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EXPERIMENTAL INVESTIGATION OF TOTAL FLOW AND DIRECTIONAL DIAGRAMS 

IN DISCHARGE OF GAS TO VACUI/M THROUGH CAPILLARIES OF DIFFERENT LENGTHS 

S. T. Barashkin, B. T. Porodnov, and M. F. Chemagin UDC 533.6.011.8 

An experimental investigation of discharge of gas into a vacuum through cylindrical chan- 
nels over a wide range of source gas pressure is of interest, since this phenomenon finds 
wide application in both engineering and scientific research [i, 2]. In discharge of gas 
from a channel into vacuum different flow conditions are found, from viscous to free-molecu- 
lar, and this makes the problem very different from the well-studied problem where gas flows 
with negligibly small pressure differences in comparison with the average pressure, and com- 
plicates theoretical study. 

The flow of gas through cylindrical capillaries with different ratios of length to diam- 
eter I/d has ]been studied by various authors (e.g., [3-7]). In [3, 4] an unsteady flow meth- 
od was used, in which the pressure drop in the channel is considerably less than the average 
pressure. A /large pressure drop in the channel was allowed for in [5]. However, in that 
paper the author restricted his study to an intermediate flow regime. To describe the ob- 
served results, as a rule, one uses either semiempirical formulas [3, 4], or quite rigorous 
theoretical formulas, obtained for a limiting viscous flow regime [6]. At present there are 
no theoretical papers describing gas dischargeinto vacuum through a cylindrical channel un- 
der arbitrary flow conditions. 

The directional diagrams (the angular distribution of the molecular beam intensity) have 
been investigated experimentally by various authors (e.g., [8-10]). A rather complete study 
of molecular beams was conducted in [ii], where the directional diagrams were measured for 
an ammonia beam over a wide pressure range and for channels of different lengths. The re- 
sults obtained agree satisfactorily with theoretical calculations made in [12]. Later, the 
problem of generating molecular beams was studied theoretically in [13]. 

The present paper presents results of a systematic experimental study of the influence 
of geometric dimensions of circular capillaries and the nature of the gas on the total molec- 
ular flow and the shape of the directional diagrams of molecular beams of hydrogen and carbon 
dioxide. The results obtained have been compared with available theoretical data. 

Sverdlowsk. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 4, 
pp. 74-80, July-August, 1977. Original article submitted June 28, 1976. 
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Experimental Technlque 

The experiments were conducted in fused glass capillaries of radius 0.199 and 0.287 cm, 
with ratios of length to diameter ~/d = 0.02, 0.980, 5.33, and 24.1, respectively. The test 
channel was welded to a source flange, fastened to a rotating plate. In the setting-up pro- 
cess the axis of the exit section of the channel was made coincident with the axis of rota- 
tion, and the channel axis was mounted perpendicular to the axis of rotation. Constant pres- 
sure was maintained in the source by means of a flowmeter, a glass vessel of constant sec- 
tion, located in a volume of gas and floating freely in diffusion oil. To avoid an appre- 
ciable change of gas pressure in the upper cavity of the volume above the glass, due to it 
becoming evacuated as the gas discharged, the cavity was joined to a vessel of capacity ~130 
liters. 

The gas flow through the source channel was determined from the rate of evacuation of 
the glass. During the measurements the gas pressure in the source was maintained constant 
to within 1-1.5%. The error in measurement of total gas pressure was not greater than 2%. 

The absolute pressure of the gas in the source was measured by a volumetric differential 
micromanometer with a digital sensitivity of ~i.I �9 I0 -~ torr/Hz [14]. The gas pressure above 
the glass of the flowmeter was measured by oll and mercury manometers. The gas discharged 
from the source was carried out into a vacuum cavity in which the gas pressure was held con- 
stant at 10-5-10 -6 tort. In order to measure the directional diagram of the molecular beam 
we used a modulation method of detection, described in [14]. The detector was an ionization 
converter with an inlet aperture of ~2.7 mm, rigidly attached at a distance of ~20 cmfrom 
the beam source. The signal was recorded using a digital voltmeter and autorecording poten- 
tiometer. The reproducibility of the results was not worse than 4-5% in the large-angle re- 

gion (60-80"). 

The investigations were carried out in carbon dioxide and hydrogen in the Knudsen num- 
ber range (Kn = X/R) from 50 to 0.003, at a source gas temperature of 293"K. The molecular 
mean free path X was calculated from the viscosity coefficient for solid spherical molecules 
according to the gas pressure in the source. 

Comparison of Results and Discussion 

Figures I and 2 show the experimental data from measurement of total molecular flux of 
carbon dioxide and hydrogen through the channels investigated, expressed as the dimensionless 
flux M/Mo as a function of the parameter 

1 ~  

492 



~0 20 r <5 5 0 5 eO 20 :5 ~0 

-.. , /I./'t I/..~i ~r ".. / i 

\ \ I / '~ Mi:~! ~,~ \\ ;" ,' I 

\ ,,/: ,4 M i i  t l  ,"t '~ t,. / + 
! \ t t  k / '  l lt i ti ', ~" , t c' ,." ! 
,". . .  . \  i ! \ . ~ i I ! ' I  ' " / ~ ' ~  

" ~ "  ' ~ ' " i : / i \  , ',' ! ' , , I  \~l j !  A : ,  v i i  , / ,  
I ', , ,  , '  I i ,! :1 ~' . . . . .  i 

~o l  \ "~-.~ k it\ t",~ii /;' b'li I," IPI  / 5so 

I'--.. 

I ~ ' "  ~ ii:#,L~'.~/ I. 

Fig. 3 

0 0 r  "II  x ,  . 
\ o .  \ .  :: 

& i l l  \ "~ 

\ 

0 , 2  , ~ 

o 20 40 ~; 80 G ~ 

Fig. 4 

where M is the experimental flux of molecules; Mo is the flux as calculated from a formula 
for free-molecular gas flow in a channel of finite length of the form 

i p 
Mo = T ~ vtSW. 

Here p is the gas pressure in the source; v t = (8kT/~m) :/a is the average molecular velocity 
of the gas; S is the cross-sectional area of the channel; and W is the probability that mol- 
ecules will pass through the channel. The probability W was found from [15] for capillaries 
with 1/d = 0.98 and 5.33, and the values were 0.5188 and 0.1910, respectively. For a capil- 
lary with I/d = 24.1 the probability of passing was taken from [16] and was 0.0502. 

As can be seen from Fig. i [i and 2 refer to carbon dioxide, 1/d = 0.98 and 5.33, re- 
spectively; and 3 and 4 refer to hydrogen and carbon dioxide (1/d = 24.1)], in the free- 
molecular limit the ratio M/Mo becomes unity for all the channels (to within 3-4%), In the 
channel with I/d = 24.1 a slight minimum was seen in the gas flow rate in the range 8 = I- 
0oi, typical for long capillaries. In the other (short) capillaries no minimum flow rate was 
observed. Also, the values of M/Mo for carbon dioxide and hydrogen for thechannel with//d = 
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24.1 coincide within the limits of experimental error over the whole range of ~ investigated, 
which is evidence that the flow rate is independent of the kind of gas. 

Figure 2 shows the experimental dependence of the ratio M/Mo for carbon dioxide as a 
function of 6 in a viscous flow regime with slip (1-4, I/d = 0.02, 0.98, 5.33, and 24.1, re- 
spectively; the solid line corresponds to the theoretical formula obtained in [17] under the 
assumption that the pressure drop is small compared with the average pressure). It can be 
seen that for an aperture (Z/d = 0.02) in the region ~ > i0, the ratio M/Mo remains constant 
within the experimental error, which is evidence that the volumetric gas flow rate is inde- 
pendent of the pressure in the source, i.e., that the gas discharge through the aperture has 
reached sonic conditions (the so-called Euler limit). With increase of I/d the dimensionless 
flow rate M/Mo increases. The rate of increase M/Mo with increase of ~ diminishes in the 
short capillaries with ~ = 20-40, and for the long capillaries (I/d = 24.1) it remains prac- 
tically constant over the whole test range 6 > I0. However, in the case with ~ > 80 a reduc- 
tion in the rate of increase M/Mo is observed. One would expect that for the long capillar- 
ies sonic conditions for gas discharge into vacuum would occur. Unfortunately, the experi- 
mental technique and the method of measurement did not allow us to study this gas discharge 
regime. 

Figures 3 and 4 show the directional diagrams of the molecular beam of carbon dioxide 
in the form of relative beam intensity l(e)/l(e = 0) as a function of the angle 8. The angle 
8 is reckoned from the axis of symmetry of the molecular beam. Figure 3 shows the experi- 
mental shape of the directional diagram of the molecular beam of carbon dioxide as a function 
of Knudsen number for capillaries with Z/d = 24.1 (Fig. 3a, 1-5, Kn = 25.7, 6.12, I.I0,0.271, 
and 0.0324, respectively) and Z/d = 5.33 (Fig. 3b, 1-5, Kn = 33.0, 7.46, 1.31, 0.34, and 
0.0496, respectively). It can be seen that the directional diagrams expand to a limit with 
decrease in Knudsen number (the dashed line in Fig. 3a, b), calculated from a Troitskii for- 
mula [12], of the form 

I ( 0 ) / I ( 0  = O) = eosS/20. 

A comparison of the results in the different channels shows that while the directional 
diagrams for channels of different Z/d differ appreciably at large Knudsen numbers (free- 
molecular limit) (for a channel with I/d = 24.1 the molecular beam has a clearly marked di- 
rection), in the viscous flow regime the directional diagrams are identical and close to the 
limit. 

Figure 4 compares the theoretical and experimental directional diagrams for carbon di- 
oxide in a flow regime close to free-molecular (Kn > 20) for the different channels (1-4, 
Z/d = 0.02, 0.98, 5.33, and 24.1, respectively). Curves 1-3 were calculated from a formula 
proposed in [13], and curve 4 corresponds to a cosine law for distribution of molecular beam 
intensity, describing free-molecular discharge of a gas into a vacuum through a perfect ori- 
fice. 

494 



In contrast with the short capillaries, for the long capillary (I/d = 24.1)a notice- 
able difference is observed between the experimental and theoretical directional diagrams 
(curve i), particularly in the small angle region (8 < 20). Evidently, the reason for this 
difference is that the theoretical calculations are predicated on free-molecular conditions, 
both along the radius and along the channel, and also that there are no intermolecular col- 
lisions in the beam itself. However, in the experiment the free-molecular flow condition 
(Kn > 20) is achieved only along the capillary radius. 

Figure 5 shows the hemispherical directional diagram of a molecular beam eI/2 as a func- 
tion of Knudsen number for the various channels (1-4, carbon dioxide, I/d = 0.02, 0.98, 5.33, 
and 24.1, respectively; 5-7, carbon dioxide). The hemispherical diagram is determined by the 
angle 8~/~ for which the beam intensity is one-half of its intensity on the axis. A compari- 
son of the results shows that while the hemispherical directional diagram decreases for chan- 
nels with 1/d > I with increase of Knudsen number (the diagram contracts), it increases for 
channels with 1/d < 1 (the diagram expands). For all the channels for Kn + 0 (the viscous 
limit) the half-width tends to the limit [12], equal to 38-40 ~ 

In the analysis of the results obtained it was observed that the shape of the direction- 
al diagram (and also the half-width) for a long capillary (1/d = 24.1) depended on the nature 
of the gas. This difference in the diagrams is greatest in the intermediate flow regime, 
where the diagrams for hydrogen are narrower than for carbon dioxide. The difference in the 
diagrams for hydrogen and carbon dioxide is shown in Fig. 5. It should be noted that no such 
deviation was observed for the short capillaries. Apparently, this difference in the diagrams 
is due both to interaction of the gas with the Channel walls and also to collisions of gas 
molecules with each other in a rather narrow beam formed by a long channel. A qualitative 
examination of the influence of intermolecular collisions on the shape of the molecular beam 
confirms this observed fact. In fact, at the same gas density in the beam and, therefore, at 
the same number of intermolecular collisions per unit volume, the directional diagram will 
evidently be wider for the gas which has a larger cross-sectional area for molecular scatter. 
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