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N O N S T E A D Y  E S C A P E  O F  G A S  I N T O  A V A C U U M  

T H R O U G H  A S E M I P E R M E A B L E  S C R E E N  

G.  I .  G a n n o c h e n k o  UDC 533.6.011.533.697 

The  p rob l em of the distr ibus of the p a r a m e t e r s  of a gas in a r a r e f ac t i on  wave dur ing the nonsteady 
e s c a p e  of the gas into a vacuum through a s c r een ,  which has  a hydrodynamic  r e s i s t a n c e  and r e m o v e s  pa r t  of 
the gas  energy ,  is solved by the method of the theory  of s i m i l a r i t y  and dimensional i t ies .  

Suppose that  a plane x = 0 (Fig. 1) s e p a r a t e s  a leA-hand ha l f - space  x < 0, filled with an ideal gas h a v -  
ing the p a r a m e t e r s  P0, P0, and T O and an equation of s ta te  p = pT,  f rom a r igh t -hand  ha l f - space ,  a vacuum 
1 (x > 0). 

At some  m o m e n t  the gas  s t a r t s  to e s cap e  into the vacuum through an infinitely thin s c r e e n  2 located in 
th is  plane which p o s s e s s e s  a hydrodynamic  r e s i s t a n c e  and r e m o v e s  pa r t  of the ene rgy  of the s t r e a m .  The  
f ront  of a r a r e f a c t i o n  wave 3 p ropaga tes  away f rom the s c r e e n  to the left  ( through the undisturbed gas } and 
the boundary  of the expanding gas  4 p ropaga tes  to the r ight .  The  p a r a m e t e r s  of the flow in the r a r e f a c t i o n  
wave to the lef t  of the plane x = 0 have  the index 1 while the p a r a m e t e r s  of the flow to the r ight  of this plane 
have  the index 2. 

We a s s u m e  that the spec i f ic  flow r a t e  of gas  through the s c r e e n  depends on the p r e s s u r e  drop a t  the 
s c r e e n  in the following way: 

q = a(pl0 - -  P20), 

where  Pt0 and 1~0 a r e  the gas  p r e s s u r e s  a t  the plane x = 0 to the lef t  and r ight  of the sc reen ;  ~ is the coe f -  
f icient  of pe rmeab i l i t y  of the sc reen .  

=',fl ~o l=2fx 

Fig. 1 
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The equations of gas dynamics for the plane, one-dimensional, nonsteady flow are written in the form 
Op .~_ U Op Ov 0~ av T a p  OT OT , aT  , Ov 
0-7 ~ + p - ~ = o ,  - g / - + v ~ + ~ - + ~ - = 0 ,  - ~ - - r v - ~  t @ - i ) r ~ - = 0 ,  (1) 

where p (x, t ) ,  v(x, t) ,  and T (x, t) are  the density, velocity, and temperature of the gas. 

The parameters determining the process of escape will be the density and temperature of the undis- 
turbed gas, p 0, kg/m~, and To, m2/sec ~, and the coefficient of permeability of the screen, a ,  see/m, two of 
which (P0 and To) have an independent dimensionality (the dimensionality of a can be expressed from the 
dimensionality of To). In this connection the problem under consideration belongs to the class of self-simi-  
lar problems [2] with one independent variable 

= x/T~/~t. (2) 

The density, velocity, and temperature distributions will be sought as functions of this variable: 

P : P0f (~), v = T~I~(~ (r T = To~ p (~). (a) 

By the substitution (3), with allowance for (2), we can change from the system of equations (1) to the system 
of ordinary differential equations 

(r dln/ dq) dq) . d~p , d i n /  dr dq) 
~ - ~ - ~ = 0 ,  ( ~ - - ~ ) - ~ i - - - ~ - T $ - - 9 ~  =0 ,  ( ~ - - ~ ) - ~ + ( ? - - l ) ~ - ~  =0.  (4) 

By expressing d In f/d~ from the f i rs t  equation of the system (4) and dr from the third and substituting 
into the second, we can obtain the equation 

whose nontrivfal solution is 

d~ 
d-W [(9 -- ~)~ -- ~ ]  = 0, 

4 (~) 

The substitution of (5) into the system (4) allows us to determine all the unknown functions: 
2 

r = B(A ~-- ~ ~ : Y  = 2 - w : , o J  , - - ~, + l / ,  ( 6 )  

where A and B are integration constants determined by the boundary conditions in the left-hand and right- 
hand half-spaces. 

F i rs t  let us consider the flow in the left-hand half-space: 

x i f  ~ x ~ O, x i f  : ~ f r ~ l ~ t ,  

where xlf is the coordinate of the front of the rarefaction wave; ~lf is the constant of the front, also deter-  
mined from the boundary conditions. 

At the front x = xff, ~ = ~ ff of the rarefaction wave the gas density and temperature reach the values 
corresponding to the parameters of the undisturbed gas: 

p(xf f ,  t) = P0, T(x~f,  t) = T o . 

Here the gas velocity is equal to zero, 

v(xlf, t) = 0. 

Consequently, with allowance for (6), we have the following boundary conditions for the left-hand half-space: 
2 

V_~l~ff ,'--A~=0, ~ l--~--i~i~lf] =1,  B~ A1---L--Tia~f]  = l .  ~7) 

Solving the system (7), we obtain the values of the unknown constants: 
1 

2Y :/~ - ~---i 
~l f  = - -  y1/~ Ai = ~+--i' Bi = ? �9 (8) 

THus, with allowance for (3), (5), and (8) the unknown dimensionless distributions of density, velocity, and 
temperature for the left-hand half-space are obtained from (6) by a substitution of the constants A1 and B1 of 
(8). 

Nowwe can determine the gas pressure to the left of the screen (x = 0, } ~- 0) 
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p~o = (p , r~)I~=0=p0r0 tT-~-~/ 

and the gas  flow r a t e  through the s c r een ,  
. "~d-1 

q = (PiVl)I~=0 = 9oT~/~7 ll~ (10) 
t V 4 - i s  �9 

Let  us cons ider  the gas  flow in the r igh t -hand  h a l f - s p a c e  

0 ~ x ~ xt  s : ~fT~/~t, 

where  x~f is the coordinate  of the boundary  of propagat ion  of the gas;  ~ f  is the constant  for this boundary.  
At x = x2f the gas  densi ty  and t e m p e r a t u r e  a r e  equal  to zero .  Consequently,  allowing for (6), we trove 

? - i  
A_,- ~ .~d = 0. 51) 

The gas  flow r a t e  through the s c r e e n  is 

,v+_._~ 

q - -  ( p s v ~ ) I ~ - 0  _ ~ 1 I ~ . . v - 1  = P 0 1 0  D ~ s  . ( 1 2 )  

F r o m  the law of conserva t ion  of m a s s  (10) and (12) m u s t  be  equal,  f rom which we get  

~§ ' ~ + I  

B A v--q . t /g[ 2 ~:~ (I3) 

The  gas p r e s s u r e  to the r igh t  of  the s c r e e n  is  

P,o = Pio --  q/~. 

Consequent ly,  with a l lowance for (9) we have  

gV 2v 3 [2  / ^ x Y + l  

Thus ,  the unknown constants  A2, B~., and ~2f c a n b e  de te rmined  f rom the boundary conditions (11), (13), and 
(14): 

. .?~-1 

t ? ---~-7- U - - ~ J  (15) 

~,f "i - -  l cr \ ?  - -  l /"  

The unknown dis t r ibut ions  of the d imens ion les s  dens i t i e s ,  ve loc i t ies ,  and t e m p e r a t u r e s  a r e  obtained by sub-  
st i tut ing A 2 and B2 of (15) into (6). 

Final ly ,  the d is t r ibu t ions  of the gas  dens i t ies ,  ve loc i t i es ,  and t e m p e r a t u r e s  can be r e p r e s e n t e d  in the 
f o r m  (see  following page) 
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Fig. 3 

2 
(2r ~, ~_ ~ -  ~ e ~ ,  

x V~++ " Wo,~_ ~ ) 

- - - '  "~ t~37---, n , ~?-1 f 2 ~  ~ - -  
P=~0-  \~++t v+ i= ]  ' 

1 (2~? ~/~ ?-- t  )~, 
r =  To-V~V-4- ~ ~ + t ~  
. C~-I-I 

- ~ t I ~  ~0,. 

2Y t12 T (Y + 1) 

0 ~ ~ ~ ~ + t ~T~/~- b -  t)" 

Dis t r ibu t ions  of the m a i n  p a r a m e t e r s  of the flow for  T = 1.4 and d i f ferent  va lues  of the hydrodynamic  
r e s i s t a n c e ,  Ap = Pz0 - 1~ and the ene rgy  r e m o v e d  by  the s c reen ,  

_ _  T~o 

n o r m a l i z e d  to the va lues  of the p a r a m e t e r s  P0 and w0 of the undisturbed s t r e a m ,  a r e  given in Fig. 2 :11  ~ 
o% Aw = Ap = 0; 2) c~ = 3c~,, Aw/w0 = 0.38, AP/P0 = 0.1; 3) ~ = 1.16c~,, Aw/w0 = 0.96, AP/P0 = 0.24. 

As  s e e n  f r o m  Fig.  2, when A p / p  0 = 0 and A w / w 0 ,  which co r r e sponds  to to ta l  pe rmeab i l i t y  of the 
s c r e e n  (~  = ~ ) ,  the gas  flow has  the c h a r a c t e r  of an o rd inary  cen te red  r a r e f a c t i o n  wave [1]. A d e c r e a s e  in 

(an i n c r e a s e  in Ap and A w )  leads to a d e c r e a s e  in the t e m p e r a t u r e ,  ve loc i ty ,  and constant  ~2f of the gas  
f ront  to the r igh t  of the s c r e e n  and an i nc r ea se  in the gas  densi ty.  At some  l imi t ing  value of a ,  = (T + 
1) 1' ff2/2T~/2, Aw/w0 = 1, and a l l  the ene rgy  of the gas  is  ab so rbed  by  the sc reen .  In th is  case  the ve loc i ty ,  
t e m p e r a t u r e ,  and constant  of the f ront  of the gas  pass ing  through the s c r e e n  a r e  equal  to ze ro  and the gas 
dens i ty  app roaches  infinity, i .e . ,  a l l  the gas r e m a i n s  in the sc reen .  

We note that  a change in c~ does not a f fec t  the flow in the lef t -hand h a l f - s p a c e ,  s ince a t  the plane x = 0 
the gas  has  a ve loc i ty  equal  to the local ve loc i ty  of sound, and d i s tu rbances  f rom the s c r e e n  can only p r o p a -  
gate  into the r eg ion  of the r igh t -hand  ha l f - space .  

The  v e l o c i t y  

,~--7---~ 

of mot ion of the f ront  is de t e rmined  by  the value of the constant  ~ f of the front.  The  dependence of the con-  
s tan t  ~ f  of the boundary  of a gas  propagat ing  into a vacuum on the p a r a m e t e r  ~,/c~ is  p r e sen t ed  in Fig. 3. 

The  ve loc i ty  of the f ron t  of the r a r e f a c t i o n  wave is  equal  to the ve loc i ty  of sound in the undis turbed gas:  

~fr~o/+- = (~ro)~/t 

The  author  thanks K. B. P a r l o r  for a useful  d i scuss ion  of the resu l t s .  
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T E M P E R A T U R E S  O F  T H E  I M P U L S E  

C O M P R E S S I O N  O F  I O N I C  C R Y S T A L S  

V .  A .  Z h d a n o v  a n d  V .  V .  P o l y a k o v  UDC 539.21 

In [1, 2] a n o n p a r a r n e t r i c  c a l c u l a t i o n  o f  i m p u l s e  a d i a b a t i c s  of  ion ic  c r y s t a l s  in B1 and B2 p h a s e s  w a s  

g iven .  The  r e l a t i o n s  PH = PH (V) ob ta ined  enab le  the t e m p e r a t u r e  of  the  i m p u l s e  c o m p r e s s i o n  T H to  be  o b -  

t a i n e d  fo r  the  c r y s t a l s  c o n s i d e r e d  in both  p h a s e s  and enab le  the e f f e c t  of  the B1 - -  B2 phase  t r a n s i t i o n  on 

the  T H = T H (PH) c u r v e s  to be  i n v e s t i g a t e d .  

T a k i n g  the  e n e r g y  of  the  t h e r m a l  v i b r a t i o n s  in the f o r m  C v T  wi th  c o n s t a n t  hea t  c a p a c i t y  C V and w r i t -  

ing the  i n t e r n a l  e n e r g y  us ing  the i m p u l s e  a d i a b a t i c  e q u a t i o n  we ob ta in  the fo l lowing  e q u a t i o n  for  the  t e m p e r a -  

t u r e  of  the i m p u l s e  c o m p r e s s i o n  [3]: 

TABLE 1 

Crystal 

LiF 

NaF 

NaC1 

KCI 

B1 phase , B2 phase 

v H, kbar TH,~ V H, kbar ] TH'~ 

64 
i75 
335 
569 
9i5 

54 
li5 
202 
325 
501 

i2 
3i 
56 
9i 

i36 
t98 

3i9 
366 
502 
792 

i420 

329 
389 
505 
788 

t340 

308 
337 
384 
473 
643 
944 

548 
94i 

i550 
2540 

199 
352 
582 
937 

t503 

t08 
17i 
263 
393 
587 
886 

527 
t490 
3430 
7330 

Ol4 
998 

2 130 
4 150 
7 880 

533 
100 

1 850 
3 140 
5 380 
9 140 

282 

27 
50 
80 

t20 
176 
253 
362 

i520 

3i3 
343 
452 
627 
970 

1630 
2650 

1370 

56 
99 

163 
255 
394 
614 
979 

t5 940 

362 
7t5 

i 370 
2 400 
4 280 
7 430 

i3 280 

KBr 

26 
44 
69 

toi 
i45 
206 

3i7 
35i 
444 
614 
989 

i460 

51 
89 

i42 
2i9 
333 
51i 

435 
803 

i 430 
2 460 
3 396 
7 322 
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