer only.

Nitric oxide

We next consider the data on nitric oxidell 20, 22, 31, 60, 84 which is shown in Fig. 6. The
situation is rather interesting and the main data which is due to three different groups
of workers— Johnston & Grilly20, Keyes??, and Pereira & Raw® are in good agreement
with each other. This lends rather good and pleasant support on the consistency in values
obtained on cells of co-axial cylinder and thin-wire types. Ancther point worth mentioning
and noting is the fact that Todd’s! value is about 229, smaller than the smoothed valye.
Another value of Eucken® at — 71-5°Cis also in good agreement. We, thus, recommend that
the data on this gas be extended using a thick wire cell for reasons given in the case of
discussion on CO gas. Smoothed values on the basis of Fig. 6 are given in Table 1.

Nitrous ozide

Keyes? %, Johnston & Grilly®, and Pereira & Raw®! have reported somewhat elabo-
rate data on N0 and these are shown in Fig. 7 alongwith the other valuesl!, 13,15-17, 51,60, 79, 83
Asin other gases, here also Keyes?268 and Johnston & Grilly® data are in remarkable agree-
ment though the data of Pereira & Raw® indicate a somewhat different trend as regards
temperature dependence. Kucken’s® value at —72°C is much higher. At 0°C, value of
Kannuluik et al.1% 7 agrees with the general smooth curve while the value of Ibbs & Hirst1s
is higher. We, however, do not weigh it in smoothing the data. We thus feel the recessity
of extending the measurements beyond 100°C to clarify the discrepancy created by the

Pereiro & Raw3! measurements. Again, for
P reasons already mentioned, we feel hot-
ol 7 wire type of cell may be preferable to use,
; S In reporting the smooth values in Table 1 we
‘o ; limit the reading to enly 100°C as no weight
hasbeen given to the data of Percira &

Raw3t,

$

Methane
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Keves 3 - y :
ey e only non-polar gas left which has
uexen been explored by a number of workersls
188S & HIRST 20, 22, 23, 27, 29, 39, 4, 43, 47, 60, 68, 76, 79, 83, 85 is
PEREIRA & RAW ‘ . .
methane. This particular polyatomic gas
g . ‘ . , has always offered some incentive for
P o 1% » #® investigations, both cXperimental and
Tomperatrs () theoretical, b.cause of its quasi-spherieal
b b X . . :
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upto 200°C as seen from Fig. 8. Above 200°C the.differences are excessive, Schottky’s®,
values go uptc 500°C alongwith those of Geier & Schéfer®®. The difference between the two
sets of values increases with temperature and is maximum at 500°C, about 8%,. The value
of Lenoir & Comings®, obtained by the co-axial cylinders method, is also in good agree-
ment with the smooth values; the same holds good for the thermal conductivity value of
Kannuluik & Donald?®, wbo have exploited the thick-wire cell method. Thus, the above
discussion reveals the possibility of getting reasonably consistent values from different
techniques. We suggest that an investigation extending the measurements to high tempera-
tures beyond 200°C will be a useful piece of experimental information. Smoothed values of
X upto 500°C are reported in Table 1. The X values above 500°C are Geier & Schéifer®®.

Deuterium

Among the gases under revicw deuterium has been investigated by a 1elatively less
number of workers. The data of only five workers®, 67, 86,90 and that too only at a few tem-
peratures below 0°C, are available and 2re shown in Fig. 9. All the data seem to be reason-
ably consistent within rather large margin of flexibility available as the points are at fairly
distant temperatures. The A value of Kannuluik® at 0°C, which he bas himself discarded
later cn 9% is not considered here. :

The comparison of the values obtained on different techniques is possible only at 0°C.

Both Archert 88 and Northdurft® have measured the thermal conductivity with the com
pensating-tube method and the difference between the two values is about 2%, Kannuluik®
has exploited the thick-wire variant of the hot-wire methcd but after cahibration Lke a
_ katharometer his value can be checked with that of Northdurft$?, The maximum difference
between the existing data at 0°C65: 86, 88-90 is about 4%,. Ubbink® has measured the A values
employing the famous parallel plate method but his data is at very low temperatures where
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no check can be mady as no other measurements ar. available. Thus the thermal conduc-
tivity of D, as function of temperature will be specially useful relative to other gases smoo’rh
A values obtained from Fig. 9 are recorded in Table 1.

Very limited. data are avsilable for alarge number cf otber non-polar polya.tomlc gages.
Todd™ has reported data for NO, (888 x 10—5 cal-deg—1— sec—1 at 55°C) ard Franck2® for
the halogens F,, Cl,, Br,, and I, over various t>mperature range—173 to 525°C. Sufficient
data are also available for a laree number of hydrocarbens.
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