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We investigate the flow of a mixture of gases of markedly different molecular  weights 
through an orif ice for a wide range of p ressu res ,  including the transit ional  conditions 
f rom continuous to f ree molecular  flow. Quantitative resul ts  a re  given for the flow- 
rate  coefficient of the orif ice for the mixtures Ar + He and CO 2 + He and for the change 
in the concentrat ion following separat ion of the gases in the transit ional  conditions. 

The investigation of the flow charac te r i s t i cs  of nozzles in the transit ional  conditions f rom continuous 
to free molecular  flow has been the subject of a number of papers [1-3]. But these investigations were  
made with single gases and their  resul ts  cannot determine the flow of a mixture of gases of different molec-  
ular weights or of various effective molecular  c ross  sections. When such mixtures expand, diffusion pro-  
cesses  in the gradient flow determine the change in the concentrations of the flow components [4]. 

The aim of this paper is to study the mechanism of the flow of a binary mixture (of a light and a 
heavy gas) in transit ional conditions f rom viscous to f ree  molecular  flow. 

To analyze the flow charac te r i s t i cs  we introduce the concept of the f low-rate  coefficient of the o r i -  
fice for the separated components as the rat io of the rea l  flow rate  G i of the component to the flow rate  GiT 
computed f rom the orifice geometry  using inviscid equilibrium flow theory:  

C~ = G----L. 6~ (1) 

The total flow-rate coefficient is C E = GE/GET. For the continuous inviscid flow of a binary mix- 

ture C i = C 2 = C E = I. In the general case, when the velocity components are equal, C I = C 2 = CE ~ 1 

Cz= Nlrnl + N~m~, (2) 
N,m 

where N T is the flow of part icles in a continuous flow of the gaseous mixture without separation, m = mif 
+ m 2 (1 - f); 

N1 N1 C , =  , ," C~=  . (3) 
NiT N~, 

The inviscid flow of part icles  of the i - th  component is 

N~T ~ A, NA Poi 2 i. 

For  a gaseous mixture 

N~ = A. NA 1/i// 
I RTo 

( 2 W - ,  p 
v\7-+-]! r (4) 
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Fig. 1. Computed f low-ra te  coefficient for a diaphragm, for 
the mixture He + CO 2 in molecular  conditions. 

Fig. 2. Diagram of the working part  of the apparatus.  

For  the separate  components 

NiT = NTf; (5) 

N2T = Nr - D .  (6) 

The flow of the par t ic les  of the separate  components can be determined f rom the change in the parameters  
in the braking chamber:  

d (fpVNA~_ VNA (p d[ 

(the gas expansion is at constant tempera ture  T O in the volume V ac ross  the cr i t ical  c ross  sect ion of area  
A,),  

VNA 

From this we have 

C~ = m V (m~- m~)-  p d--T ,~ 

A, V~o 
2 7--1 - -  

v 7 - ~  Vm 

(9) 

I 
A*V~TV ~\v+~/ 

C~= V~/m [ 1 d/ 1 dpl  

A,,,'~ro / ( 2 ~';+--~ 1--r dt , ~ - .  (111 

Thus, by measur ing  the p res su re  and the composit ion of the mixture in the volume f rom time to time 
we can compute the f low-ra te  coefficient. 
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The case of the s ta t ionary flow of a mixture  through an orif ice can be computed exactly in molecular  
conditions. We find the equation for  the p re s su re  change in the chamber  and for the f low-ra te  coefficients 
of a binary mixture.  

The flow ra te  for  the various components out of the vesse l  is given by the equation 

1 
N~ = --4- uiA*nv (12) 

Here u i is the a r i thmet ic  mean of the thermal  veloci t ies  of the par t ic les  of one component. On the other  
hand, 

N I = - - V  dnl dn~ = I A ,  uflt. (13) 
dt ' n i 4 V 

Integration of this equation yields 

ni = no~ exp [ 

Let (1 /4 ) (A , /V)u  i = a i .  Since for a binary mixture ,  

f ~  
. n l  

l 
nl + n~ 

we have 

1 A ,  u j t ] .  (14) 
4 V J 

(15) 

exp { .  (al - -  as) t} 
f = [0 1 + fo [1 - -  exp {-- (cq--az) t}]" 

(16) 

In accordance  with Dalton's law for the flow of a gas out of a vesse l  at constant t empera tu re  

p = kT o [not exp (-- axt) + no, exp (-- "s0], (17) 

= P =/~o exp (-- alt) + (1 - -  fo) exp (-- a,t). (18) 
Po 

In (12) we rep lace  the values of the veloci t ies  ui by their  express ions  f rom molecular  kinetic theory: 

Fur ther ,  by (2) and (3), we have 

C~M 
f v'~-, + (1 - f )  V ~ ,  (19) 

V~-~ ~ \.~ + i] 

Ci~= -- I V r m-. (20) 
_~/// v+_.) rn~ 

C~ = - -  1 / - - - m -  
~ /  v+__J m~" (21) 

~/'~ ~ ~,v + U 

Physical ly,  Eqs. (19)~(21) denote the l imits to which the rea l  f low-ra te  coefficients tend as the con-  
ditions in the flow of a mixture  through an or i f ice  tend to the f r e e  molecular .  

F igure  1 gives the resu l t s  of numerical  computations of the f low-ra te  coefficient  in molecular  con-  
ditions for  the mixture  He + CO 2. In these calculations the ra t io  of the s~zcific heats for  the mixture  was 
taken as 
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Fig.  3. The flow of a mix tu re  of 20% Ar  + 80% He: a) con-  
cen t ra t ion  of  a rgon  in the cyl inder ;  1, 2) P0 = 2190; 42.3 mm 
Hg, r e s p e c t i v e l y ;  3) ca lcu la t ion  for  mo lecu l a r  condit ions;  
b) f l o w - r a t e  coeff icient .  

Cv ,~hf - - ~  + Cv,Y~ ( 1 - -  f) m---e-em 

rnl -q- Cv~ (I - -  f) m~ 
%t - 2  -2  

o r  

1 
1 § (22) 7z 

Y 1 -  1 m y~ - -  1 m 

Since the equation for  the f l o w - r a t e  coeff ic ient  cannot be given in analy t ic  fo rm in the t r ans i t i ona l  
r e g i m e  between continuous and f r e e - m o l e c u l a r  flow, it  is  app rop r i a t e  to de t e rmine  i t  expe r imen ta l ly .  

In the expe r imen t s  we used a vacuum s y s t e m  low densi ty  wind tunnel with mains  supply of the c o m -  
ponents and appa ra tus  for  m e a s u r i n g  the gas concent ra t ions  in the ve s se l  (Fig. 2). 

The mix tu re  flows f rom the v e s s e l  4 of capac i ty  30.4 l i t e r s  through the valve 3 and the nozzle  2 into 
the vacuum chamber  1 provided with an e l ec t ron  beam s y s t e m  to m e a s u r e  the concent ra t ions  of the com-  
ponents.  As the m i x t u r e  flows out the p r e s s u r e  change in the cyl inder  is  r e c o r d e d  f rom t ime  to t ime  as  
i s  the compos i t ion  of the mixture .  The p r e s s u r e  is  m e a s u r e d  by a manomete r  7 or a U-tube m a n o m e t e r  8. 
Tes t  s amp le s  a r e  taken f rom the cy l inder  through the va lves  6 and 9 using the v e s s e l  5. Then the gas 
sample  is  fed to the vacuum chamber .  The sample  s ize  is  chosen so that  the p r e s s u r e  in the vacuum 
chamber  is  in the range  1 - 1 . 5 . 1 0  -2 mm Hg. 

The compos i t ion  of the sample  is  m e a s u r e d  by the r a t io  of the in tens i ty  of the r ad ia t ion  of the l ines  
of the components  exci ted by the e l ec t ron  beam with energy  10 kV at  a c u r r e n t  of 1-3 mA: 

n(Ar) - - B  I(Ar) 
n (He) I (He) 

To r e c o r d  the r ad i a t i on  of he l ium the l ine 5016 A was used;  for  a rgon  the region  4200 :~ 50 A was used. 
The measu r ing  appa ra tu s  c o m p r i s e d  the spec t r og r a ph  ISP-51,  the photomul t ip l ie r  FI~U-27 and the r e c o r d -  
ing in s t rumen t  t~PPV-60. The coeff ic ient  B = 2.89 was found by p r e l i m i n a r y  ca l ib ra t ion  in s ta t ic  conditions.  
The e r r o r  in m e a s u r i n g  the concent ra t ion  by this method did not exceed :~ 5% in our exper imen t s .  

A mix tu re  of given concen t ra t ion  was p repa red  by f i l l ing the cy l inder  with the components  under p r e s -  
su r e  using the va lves  6 and 9. Before  the expe r imen t  began the cyl inder  containing the m i x t u r e  was s tored  
for  24 h to allow the components  to mix. 

In se t t ing  up the expe r imen t  i t  was observed  that  the a i r  flow had an effect on the in tens i ty  I(Ar) to be 
measu red .  This effect  was taken into account  by taking alI  the m e a s u r e m e n t s  of the concent ra t ions  at  fixed 
t imes  and c o r r e c t i n g  I(Ar) with a c o r r e c t i o n  computed f rom a p r e l i m i n a r y  m e a s u r e m e n t  of the incident  a i r  
flow. 

In the expe r imen t s  a mix tu re  with an in i t ia l  concent ra t ion  of 20% Ar  + 80% He was used. The gas  
flowed into the vacuum through an o r i f i ce  p ie rced  by a needle  in a copper  plate of th ickness  0.3 mm. The 
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Fig.  4. Flow of the mix ture  
CO 2 + He (P0 = 4.74 mm Hg): 
1, 2) CO 2 concent ra t ion  in the 
cy l inder ;  6) ca lcu la t ion  for  
mo lecu la r  condit ions;  3, 4, 5) 
f l ow- ra t e  coeff ic ient  for  the 
o r i f i ce  for  He, CO2, and total .  

shape of the channel thus obtained is  shown in Fig.  2. The s m a l l e s t  d i a m e t e r  d = 0.203 -~ 0.001 mm was 
m e a s u r e d  using a m i c r o s c o p e .  

The expe r imen t s  were  made at  d i f ferent  r anges  of Knudsen numbers .  In both expe r imen t s  the p r e s -  
su r e  in the vacuum chamber  was mainta ined a t  not m o r e  than 10 -3 mm Hg. 

Exper imen t  1. The mix ture  with in i t i a l  cy l inder  p r e s s u r e  P0 = 2190 m m  Hg was r e l e a s e d  into the 
vacuum chamber  until  the p r e s s u r e  buil t  up to 44.1 ram Hg in 15,880 sec.  The r e s u l t s  for  the concen t r a -  
tion, shown in Fig.  3a as  a function of the p r e s s u r e ,  co r respond  to a range  of Knudsen numbers  Kn = 2.0 
�9 10-4-1.2 �9 10 -2. E a c h  point is  the ave r age  of th ree  m e a s u r e m e n t s .  No i n c r e a s e  in the concent ra t ion  of 
a rgon  in the cy l inder  was observed.  

Expe r imen t  2. The mix tu re  with in i t ia l  p r e s s u r e  P0 = 42.3 mm Hg flowed f rom the cy l inder  until  
the p r e s s u r e  r eached  2.94 mm Hg in 16,000 sec.  The range  of Knudsen numbers  was 0.012-0.150. As in the 
f i r s t  exper iment ,  the p r e s s u r e  and concent ra t ion  in the cy l inder  were  measured �9  Each point is  the a v e r a g e  
of th ree  m e a s u r e m e n t s .  F r o m  Fig.  3a we see  that the a rgon  concent ra t ion  in the cy l inder  i n c r e a s e s  f rom 
20 to 21.8%. 

To i l l u s t r a t e  the exper imen ta l  r e s u l t s  qua l i ta t ive ly ,  Fig. 3a shows the computed curve  for  the m o l e c -  
u l a r  flow of a mix ture  f rom the cy l inder  through a d iaphragm of d i a m e t e r  0.2032 mm obtained f rom (16) and 
(18). 

it  should be noted that the re  is  a marked  d i f fe rence  in the composi t ion  of the mix ture  in the cy l inder  
f rom the in i t ia l  value beginning at  Kn = 1.2 �9 10 -2, which c o r r e s p o n d s  to the beginning of t r ans i t i ona l  con-  
dit ions.  

F i g u r e  3b gives  the f l ow- ra t e  coeff ic ient  of the nozzle,  computed f rom (9) and f rom the e xpe r imen t a l  
r e su l t s .  To the left  on the v e r t i c a l  axis  is  shown the l imi t  of the f l ow- ra t e  coeff ic ient  for  a thin d i aphragm 
for  a mix ture  with f = 0.2 in mo lecu la r  condit ions.  The qual i ta t ive  d i s a g r e e m e n t  is  explained by the fact  
that  the shape of the nozzle  is  d i f ferent  f rom that  of a thin d iaphragm.  

The l imi t  of the expe r imen ta l  curve  for  C Z (Re) in the reg ion  of Re = 20 is  evident ly  explained by the 
merg ing  of the boundary l a y e r s  a t  the c r i t i c a l  section.  This is  conf i rmed by ca lcu la t ion  of the r e l a t ive  
d i sp lacement  th ickness  of the boundary l aye r  a t  the c r i t i c a l  section.  The Reynolds  number  Re = 20 c o r r e -  
sponds to 5 * / d  = 0.152. Fo r  a ve loc i ty  d i s t r ibu t ion  in the shape of a second degree  parabo la ,  5" = 5 /3 .  
Hence in our case  we can a s s u m e  approx ima te ly  that  5 = 0.456d. 

Since, when Kn = 0�9 the sample  f i l l ing the chamber  in the de t e rmina t ion  of the concent ra t ion  is  
of the same o r d e r  of s i ze  as  that of the whole gas  in the cy l inder ,  a t  low p r e s s u r e s  the method d e s c r i b e d  
above can no l o l ~ e r  be u sed . '  Hence in expe r imen t s  a t  l a rge  Kn, we developed and used a method of ana -  
lyzing the mix tu re  He + CO 2 based  on f reez ing  the CO 2 with liquid ni t rogen,  for  which we used the t r ap  12 
(Fig. 2) which can be cut off f rom the cy l inder  4 by the va lve  13. The t r ap  can be cooled to a low t e m -  
p e r a t u r e  by placing it in a Dewar f l a sk  11 f i l led with liquid ni trogen.  The thermocouple  l amp 14 cont ro l s  
the p r e s s u r e  in the t rap.  To m e a s u r e  the p r e s s u r e  in the t r ap  we used a U-shaped  o i l - f i l l ed  m a n o m e t e r  
with a sca le  a c c u r a c y  of ~0.01 ram. 
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The concentration was determined from pressure measurements in the closed frozen trap. The first 
measurement was taken when the trap was filled with the mixture to be analyzed. Then the trap was set 

in the Dewar flask filled with liquid nitrogen and the CO 2 in the cavity of the trap was frozen at its walls. 
The remaining helium was pumped through the valves 9, 6, and i0 until the pressure did not exceed 5 �9 10 -4 

mm Hg. Then the valves were closed and the whole system was heated to the temperature which it had at 

the first pressure measurement. The second measurement was now of the pure CO 2 remaining in the cavity 
of the trap. The concentration of the CO 2 in the original mixture was 

P~z 
Pl 

The accuracy of the concentration measurement in the method described above is determined by the 
accuracy of the pressure measurements, the accuracy of observation of isothermal conditions, the ab- 
sence of an incident air flow on the system, and the degree of degassing of the internal surfaces. The er- 
ror in the determination of the concentration did not exceed :~5~c. 

A mixture with the molar composition 18.5~c CO 2 + 81.5% He was released from the cylinder through 
the nozzle with initial pressure 4.74 mm Hg until the pressure was 0.5 mm Hg, which corresponds to a 
change in Kn from 0.15 to 1.33. 

From the results in Fig. 4, we see that the CO 2 concentration in the cylinder increases from 20 to 
60%. For comparison the curve obtained from (16), (18) for a thin diaphragm is given. The open and black 
circles denote the experimental results obtained using various freezing traps with an interval of 14 h. The 
discrepancy of 18% between the results before and after the interval provides a basis for assuming that 
as the gas flows out there is a difference between the composition of the mixture in the cylinder 4 (Fig. 2) 
and in the pipes leading the mixture to the nozzle 2. With the elements of the gas mains used (the cross 
section of the valve at the cylinder was 3 ram, the diameter of the pipes was i0 ram, the pipe length was 
1 m) concentration diffusion could not equalize the compositions of the gases. 

Figure 4 shows also the flow-rate coefficient for the orifice: the total for the He + CO 2 mixture and 
for the components, computed from the experimental results using (9), (I0), (ii). The significant dif- 
ference in the flow-rate coefficients for the components is evidence that the local velocities of the com- 
ponents were different. The velocity of the atoms of helium is significantly greater than that of CO 2 mole- 
cules, which results in an increase in the proportion of the heavy component in the cylinder. 

The above effect has to be taken into account in mass-spectrographic measurements and in all those 
cases when we have have to deal with the flows of gaseous mixtures in transitional or free-molecular con- 
ditions. 
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NOTATION 

the flow-rate coefficient; 
the actual mass flow rate; 
the flow of particles; 
the molecular weight; 
Avagadro's number; 
the  r a t i o  of s p e c i f i c  h e a t s ;  
the pressure; 
the universal gas constant; 
the molar concentration of the heavy component; 
the time; 
the particle density; 
the intensity of component radiation; 
the boundary layer thickness; 
the viscosity; 
the Reynolds number; 
the Knudsen number; 
the particle mean free path; 
the specific heat at constant volume; 
the  d i s p l a c e m e n t  t h i c k n e s s  of the b o u n d a r y  l a y e r .  

449 



S u b s c r i p t s  

1 
2 
0 
T 
2~ 

denotes the heavy component parameter; 
denotes the light component parameter; 
denotes the stagnation parameter; 
denotes the theoretical parameter; 
denotes the mixture parameter. 
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