
ON THE EFFLUENCE OF GASES WITH SOLID 

PARTICLES INTO VACUUM 

A. L. Stasenko UDC 532.529.5 

Several viewpoints a re  presented concerning the p rocess  of a kinetic "freeze"  during a 
spherical ly  symmet r i c  steady effluence of a gas into vacuum. 

Gas s t reams  often contain suspended solid or  liquid par t ic les  which interact  with it .  If the s t ream 
expands without res t ra in t  as, for example,  during effluence into vacuum, then the molecules  may cease to 
collide and the flow can proceed in a f r ee -molecu les  mode affecting, theoret ical ly ,  the interaction between 
suspended par t ic les  and the gas .  Such a p rocess  is conveniently analyzed in the case of a supersonic gas 
emi t te r  which s imulates  an axially symmet r i c  jet in the region close to the axis and which is represented 
in nature by a comet  head. 

The steady flow of a spherical ly  symmet r i c  gas s t ream with solid p a r t i c l e s  emitted from a comet 
nucleus (radius r* ~ 1-10 kin) has been analyzed in [1]. Such a flow occurs  within a region of radius 
r <~ 105-10 G km in the comet  head.  The equations of motion and energy for  small  spherical  par t ic les  
(N 1 pro) are  integrated numerical ly ;  the coefficients of res is tance  and heat t r ans fe r  between par t ic les  and 
gas are  assumed to depend on the gas tempera ture  T and to determine,  in the end resul t ,  the final velocity 
of par t ic les  at the ou te r  boundary of that region.  

The hydrodynamic p a r a m e t e r s  for  the entire region of such a spherical ly  symmet r i c  flow are  de t e r -  
mined from the Euler  equations for  an inviscid and thermal ly  nonconducting compress ib le  fluid. The 
boundary between continuous and f ree -molecu les  flow modes is defined approximately by the condition that 
the local isotropic  mean- f r ee -pa th  be equal to the distance f rom the comet center :  

rp ~ e (1) 

On the surface  of a comet nucleus,  r .  = 5 km, one assumes  the following values for the concentration 
and the f ree  path of molecules :  n* ~ 10t2-10t4/cm-3and l. ~ 10-10 a cm, which yield the Knudsen number  
Kn. = t . / r .  = 2 �9 (10-5-10 -3) and thus confirm the existence of a continuous medium at a comet nucleus.  
If molecules  for  which l ~ n -~ ~ r  2 are  assumed rigid, then condition (1) yields r p  ~ 103-10 s km [11. We 
wiIl show here  that this es t imate  is somewhat too high. 

For  a steady spherical ly  symmet r i c  supersonic s t ream there has been found - theoretically and 
experimental ly  - some charac te r i s t i c  radius r whose different lengths determined on the basis of different 
considerat ions in [2-7] are  of the same o rde r  of magnitude.  We will l ist  these considerat ions .  

1) In [2] the Crook model equation has been solved n u m e r i c a l l y f o r t w o t e m p e r a t u r e - w i s e  "eIlipsoidal" 
molecule veloci ty-dis t r ibut ion functions; it is shown that at r ~ o  the "longitudinal" t empera ture  T II ap- 
proaehes  asymptot ical ly  its " f reeze"  value, while the charac te r i s t ic  "transit ion" radius rIt of rigid moIe -  
cules is determined according to the expression ( rH/ r .p4  ~ K n ,  1. This is the radius at which the dif- 
ference between longitudinal t empera ture  T II and t r ansve r se  tempera ture  T• becomes  equal to the locaI 
gas -dynamic  t empera tu re  (corresponding to the continuous-medium model): TII-T• = T. An analogous 
approaeh has been taken in [3]. 
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Fig. I .  "Transit ion" radius of a contin- 
uous s t ream becoming a col l i s ion-f ree  
s t ream,  as a function of the Knudsen 
number  at the surface of a supersonic 
spherical  emi t te r .  

2) in [4] the radius r G has been determined at which 
the maximum difference betwen macroscopica l  velocit ies 
at the center  and at the surface of a n / - s p h e r e  becomes 
comparable  to the mean thermal  velocity of a molecule,  
sup IV(r G + 1)-V(rG)I = (c (rG) >, f rom where 

r. / \ ~•  ~ u - ~ )  K n . .  (2) 

This expression is valid for  a gas subject to any power- law 
relation between viscosi ty and tempera tu re  p ~ T w and 
with any constant ratio of specific heats  n .  Specifically, 
for  rigid molecules  (w = 1/2) we have then r ~  ~ Kn~ ~. 

3) In [5] the a n i s o t r o p i c / - s u r f a c e s  have been de te r -  
mined which "burst" (when a sample molecule ceases  to 
collide with field molecules ,  at leas t  in one direction) at 
a radius equal to r G within an accuracy  down to O(M~I). 

4) The experimental  studies in [6] concerning the ~freeze" of an argon s t ream (~ = 5/3) have con- 
f i rmed the es t imates  in [2], [4], and [5] of the radius corresponding to the "transit ion" f rom a continuous 
to a co l l i s ion-f ree  medium. 

5) In [7] the "boundary" of the inviscid region in a spherical ly symmet r i c  s t ream r L  has been 
est imated at which the viscous fo rces  become comparable  to the iner t ia  forces ;  denoting this radius by r G, 
we have (rL/rG) 1 +2(~-1)(1-~,) = (1 /2)~v.  According to this est imate,  the Euler  equations for an ideal 
gas become invalid approximately where the flow becomes  Coll is ion-free.  

Thus, f rom various viewpoints there  can be deduced the following relation between the "transit ion" 
radius and the corresponding mean- f ree -pa th  (in a concomitant sys tem of coordinates moving with the gas): 

r, \ r, / (3) 

(this relation becomes relation (1) only when l is replaced by the path length k ~ l V / ( c )  in a fixed sys tem 
of coordinates tied to the emit ter ) .  

The "transit ion" radii ,  plotted on the basis  of formula (2) as a function of the Knudsen number  Kn,  ~, 
a re  shown in Fig.  1 for rigid molecules  (w = 1/2) and for Maxwellian molecules  (w = 1) on the t ransonic  
surface of an emi t te r .  Shown are also the constant-M {Mach number) l ines r M / r .  = M 1/(~r x [(~4 + 1) 
/ ( ~ - 1 ) ] - ( ~  + 1)/4 (~-l) for  M = 10, according to formula (2) derived in the supersonic approximation V/a .  
= [(n + 1)/(~t-1)] 1/2 + O(M-2). It can be seen here  that, a t  Kn,  1 = 5 .(102-104), ~t = 7/5,  w = 1/2, and 
r ,  = 5 km in [1], the est imate for the "transit ion" radius is r G ~5.25 to 5.700, i . e . ,  ~t0L103 km ra ther  
than r p  ~ 103-105 kin according to formula (1). Thus, the s t r eam "f reezes"  much sooner  and solid m a c r o -  
scopic par t ic les  car r ied  by this s t r eam will, at r > r G, interact  with the hot ter  gas (T G > T2),  which will 
somewhat affect the accelerat ing force as well as the thermal  flux imparted to a par t ic le .  As an end 
resul t ,  the final velocity of macroscopic  par t ic les  leaving the comet  head will change (perhaps only 
slightly). 

The au thor ' s  aim here  was to again point out that for engineer ing-physics  purposes  it is  neces sa ry ,  
in principle,  to account for the "freeze"  effect where molecules  are  subject to t rans la tory  degrees  of 
f reedom in steady and freely  expanding gas s t r eams ,  or  to es t imate  the e r r o r  incurred by disregarding 
this effect in calculat ions.  
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