
792 H. Adzumi. [Vo. 12, No. 6,

Studies on the Flow of Gaseous Mixtures through Capillaries.

Ⅲ. The Flow of Gaseous Mixtures at Medium Pressures.

By Hiroshi ADZUML

(Received May 26th, 1937.)

In the previous papers(1) (2), the author reported the studies on the

flow of gaseous mixtures when the mean free paths of molecules are

small or large in comparison with the diameter of the capillary. When

the mean free path is small against the diameter, the quantity of a gas

flowing in unit time is expressed by the following formula:

Gv=ap(p1-p2), (1)

where

η is the viscosity of the gas, p1 and p2 the pressures at the ends of the

capillary, p the mean of these, and l and r are the length-and the radius of

the capillary. When the mean free path is large against the diameter,

the quantity is expressed by

Gm=b(p1-p2), (2)

where

ρ1 is the density of the gas at unit pressure.

At medium pressures when the mean free path is comparable with

the diameter, two above formula overlap each other and we may set as
follows:

Q=Gv+γGm=K(p1-p2),

or K=ap+γb, (3)

where γ is a coefficient which is equal to or smaller than unity.

In order to examine formula (3) for simple gases and binary gaseous
mixtures, the following experiments have been done.

The Quantities of Flow of Simple Gases. The procedure for measur-
ing the quantity of flow is the same as already described.(2) The quanti-

(1) This Bulletin, 12 (1937), 199.
(2) Ibid., 12 (1937), 285.
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ties of hydrogen, acetylene, and propylene flowing in unit time and under
unit pressure difference are given in Table 1. The mean pressures are

measured in mm. In such a case, the formula of the quantity of flow

becomes

(4)

where M is the molecular weight of, the gas and T the absolute temperature.
In Fig. 1, K is shown as function of the mean pressure. As seen

from the figure, the observed values of K decrease with the decrease of
the pressure, lying on a straight line at higher pressures, then after pass-
ing through a minimum, become a constant at very low pressures. As
described in the preceding paper, this constant corresponds to the rate
of the molecular flow. The shape of the curves in Fig. 1 shows that the
flow can be expressed by formula (3).
The gradient α can be obtained from the straight part and by using

it we can calculate the values of γ, which is shown in the fourth column

Table 1. The Quantities of Flow of Simple Gases. (Fig. 1.)

Hydrogen. (20℃.)

Fig. 1.
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Acetylene. (20℃.) Propylene. (20℃.)

of Table 1. The observed values of α agree very well with the values

calculated from the viscosities and this comparison is shown in Table 2.

Table 2.

Fig.2. γ of Hydrogen

The coefficient γ of simple gas is a function of the mean pressure

and is constant at very low pressures, where it is equal to 1.0, and also
constant at the pressures higher than about 0.4mm., where it is equal to
0.9.

Hence equation (3) is the general formula over a wide range of

pressures. If the pressure is so low that the mean free path of the
molecule is large against the diameter of the capillary, the first term of
equation (3) can be neglected and γ becomes unity, so that the formula

of pure molecular flow is obtained. If the pressure is so high that the
mean free path is negligible against the diameter, the second term of
equation (3) is negligible and we have the formula of pure viscous flow.
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Knudsen(3) introduced empirically the following formula for γ and as

the value at higher pressures gave 0.81 which is smaller than the value

obtained by the present author.

(5)

where

The comparison between the values of γ calculated by (5) and those

observed for hydrogen is graphically shown in Fig. 2.

As seen from Fig. 2, the observed values of γ can not be appropriately

expressed by Knudsen's formula.
If only a fraction f of the impinging molecules leave the wall accord-

ing to the cosine law and the remainder, 1-f, are regularly reflected,
some factor must be introduced into the formula of the molecular flow.
This factor was given as (2-f)/f by Smoluchowski(4 and f/(2-f)
by Gaede.(5) As described in foregoing paper, this factor is unity at
the pure molecular flow. However, if we assume that f is not unity at
medium pressures, it will be able to interpret, by using Gaede's factor,
that γ becomes smaller than unity. This assumption of f smaller than

unity at medium pressures deserves further theoretical investigation.

The existence of a minimum point of the K-p curve seems to be

peculiar and has been experimentally examined by many authors. How-
ever, as seen from the results of the present author, Knudsen, and

Klose,(6) the existence is probably correct, notwithstanding that the

theoretical interpretation has not yet been done.

There is a close connection between the decrease of the values of γ

and the existence of a minimum point, and if the former can be inter-

preted, the latter point will be clear.

The Quantities of Flow of Gaseous Mixtures. The quantities of flow
of the mixtures (K') of H2～C2H2 alld H2～C3H6 were measured and the

results are tabulated in Tables 3 and 4.

The shape of K'-p curves of mixtures is similar to that of simple

gases. As seen from the fourth columns of Tables 4 and 5, γ''s of mix-

tures, similarly as in the case of simple gases, become constant at higher

pressures. Hence the quantity of flow of a mixture can be expressed by
a formula analogous to (3), namely,

(3) M. Knudsen, Ann. Physik, (Ⅳ), 28 (1909), 76.(

4) M.v. Smoluchowaki, ibid., (Ⅳ), 33 (1910), 1569.

(6) W. Gaede, ibid.. (Ⅳ). 41(1913), 289.

(6) W. Klose, ibid., (Ⅴ), 11 (1931), 73.
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Table 3. The Quantities of Flow of H2～C2H2. (Fig. 3.)

Mixture Ⅰ.

(H2: 75.6.%, C2H2: 24.31%)

Mixture Ⅱ,

(H2: 51.18%, C2H2: 48.82%)

Mixture Ⅲ.

(H2: 25.97%, C2H2: 74.03%)

Fig. 3. H2～C2H2 (20℃.)
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Table 4. The Quantities Fof. Flow of H2～C3H6. (Fig. 4.)

Mixture Ⅰ.

(H2: 50.82%, C3H6: 49.18%)

Mixture Ⅱ.

(H2: 75.18%, C3H6: 24.82%)

Fig. 4. H2～C3H6 (20℃.)

K'=a'p+γ'b', (6)

where

n1 and n2 are mol fractions of components and the prime means the values

of a mixture.

The comparison between the observed and calculated values of α'

is given in Table 5.



298 H. Adzumi. [Vol. 12, No. 6,

Table 5.

The calculated values of α'are obtained by using the viscosities which

are computed, in the case of H2～C2H2, by interpolation from the

observed values at 20℃. and, in the case of H2～C3H6, by the viscosity

formula for the mixture, the viscosities at 20° being not observed.

The values of y'at higher pressures of the mixtures are summarized

in the last column of Table 5. These are constant for varying composi-
tions of the same combination of components, but different from those
for different combinations and simple gases.

As seen from the K'-p curves in Fig. 3 and 4, the occurrence of
minimum point of mixtures is very much remarkable. It was already
shown in a preceding paper that when a mixture flows through the
capillary, the separation takes place at low pressures, for example at
the pressures lower than about lmm. for the mixture H2～C2H2.

Owing to this separation the flow of hydrogen is comparatively larger
at pressures lower than 1mm., consequently the minimum point occurs
at the pressure higher than in the case of simple gases.

The Quantities of Flow of Mixtures of Organic Vapours. The

quantities of flow of the following mixtures of organic vapours were
measured at the pressures lower than about 3mm.

C6H6～CCl4, CCl4～CHCl3, (C2H5)2O～CHCl3.

In order to increase the accuracy of measurement and to be able to
compute the viscosities from K-p curves, the essential parts of the

apparatus were kept in the thermostat and the McLeod gauge of short

type was read by using a cathetometer. The experimental procedure is

the same as described in the preceding paper.
The results of observation are shown graphically in Fig. 5-7. The

flowing quantities of these mixtures can be expressed, similarly as the

mixtures described above, by equation (6).
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Fig. 5. C6H6～CCl4 (20℃.) Fig. 6. CCl4～CHCl3 (20℃.)

Fig. 7. (C2H5)2O～CHCl3 (20℃.)

The values of γ' at higher pressures are 0.69 for CHCl3～(C2H5)2O,

0.80 for CCl4～C6H6, and 0.89 for CHCl3～CCl4. Those together with

other two are summarized in Table 6. γ' are about 0.9 for simple gases

but smaller for mixtures. It can be noticed that the value of γ' depends

upon the configurations of two components. Namely as the configurations

of CHCl3 and CCl4 are alike, the mixture of these vapours has the value
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of γ' nearly equal to that of a simple gas. But the values of the mixtures

of H2～C3H6 and CHCl3～(C2H5)2O, whose components are considered to

have not similar configurations, are far smaller than 0.9.

Table 6. The Values of γ' at Higher Pressures.

The Viscosities of Benzene, Carbon tetrachloride, Chloroform, Ethyl

ether, and Their Mixtures. From the quantities of flow the viscosities
of the vapours can be calculated by equation (4). The values at 20℃.

for C6H6, CCl4, CHCl3, and (C2H5)2O are given in Table 7.

Table 7.
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The values given in the third column of Table 7 are calculated using

Sutherland's constants obtained by T. Titani.(7) The agreement of the

calculated and observed values is not good. This is perhaps due to the

fact that Sutherland's constants were obtained from the observations

above the boiling point and this constant is not satisfactorily accurate

for low temperature.

The viscosities of mixtures of C6H6～CCl4, CCl4～CHCl3, and

(C2H5)2O～CHCl3 are givell in Tables 8-10 and Fig. 6-8.

Table 8. Viscosities of

C6H6～CCl4 at 20℃. (Fig. 8.)

Table 9. Viscosities of

CCl4～CHCl3 at 20℃. (Fig. 9.)

Fig. 8. C6H6～CCl4 (20℃.)

Fig. 9. CCl4～CHCl3 (20℃.)

(7) T. Titani, this Bulletin, 8 (1933), 255.
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Table 10. Viscosities of

(C2H5)2O～CHCl3 at 20℃. (Fig. 10.)

Fig. 10. (C2H5)2O～CHCl3 (20℃.)

The mixture CCl4～CHCl3 shows a maximum at about 50% of

CHCl3 and the viscosity curves of the other two are nearly straight. The

occurrence of the maximum point in the case of CCl4～CHCl3 is very

well explained by the conditions theoretically discussed in the first paper

of this series.

The values of Sutherland's constants between different molecules

obtained from the viscosity data of mixtures are given in Table 11.

Table 11. Sutherland's Constants of Mixtures.

Summary.

(1) The quantities of seven following simple gases and six gaseous
mixtures flowing through the capillary have been measured at the

pressures between 4 and 0.01mm.

H2, C2H2, C3H6, H2～C2H2, H2～C3H6;

C6H6, CCl4, CHCl3, (C2H5)2O, C6H6～CCl4, CCl4～CHCl3,

(C2H5)2O～CHCl3.
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(2) The quantities of flow, K, is a function of the mean pressure,
p, and the K-p curve passes through a minimum point. The occurrence
of a minimum point of mixtures is more remarkable than in the case of
simple gases.

(3) The quantities of flow of simple gases are satisfactorily ex-
pressed by

K=ap+γb,

where γ is a coefficient which becomes a constant at higher pressures

(=0.9) or at very low pressures (=1.0), and varies from 0.9 to 1.0
at the intermediate conditions.

(4) The quantities of flow of mixtures are also expressed by a
formula analogous to that of simple gases. The values of γ' at higher

pressures of the mixtures are constant for varying compositions of the
same combination of components, but different from those for different
combinations and simple gases. These values are also considered to
depend on the chemical configurations of two components.

(5) The viscosities of the following mixtures have been calculated
from the quantities of flow.

C6H6～CCl4, CCl4～CHCl3, (C2H5)2O～CHCl3.

The mixture CCl4～CHCl3 shows a maximum at about 50% of CHCl3

and the viscosity curves of the other two are nearly straight.

In conclusion, the author wishes to express his cordial thanks to

Prof. M. Katayama for his encouragement throughout this experiment.

Chemical Institute, Faculty of Science,
Imperial University of Tokyo.


