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The suitability of a semi-empirical method recently developed by Gambhir
and Saxena (1964) is investigated by performing numerical calculations
for several gas mixtures involving monatomic as well as fairly complicated
polyatomic molecules. This . formula yields results which compete in
accuracy with the existing methods., Two extensions of this formula are
suggested, one for calculating the viscosity of multicomponent gas mixtures,
and the other for predicfing the wviscosity at high temperatures. Both
these schemes have been successfully tested.

INTRODUOTION

A knowledge of the viscosity of gas mixtures is essential for a vast variety
of design problems. The directly measured values are not always available
specially at high temperatures and therefore theoretical methods of prediction
have received comsiderable attention during recent years. Some of these
methods are:

(1) The rigorous method in which the Chapman-Enskog theoretical
expression for viscosity (Chapman and Cowling 1952) is used along with some
assumed form for the intermolecular energy function. The major disadvan-
tages of this method are the laborious computation involved and the detailed
initial input information needed.

(2) The tndirect method in which again the theoretical expression
is employed but the requirement of the knowledge of the intermolecular
potential is dispensed with in favour of the data on suitable transport properties.
Thus, Saxena and Agrawal (1962) and Saxena and Narayanan (1962) computed
the viscosity values using the thermal conductivity and diffusion data res-
pectively.

(3) The approximate method which is based upon the approximate Wilke’s
(1950) expression. Wilke derived an expression for the viscosity of an
n-component system starting from the rigorous Chapman-Enskog formula
and making well-defined approximations. His expressions are
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Here » and X represent the coefficient of viscosity and mole fraction respec-
tively, M the molecular weight and the subscripts refer to the molecular
species.

(4) The empirical method suggested by Saxena and Narayanan (1962),
in analogy to a method used for thermal conductivity, utilizes eqn (1) and treats
the constants ¢; as entirely empirical to be determined by using 7., values
at two compositions.

(5) The semi-empirical method given by Brokaw (1958) supplements
eqn (1) with the following relation s
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The absolute values of ¢,; are then evaluated by eqns (3) and (1) in conjunction
with one mixture viscosity value. This method has never been tested before
though a corresponding method for thermal conductivity has proved very
successful (Mason and von Ubisch 1960).

(6) Another semi-empirical method suggested by Wright and Gray (1962).
They replace eqn (3) by the following relation:

L

Saxena and Gambhir (1963) have carefully examined the above relation and
found that v is a universal constant being independent of the system, temper-
ature and composition. They assign it a value equal to 0-85 and succeeded
in reproducing a large amount of 7, data through the use of eqns (1)
and (4) with v = 0-85.

(7) A third semi-empirical method developed by Gambhir and Saxena
(1964) following the work of Wright and Gray (1962). In this method the
relation giving the ratio of ¢,; values assumes the following form:

dy _ My 50M+33M, -
$x My 33M+50M;° oo

In this paper we investigate the relative merits of the last semi-empirical
method for the purposes of calculating and predicting binary and multi-
component viscosities. We also explore the possibility of extending this
method for the computation of viscosities at high temperatures. A number
of gas systems which may provide a crucial test have been examined.

and

CALCULATION OF VISCOSITIES )
A large amount of data are available for the viscosities of gas mixtures
though at high temperatures these are comparatively ‘scarce. We have
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chosen ten binary systems permuting out 'of inert gases and other polyatomic
- non-polar molecules. Some of the combinations chosen are such that the
molecular masses involved are comparable with a view to providing a severe
test to the procedure of computation. Our method of calculation is the one
proposed by Gambhir and Saxena (1964) referred to above as the third semi-
empirical method. Computed values of ¢;, with- the help of eqn (5) and
one binary viscosity value around the middle composition, for all the ten
systems are reported in Table I. Also listed in this table are the values of
pure viscosities and the temperatures to which the calculations refer. The
computation of binary viscosities is then straightforward with the help of
eqn (1).

TasLeE 1

Computed values of the constants qS,-J-

Gas oK 107, 107x, 4 4 Reference to 3

pair (g em=1gec—1) 18 21 . and 9, data
He-A 293 2,211 1,973 0-3312 2-1030 a
He—Ne 293 3,002 1,941 0-5804 1-3942 a
Ne-A 293 2,213 3,092 0-6236 1-5069 a
Hy-He 293 1,974 875 1-1654 0-8959 a
Hy—Ne 293 3,092 - 875 0-5860 1-1833 a
Hg~COq 300 1,493 891 02343 20917 a
Ny;O-H, 300 1,488 891 0-2451 2-1949 a
N;O-NO 523 2,435 2,912 0-8046 1-3063 b,e, d
Ng—CO, 293 1,466 1,756 0-7332 1-2681 o, f
CH,-C;H, 293 909 1,087 0-7032 1-3915 a

a = Wirschfelder et al. (1949).
- b = Ellis and Raw (1959).
o = Hagrkworth et al, (1962).
d = Raw and Ellis (1958).
e = Kestin and Leidenfrost (1959),
f = Saxena and Narayanan (1962).

As shown by Gambhir and Saxena (1964) ¢,; values are independent of
temperature and composition to a large extent. This is a very usaful infor-
mation, for it permits convenient prediction of 7, values at high temper-
atures. As this scheme of calculation is somewhat semi-empirical a detailed
checking will be of value. Throughout in the calculafions of this paper we
have evaluated ¢; values at the lowest temperature and these were also
used to compute the viscosities at all higher temperatures.

Computed values of viscosity for 4¢he three binary systems of inert gases
as a function of temperature and composition are reported in Table II. The

«
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Tasre IT

Comparison of calculated and experimental v, values

107X %, .. in g/em-gec
Gas K X, iz 1 6] Dev
pair : Exptl Cale %

He-A 293 0-8180 2,201 2,283 —03
373 . 0-8180 2,745 2,755 +0-4

0-5094 2,750 2,764 +0-5

473 0-56180 3,250 3,280 +0-9

523 0-8180 3,488 3,522 +1-0

He-No 293 0-2659 2,971 2,955 —0-5
0-7621 2,429 2,434 +0-2

373 0-2659- 3,479 3,464 —04

0-5624 3,171 3,169 —0-1

0-7621 2,846 2,857 +0-4

473 0-2659 4,056 4,038 —04

0-5624 ~ 3,702 3,699 —01

0-7621 3,327 3,338 +0-3

523 0-2659 4,310 4,308 0-0

0-7621 3,555 3,562 +0-2

Ne-A 203, 0-2680 2,808 2,811 +0-1
0-7420 2,401 2,398 —01

373 0-2680 3,313 3,331 +0-5

0-6091 2,990 3,005 +0-5

0-7420 2,885 2,802 +0-2

473 0-2680 3,890 3,912 406

0-6091 3,529 3,561 +09

0-7420 3,413 3,439 408

523 0-2680 4,150 4,181 +0-8

0-6091 3,790 3,815 +06

0-7420 3,658 ¥ 3,687 408

-

agreement of the calculated valyes with the experimental values at the
lowest temperature for all the three systems is excellent. Kven at high
temperatures where low temperature ¢,; values have been used the agreement
is remarkable. -The average absolute deviations in all cases are of the same
order as the accuracy of the experimental data. In Table III we list the three
binary cembinations of He, Ne and CO, with H,. Here again the same
procedure has been used for calculation and a similar success is achieved in
reproducing the experimental values. In Table IV are tabulated the results
for the two systems N,O-H, and N,O-NO. The agreement between
theory and experiment is reasonable if*allowance is made for the fact that
the pure viscosity data and those of N3O in particular involve much greater
uncertainty, two to three per cent. In Table V are recorded the viscosity
values for N,-CO, and CH,-C,H, systems. The agreement is surprisingly
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good and worth noting specially in view of the fact that the molecules in-
volved are quite complicated in nature.

Tasre IIT

Comparison of calculated and evperimental Nenix values

Gas 107 X ;. in gfcm-sec Dev
) ™K X, o

pair Exptl Cale %

H,-He 293 +0-3931 1,252 1,259 +0-8

0-3082 1,166 1,171 +0-4

373 0-4480 1,551 1,548 —0-2

0-3931 1,478 1,480 +0-1

0-3082 1,383 1,377 —04

473 0-4480 1,817 1,816 0-0

0-8931 1,728 1,736 +0:5

0-3082 1,619 1.616 —0-2

523 0-4480 1,939 1,942 +0-2

0-3931 1,852 1,857 +0-3

0-3082 1,732 1,729 —0-2

Hg-Ne 293 0-7480 2.782 2,776 —-0-2

“ 0-2285 1,684 1,882 —~01

373 0-7480 3,269 3,254 —05

0-5391 2,845 2,845 0-0

0-2285 1,981 1,978 —0-2

473 0-7480 3,807 3,792 —0-4

. 0-5391 3,327 3,319 -0-2

0-2285 2,319 2,313 —0-3

523 0-7480 4,054 4,046 —0-2

0-5391 3,340 3,542 +0-1

0-2285 2,476 2,471 —0-2

Hy-CO, 300 0-8007 1,501 1,506 +0-3

: 0-2150 1,370 1,371 +01

400 0-8007 1,945 1,952 +0-4

0-5871 1,933 1,941 +0-4

0-2150 1,713 1,734 +1.2

. 500 0-8007 2,358 2,357 0-0

0-5871 2,321 2,336 +06

0-2150 2,026 2,067 +2-0

550 0-8007 2,542 2,568 +0-6

0-5871 2,506 2,532 +1:0

0-2150 2,173 2,230 +2:6

The calculated values of viscosity for the ternary system A-Ne-He are
reported in Table VI as a function of composition at three temperatures. The
agreement between the calculated and experimental values is excellent, the
average absolute deviation being 0-5 per cent only.
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Tasre IV

Comparison of calculated and experimental n;, values

Gas . . 107 X ;. in glem-sec Dev
pair TR = Exptl Cale %
NO-H, 300 0-6011 1,481 1,487 +0-4
0-2143 1,348 1,341 —05
400 0-6011 1,907 1,922 +0-8
0-4039 1,849 1,861 +0-6
0-2143 1,681 1,700 409
500 0-6011 2,292 2,317 +11
0-4039 2,206 2,234 +13
0-2143 1,990 2,026 +1-8
550 0-6011 2,477 2,509 +13
0-4039 2,376 2,416 +17
0-2143 2,137 2,185 +2.2
N,0-NO 523 0-25 2,795 2,742 —19
0-75 2,570 2,512 —23
573 025 . 2,990 2,929 —20
0-50 2,870 2,799 —2:5
0-75 2,777 2,701 —27
623 0-25 3,176 3,113 —2.0
0-50 3,054 2,082 — 24
0-75 2,068 2,884 —2-8
673 0-25 3,362 3,292 —21
0-50 3,242 3,159 —~2:6
0-75 3,148 3,060 —28
723 025 3,526 3,469 ~1-6
0-50 3,426 3,346 —2-3
05 3,325 3,237 —26
773 0-25 3,722 3,642 —21
, 0-50 3,606 ¢ 3,509 —2.7
0-75 3,498 3,411 —25
DiscussioN

A close examination of the results tends to conclusively establish both
the adequacy and the accuracy of the proposed procedure of calculation of
viscosities of binary as well as of multicomponent mixtures, as a function of
temperature and composition. The important point to note is the success
of this method even for mixtures involving fairly complicated molecules.
The ease of calculation, small amount of initial information required and its
success even at high temperatures where direct measurements may be hard
to perform are the important features of this method. . The over-all average
absolute deviation for all the ten binary systems of Tables II-V is 6-7 per
ocent while in ternary system it is 0-5 per cen.
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TaBLE V

Comparison of calculated and experimental ny,; values

107 X 9y in glem-sec

Gas ™K X, Dev
pair Exptl Cale - o
N—COq 293 0-1060 1,744 1,731 -0-7
0-2333 1,721 1,898+ —14
0-3752 1,670 1,656 —0-8
0-6568 1,571 1,678, +0-1
0-7870 1,635 1,632 —0-2
0-9044 1,494 1,496 +0-1
403 0-20 2,170 2,168 —0-1
496 0-20 2,490 2,629 +1-6
631 0-20 2,900 2,968 +2-3
811 0-20 3,480 3,651 +2-0
932 0-20 3,820 3,840 +0-5
1,047 0-20 4,190 4,099 —2-2
1,146 0-20 4,370 4,327 —1-0
CH,—CeH, 293 0-8097 938 937 —01
0-1903 1,046 1,047 +0-1
373 0-8097 1,174 1,172 —0-2
0-5126 41,226 1,226 —0-1
0-1903 1,288 1,289 +0-1
473 0-8097 1,442 1,441 -0-1
0-5126 1,496 1,495 —0-1
0-1903 1,562 1,561 —0-1
523 0-8097 1,680 1,658 —01
0-5126 1,614 1,615 +0-1
0-1903 1,682 1,683 +0-1
Taere VI °
Comparison of calculated and experimental n ;. values of the
. ternary gas system A-Ne-He
. 7 .
K Mole fraction 107 X 9,;y in gfem-sec Iiev
X, X, X, Exptl Calc %
293 0-2670 0-5576 0-1764 2,740 2,727 -0-5
0-3213 0-3193 0-3594 . 2,569 2,559 —04
0-5851 0-2166 0-1983 2,411 2,422 +0:5
0-2382 0-2189 0-5429 2,504 2,490 —0-6
, 973 0-2670 0-5578 01754 3,237 3,238 0-0
0-3213 0-3193 0-35694 3,044 3,050 +0-2
0-5851 0-2166 0-1988 2,886 2,913 +0-9
0-2382 0-2189 0-5429 2,957 2,962 +0-2
473 0-2870 0-5876 0-1754 3,780 3,805 +0-4
- 0-3213 0-3193 0-3594 3,674 3,509 +0-7
0-6851 - 0-2166 0-1983 3,415 3,458 +1-2
0-2382 T 0-2189 0-5429 3,470 +0-7

8,494
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It will be interesting to compare the average accuracy of this method
with that of other methods. The rigorous calculations of 7, have been
performed by Hirschfelder ef al. (1949) for the eight systems out of ten consi-
dered here. The average absolute deviation is 1-0 per cent for the binary
systems and 0-5 per cent for the ternary mixtures. The average absolute
deviation in the indirect method of Saxena and Agrawal (1962) for the systems
they tried is 1-4 per cent. In the approximate method the average absolute
deviation is found to be 1-5 per cent for the four common binary systems and
1-4 per cent for the ternary mixture. In the empirical method the average
absolute deviation turns out to be 5-1 per cent for N,-CO, mixture and 1-1

per cent for the ternary. For the three common binary systems the average
absolute deviation in the semi-empirical method of Saxena and Gambhir
(1963) is 0-5 and 0-4 per cent for the ternary mixture. Thus, it will be seen
that the method proposed in this paper competes favourably well in accuracy
with all the existing methods. This, however, is not hard to reconcile if one
recalls that the derivation of eqn (5) is fairly rigorous and the approximations
are well defined and valid for most of the actual systems.
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