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The assessment of appropriateness of several computing methods for calculating
thermal conductivity of mixtures involving polyatomic gases has been investigated by
performing calculations on a large number of actual systems where experimental data
are available. The procedures are : the linear and reciprocal mixing rules; a combination
of these two; a quadratic expression method; three methods of Hirschfelder, Curtiss and
Bird; and Lindsay-Bromley method. Nineteen different binary gas-pairs afid six
ternary systems have been considered. This work will help in predicting thermal
conductivity of mixtures in respect of which directly measured values are not available,

Experimental data on thermal conductivity of-multicomponent gas mixtures are
very useful for a variety of important applied problems involving heat transfer. The
data of this type are very scarce particularly when the temperature is increased or the
melecules become complicated. Consequently, reliable and simple methods of prediction
are of great practical utility. Gandhi & Saxena! have recently investigated a series of

- methods as regards their appropriateness against known A, values for monatomic
gases.
o

The phenomenon of thermal conduction in mixtures of polyatomic gases is not very
adequately understood as yet. 'Three different theories?-4, which have appeared so far,
are fairly complicated and differ in their degree of rigdir. Without going into their re-
lative merit or appropriateness it is proposed to apply some of the simpler methods, al-
ready found dependable in the case of monatomic gases, to predict the thermal conducti-

Vity ( Amiz ) of mixtures involving polyatomic gases and assess the adequacy of cach
procedure. :

METHODS OF COMPUTATION
The various methods of computation are : )
(r) Linear and reciprocal mixing rules ‘
(e1) Combination of these two
(#7) Quadratic expression method®
(w) Lindsay-Bromley? method
and  (v) Three methods of Hirschfelder et al8 )

Gandhi & Saxena! bave discusscd all these methods except (v) which are elaborated
below. y

Hirschfelder et al® have suggested to compute A, for binary systems from the
following expressions: .

Amiz = /\omt'w (E1X1 + szz) . (1)
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where X; is the mole fraction of the pﬁre ith component and

o A exptl __ A exptl 1M ' j
E; A% oy 15 R . : 2)
where M;, A; & X% are the molecular weight, thermal conductivity, and thermal conduc-
tivity with all the internal degrces of freedom frozen of the pure ith. component
respectively, and A°mi; is the thermal conductivity of the mixture that will be obtained
when all the internal degrees of freedom of polyatomic molecules are frozen, ;. is either
the experimental or theoretical value of viscosity and R, the gas constant.

‘We suggest a generalization of equation (1) for a multicoﬁlponent mixture in a straight
forward manner such that )

Am'iaa = /\Omia: Z Xi Et (3)

t=1 ‘

They have also suggested a second method in which an adjusted value of the collision
diameter o’; is determined from the experimental value of A; and the theoretical
knowledge of the potential parameter e;/k as determined from viscosity. Next the diffu-
sion- coefficient is caleulated from the values of ,/K and o), abtained by using the geo-
metric and arithematic mean rules respectively and the corresponding pure parameters.
Thus, knowing the diffusion coefficient, A, is calculated from the expression given
by Muckenfuss & Curtiss®. This method can be readily extended to multicomponent
mixtures. . . T : ’ o

They® have further suggested a third method which makes use of the fact that linear
proportionality between thermal conductivity and viscosity for pure gaces may also hold
good for mixtures and suggest that for binary mixtures :

1 1 [ X2 2X, X, X2
== S———— —= 4
- Amiz (Mmiz )exptl oy T '\/0(0(2 + % ] ) ) ’
< where D=\ Yeapth

NUMERICAL CALCULATIONS -

In order to test the real assessment of the various methods discussed in the previous
section for computing thermal conductivity of binary and multicomponent mixtures
it is essential to perform calculations on such systems where directly obsetved data are
available. We consider here the data collected by the following workers on mixtures

mentioned against each :

Cheung et al®®. \ : : He — CH,, HHe — C0,, 0, — C0,, CH, — Ugll,,
- 00, — Cyllg, N, — 0, and N, — He.
Ibbs & Hirst! .« N,—H,, H,— Ar.
Kornfeld & Hilferding!? : Hy — €Oy, I, — C,H,.
Keyes® & Rothmani4 - 1N, — 00, ) i . ,
Baruals!0 . : 1, — Ne, I, — Xe, H, — Ne and N, — Xa.
Srivast?.v;t & Barua'® , : 0, — He and 0, — Xe ‘ .

Weber?® , A H,—C0,
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Gray‘& Wrightt? : :N,—H,
Wassiljewa2? - :0,—H,
Devidson & Music! " 1 He — 00y, Ne.— €O,

These data were plotted to check their smoothness and consistenoy and found adequate. In
fact, we conducted a detailed study?? of these data to inclide in'our present work only -
those systems, which did not contaia any experimental inconsistency.

Table 1 gives the experimental values in column 4 and the mole-fraction of the
heavier component in each case in column 3. The temperature to which the experimental
measurements refer are indicated in column 2. The percentage deviations of the calen-
lated values from the experimental ), values for the linear, reciprocal, a combination
of these two, and quadratic formula, are recorded in columns 5 to 8. The empirical
method of Hirschfelder et al8, as elaborated by equation (1) was also tried for all the
systems given in Table 1 and the values of percentage deviation so obtained are mentioned
in column 9. The second method suggested by Hirshfelder e al® was also applied to &
large number of these systems and the percentage deviation values are given in column -
10. Lindsay & Bromley” method has been applied by Cheung et al'® to a large number
of systems; their percentage deviations are quoted in column 11.

The pure thermal conductivity data required in the caloulations of Table 1 were
always taken in each case of the same worker as the mixture data. ‘
TABLE 1

. . - - — —] . ot
COMPARISON OF EXPERIMENTAL AND VARIOUS CALCGCLATED ). X 10° (CAL OM~! DEG™ SEO~) VALUES
’ (Entries in columns & to 11 are percentage deviations)

- . - N A
GusPair - Temp. X, mpi— Y Mm% Aq MmosmAHeBe) LB
°c) '
1 2 -3 4 5 -6 7 8 o 10 -
He~CH, 316  0-254 40-63 148 —5-1 48 —25 487 25 —05
045 - 30-64 300 2.1 161 — +21-3 +107  +7-6
0-701 2453 425-8 2.1 +13-9° —5'9 +183 +76 +6:0
He—CO0, 0 " 026 17-83 +43-8 —43-4 —0-3 495 421 +35 —381
.v 0-48 1120 1682 —432 4119 — 458 +46 —43
075 . 636 +70-9 —31.2 +19-8 —20-3 71 433 —5d
. 316 039  23-65 4+59-2¢ —18:2 +20-5 — 254 +18:5 +10-3
=00, 0 01686 27-99 -425.7 —48-7 —I1-5 +6:1 +28 - "gﬂg
0-3932 17-24 1543 —555  —0-6 = 451 Y
- 0-6302 10-3¢ 4+69-5 —50-3 +9-6 —18:8 +61 — o
0-8299 6.073 163-0 —33-8 -+14:6 —282 +69 -
D 5 —02 —0°2
25 0.0362 40-2 - +5-2 —I19-6 —7-2 +22 —05 . .
© 0:0941 350 +14-3 —349 —103 +57 —03 +03 193
0:-50¢ 1313 +06:8 —1-0 ingg e 20 T3a 34
807  7-58 547 —34-9 10:0 —16:0 — , ,
H~C.H, - 25 01351 329 4170 —33-1 —79 4565 13 8 s
| 0389 . 206 {308 —447 —25 +19 —38 THE T
0-4863 16-90 -148-0 —43-1 2.4 ‘9.0 - 06 —37 —b4
0-686 11-48 --51.0 —36:6 7.2 —99 3.0 —6:0 —7-2
: , 0-8302 861 +37-2 —28:0 405 —161 —3 e
0=N, - 819 06098 1119 +0-6 404 +05 ~ — +03 02 405
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- TABLE: 1 (contd.)

Gos Pait  Tomp. X, Mmgu. v ‘mm A Ag *mosq) AEeme) Aup
1 .20 3 4 5 67 8 8 10 1
Oy—He 30 015 21-00 4181 —20-6 —1-3 4213 +1.0 - —
, . 030 20 14. -36-0 —24:6 +5:7 -+43-2 +6°1 — —_

: 0-45 15-64 - 1464 —24-7 4109  — 470 —_ —_

060 12-30 497 —21-9 --13-9 +63:2 -+7-7 —_ —_

075 9-642 f44-4 —15-9 142 +57-9 47-1 —_ —

0-90 7-621 4-23-8 —17-9 480 +380 34 S —

Ne—(CO, - 0 0-74 447 190 —7-6 458 18 #12:8 — 433
. 053 58 417-0 —14-8 41-2 — +102 — —0-2

040 679 156 —150 03 +1-3 496  — —I.5

o » 031 731 -16:6 —11-9 423 _+48 114 . — 428
0,~Xe 30 0-85 1-684 $22.7 —12:7- 450 -—2:0 —2-6 _ —
: 070 2-223 427-7 —23-4 421 —31 —66 —_ —
055 2-804 --28:8 —27-9 +04  — —68 —_ “

040 3-564 1230 —30°2 —3:6 10 —6:7 _ —

0-25 4301 119-9 —24:9° —2-5 _+56 —17 — —_

0-10 5500 +7-8 —16-2 —4-2 424 14 — —

Ny—Xe 30 0-85 1-698 167 —16:1. +0:3 104 —B5'8 — —
0:70 2139 1266 —23-0 1.8 184 —4-5 —_ —_

. 0-55 2630 1-30'6 —25:8 24 . — —I1-7 _— —

0-40 3-297 +26-2 —27°3 —0-5 4202 —1-2 —_ —

R 0:25 4-133 -118-2 —25.0 -84 ;144 —0.6 _ —

0-10 5175 485 —15-0 -—32 -L7-1 104 — =

Hy—Ar .0 0-82. 7-3 +43-8 —36-2 . }41 —68 —11:0 — =21
060 12:6  146:8 —51-5 —=2-4 — —11'9 — =31

0-40 18-7 1380 —544 —8.0 64 —86 —_ =10

0-198 270 4+23-0 —47-6 —I2:2 485 —0-3 — 14

H,—0, 22 0-50 18:27 4315 —405 45 - .= <5 —

4

Nors ,——’\SM, ARM, ’\0, /\Q AH CB(1Y, AI—ICB(2) and )‘LB are the values of mixture conductivity
calculated according td simple mijxing rule, reciprocal mixing rule, a combination of simple and
reciprocal mixing rules, quadéatic expression, Hirschfelder, Curtis & Bird- Method (1), Method (2) and
Lindgay—Bromley method respectively. : ) . i

Nore 2~—Dash (—) stands for uncaleulated thermal conductivity values,

Experimental data for the following six different ternary systems invclving 'poly- :
atomic gases were available :

Cheung et al'0  :N,—0,— (0, He— N, — Ar, He— CH, — N,
Qlingman etal?s : He — CH, — 0,, Ar — CH, — O,
Gruss & Schmick?t Ny — CH,— 0,

All these data are reported in Table 2. The percentage deviations of the calculated
values from the experimental Apg values for the linear, reciprocal and a combination
of these two, are also recorded in Table 2. We¢ have not extended the other methods
in view of their complexity, but the calculations were performed for the N, — 0, — CO,
system for the three other methods. Hirschfelder ef al® method given by equation (3)
reproduces the experimental data within 0-8%. The second method by these very
authors also tumns out to be equally satisfactory and reproduces the experimental values
within 0-5%. Lindsay & Bromley? method succeeds in reproducing the experimental
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TasLe 2

EXPERIMENTAL AND CALOULATED Amix % 10 (0AL oM™! SEC—! DEG™!) VALUES FOR SEVERAL TEENARY
; MIXTURRS (Columns 7, 8 and 9 give absolute percentage deviations)

Gas System Temp. X, X, X, "Exptl. "SM ’\RM . '\0
°0)

1 2 3 4 5 8 7 8 9
N,—0,—C0, 970 0-3231 03720 03040 6720  +1-2 —1.6 —0-1
Ar—N,—He 99:56  0-117 0468  0-415  13-95 4538 —27-1 +14-0
Ny—CH,~—He 817:6  0-476 0365  0:159  16:74 +276  —8.7 +9-4
0,—CH,—He 00 0197  0-0600 0743 200 4345  —92-0 +8-5

: ~ 0-188  0-100 0-712 19-5 1338 —23.6 451

‘ 0-181 0-135  0-684 18-8 +36:0 —23-1 465
Ar—0,~CH, - 00 . 0-751 0-199 0-050 459 —24 -5 —4-1
0712  0-188 _ 0-100 4-71 —~19  —64 4.0

0-677 0179 ' 0-144 4-91 —3:8  —86 59

0,—N,—CH, 00 . 0194  0-736 0:070 590 —1:4 —1:7 1.5
’ 0-188  0-712  0-100 599 —20 —2.5 2.2

: 0-185  0-698  0-117 6-01 —20  —25 - —=2.2

22.00  0-18 0739  0-076 6-13 4-2-0 +1-8 420

0-122 0488  0-390 6-50 --11-2 +0-6 +0.9

0060 0240  0-700 687 406 00 +0-3

0:02¢  0:096  0-880 7-08 +0-0 00 0-0

Average deviation (%) R 17-5 10-0 53

values within 0-99,. Cheung, et al® have also reported the computed values of A,
according to the Lindsay—Bromley formula for the systems He — CH, — 0y, “Ar
— CH, — 0,, He — N, — Ar and He — CH, — N,. The average absolute deviations for
these systems are 3:9, 3-9, 5-0 and 6-19, respectively.

DISCUSSION

. A close examination of Tables 1 and-2 shows that the linear mixing rule, in general,
overestimates the values of A, by an appreciable amount. In general the discrepancy
is more pronounced when the two components have widely different thermal conductivity
values. Similarly the reciprocal mixing rule underestimates the A, values and it also
turns out to be a relatively poor method for mixtures whose constituents differ a lot in
conductivity. These opposite trends in the variation of the caleulated values from the
experimental values and further the way these discrepancies increase for a particular
mixture suggest that a combination of two might successfully be employed for a very
simple choice of predicting Ami». Itis found that this method is on the whole reasonably
satisfactory for purposes of approximate prediction of Aui;. It also impresses by its
simplicity. : ,

The quadratic method has on the other hand two distinct disadvantages: (¢) it
requires one Ani; value and (é) the computations according to this method are some-
what tedious from the computational view point. For the same reason this method leads
to values which are in good agreement with the experimental values. The overall success
of this procedure is somewhat better than thiat of the simple mixing rules mentioned above.
The semi-theoretical procedure (suggested by present authors?6:26) which also Tequires
0ne Amiz Value, works better than this procedure. These circumstances make this
method of rather doubtful validity and promise. '
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The method of equations (1) and (2) was put to test by Hirschfelder et al®, the intro-
ducers of this method, for seven different binary gas-pairs and 36 mixtures. The average -
absolute deviation is maximum for H, — Ar (9-4%) and minimum for H, — CO, (1-6%);
for all the systems its value is 5:4%. In this paper 19 different gas-pairs were tried and
it was found that the gencral agreement between theory and experiment is of the same
type as found earlier®. The average absolute deviation for all the systems is 6:0%. The
only advantage of this method seems to lie in the fact that only important information
needed is the conduetivity of the related pure co.~ penents. However, it may be pointed
out that adequate knowledge of the force laws is also needed and this may not be available
always specially when complicated and uncommon gases are involved. It is fairly labo-
rious and unhandy for actual calculations. In view of the overall success of this method
and the facts mentioried above it does not seem to inspire any special preference. The
idea behind performing such laborious calculations for such a large number of systems
was to reliably discover the statistical expectation of its acouracy. These caleulations
could not confirm the optimism by reducing the average expected uncertainty,

The second method suggested by Hirschfelder et al® is fairly tedious in as much as
it requires extraordinary amount of labour. These authors® did not themselves apply’
this method of computation to actual systems although it has adjustments because of
which it is likely to lead to good agreement beiween theory and experiments. We
have therefore adopted this method and applied it to 9 different gas-pairs and 40 mixtures.
In general, this method is quite dependable and invariably leads to values which are in
agreement with the experimental values within the limits of experimental uncertainties
(see Table 1). The average absolute deviation for all the mixtures is 4:1%. The dis-
crepancy in the case of He—('0, at 316°C is very large (18-5%,). In case we take notice of
the fact that in other methods also the discrepancies observed for this single mixture are
large, we can ignore it and thcn the average absolute deviation improves to 2-99,
Another very important observation of value in connection with the assessment of this
method is obtained from a eritical examination of Table 1. For all the systems at high
temperatures this method seems to become somewhat inferior and the agreement between
theory and experiment becomes worst. This is unfortunately a somewhat disappointing
" feature of this method and may be further confirmed when reliable data become available.
The basis for the suggestion of this future work lies in the remarkable reproduction of
Aumig Value for O, — N, at 319°C. Thus we find that though this method involves
laborious computation it has good potentiality.

The third method of Hirschfelder et al8, as given by equation (4), is physically unsound
and requirés experimental values of the viscosity and the thermal conductivity of
* pure components in addition to mixture viscosity, Well knowiiig these disadvantages
Hirschfelder ¢t al® put this method to test for seven systems. Their calculated values
are in poor agreement with the experimental values. The average absolute deviation
is minimum for /I, — N, system (9-49%) and is maximum for N, — Ar (65:9%). The
average number for all the seven systems is 22-79%,. .

It will be appropriate to discuss now the Lindsay-Bromley formula so often employed
with moderate success. Such czlculations have already been reported by Cheung et al %,
Their data for 14 systems are reproduced in Table 1. It will be noted that the predicted
values roughly agree with the experimental values and the average «bsolute deviation for
all the systems is 8-49,. This confirms once ag:in the earlier observation of Srivastava
& Saxena® and Saxena?®  at Lindsay-Bromley formula needs to be improved for
precise reproduction. ‘ "
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" For ~obhammg more precxse quanmtatlve assessment of d;ﬁ‘erent computamonal pro-..

: cadulxes for a gas-pair, the average absolute: ‘deviations (of computed values from experi-

mental values) systemwise are given in Table 8. It also gives mean values for all the sys-
tems. We hope this will help either (i) in choosing a, method once the gas-pair-and other
“conditions are fixed or (u) in assessing the acouracy of atpartmular velue ona specifie

: ,me'ehod ; : e o -
‘TABLE 3

AVERAGE ABSOLUTE FERCENTAGE DEVIATION SYSTI}MWISE OF COMPUTED VALUES FROM EXPERIMENTAL

VALUES
- . ° . i £ \ ' B . .

Qas-pair Temp. AsM o e A A Mesy Mmese) As

He—CH, o ome . 285 . 81 .1l 6 42 16:1 - . 69 4.7

He—00, - L 6008 33 0107 149 .50 . 38 49

o 316 © 59-2 182 205 — 254 185 10-3

| B,—00, 25 330 28:8. 91 62 27 - 2d 390
 Hy—0,H, : 25 886 8Tl 41 &4 1.8 27 48

O—~N, 319 0.6 04 0:5 - 03 02 - 05
000, . - 7 1-8 1-3 0:2 05 35 01 . 10

N—CO, 50 82 10 12 0:6 15 1-2 D140

: 250 05 11 08 0-3 0:8 15 06

573 35 3:6 3:5 I-1 0-9 50 2.7

, 688 3-8 39, 39 0-9 1-0 55 3.1

O,H—CH, 95 88 2.9 58 1-8 9.3 15 3.9

CH~00, T 5 14 23 19 07 9-4 3:3 L0

N«—Hg ~ S 0. 415 . 394 539 118 51 - 63

T 148:3.7 2549 302 40 46 — — =

H,-—Ne 30 133 185 33 84 52

H—Xe 30 714 731 144 . 539 . 84 — —

Ny-He 30 38:9 21-9 9.6  §4 52 -

N 316 : 40'1} 187 10-7 - 79 - — —_ 58

O—He =~ 30 364 198 90’ 43:5° 55 —

Ne-C0, 0 175 12-3 2-4 26 - 1140 - —. . 1.9
—Xe 30 - 217 227 3-0 28 43—

. Hy=Xe - 80 211 280 - 1.9 141 28—
CBHy—dr -0 319 a4 67 72 86 -~ . 1.9
H,—C0, 0 53-1 1. 91 1T B4 .

Hy~0,- 22 31-5 405 45— 56— -

. . . 3 ) X . . . .
Average deviation (%) 265 213 61 93 60 41 3.4

CONcLUSI"’ON‘”

Based on the experience of all these calculatlon procedures for a Iarﬂre number orf‘ gas-
pom's over varwd conditions of temperature and- compos:tmn, the followmg comments and
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suggestions are offered for help in; predlctmg thermal eonductivity under conglition
where direct'measured values may not be available and one may be mterested in - the
knowledge of best estimated value: . :

1. The linear and reciprocal mixing rules seldom lead to values of reason&ble accu‘
racy. The method based on the combination of these two also lacks in preclsmn
but offers itself as a crude simple choice.

2. The quadmtw equation method is of little interest. Sem1—theoret1cal method
requiring an almost identical amount of initial mformatlon should be preferred
as it is quite dependable .

3. The first method of Hirschfelder et al® inspires little interest in vmw of
its complexity and lack of precision.

4. The second method of Hirschfelder e al® is quite a good. one prov1ded one
can put up with the computational strain.

5. The third method of Hirschfelder et al® is not accurate and does not 1mpress
by the amount of initial information it requires. -

* 6. The oxiginal Lindsay-Bromley? method seems to entail uncertainty amountmg
toa couple of percent. The older effort to improve upon it has lost its glamour
in view of what is mentioned in 2 above. .

7. Though the detailed ea,lculatmns of this paper are confined to bmary systems
yet the sample calculations performed for the ternary systems suggest that
all the recommendations mentioned above apply to multmomponent systems
also.
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