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It is shown that in the presence of uniform suction in the boundary 
layer the slip velocity and temperature jump should be taken into 
account irrespective of the degree of rarefaction. 

The p r o b l e m  of un i fo rm b o u n d a r y - l a y e r  suct ion on 
a f la t  p la te  was examined  in [1-3] .  The ex i s t ence  of a 
constant  negat ive  ve loc i ty  at  the p la te  su r f ace  m a k e s  
i t  p o s s i b l e  to obtain a solut ion that  does  not depend 
on the longi tudinal  x - eoo rd ina t e .  This solut ion is  
app l i cab le  only at  a c e r t a i n  d i s t ance  f rom the leading  
edge.  This  a sympto t i c  s t a t e  i s  r e ached  when Xac = 
= 4#uoo/p~ [1]. A s i m i l a r  p r o b l e m  for  a non iso-  
t h e r m a l  r a r e f i e d  gas  flow was so lved  in [4]; h e r e ,  the 
usual  s l ip  and t e m p e r a t u r e - j u m p  equations we re  used  
as  the  boundary  condit ions 

u = 2 - - f  l du (1) 
f d y '  

T--To---- 15(2--f )  l d_T_T (2) 
8f dy 

However,  in the case  of a p e r m e a b l e  su r f ace  [5] 
condit ion (2) changes (i t  incIudes an addi t ionaI  t e r m  
containing the suct ion veloci ty  v0). 

We found an a sympto t i c  solut ion for  the p r o b l e m  of 
un i form suct ion in a r a r e f i e d  gas  boundary  l a y e r  with 
a l lowance fo r  these  modi f ica t ions .  

A s s u m e  that  the gas  is  i n c o m p r e s s i b l e  and that  the 
spec i f i c  heat ,  coeff ic ient  of v i scos i ty ,  and P rand t l  
number  a r e  constant  (val id fo r  s m a l l  t e m p e r a t u r e  
d rops  and s m a l l  Mach numbers  Moo)~ 

F r o m  the continui ty equation 

v = v0 = const < 0, (3) 

jump equation f rom [5] 

T _ T 0  =2~___L[ 158 l a__r(2 rq  ] 
du t R ]  8 J  

(5) 

In the flow outs ide  the boundary  l a y e r  

u=u|  T = T = .  

We in t roduce  the new d imens ion l e s s  v a r i a b l e  

(6) 

Y. 
Ix 

Now Eqs.  (3) and (4) m a y  be wr i t t en  as  

d2u ~. __du =0,  
dz 2 dz 

a'r + o aT _ [ d .  i S 
az  -g;z ! 

(7) 

(8) 

and boundary  condit ions (1) and (5) a t  z = 0 take  the 
following fo rm:  

au 
u = h - - ,  

dz 

T - - T o = - - 1 5  haT__ + ~ _ [  (2n~o)  '~ l V o _ _ .  
8 dz 8 

where  

h = 2 - - f  0ZtVo I 
f p. 

(9) 

- - ,  (lO) 

Since the d imens ion l e s s  p a r a m e t e r  h does not depend on 
t e m p e r a t u r e ,  Eq. (7), the f i r s t  of condit ions (6), and con-  
di t ion (9) comple t e ly  de t e rmine  the ve loc i ty  prof i le  

while the equations of motion and energy  take  the fo rm 

du d~u 
p Vo ~ = ~ dY ~ 

dT ~ ' d~T + . (4) 
Pro dy a dy 2 cp ~ dy ] 

F o r  the boundary  condit ions at  the su r face  of the 
p la te  (y = 0) we use  condit ion (1) and the t e m p e r a t u r e  

exp {-- z} ) 
. = u .  1 - = i - T i ;  ," (11) 

The solut ion of ene rgy  equation (8) with the second 
of condit ions (6) is  

T = T ,  2cp (2 - -  o) ( 1 + h) 2 x 

• {--2z} + Aexp { - -a  z}, (12) 

Slip Veloci ty  and T e m p e r a t u r e  Jump as  Funct ions  of the 
P a r a m e t e r  h 

AT, ~ Z~'T, ~ (AT - 
h Ivd, m/see u(0), m/see T(0), ~ from (5) from (2) A'T), ~  

O.Ol 
O. 05 

2.6 2.0 352.2 
13.1 9.5 360,0 I 2.2 1.3 0.9 

10,0 5,9 4.1 
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where  the coeff ic ient  A is  found f rom (10) 

A -- To -- T~ 
I + 1 5 h ~  + 

8 

~u~ I + - - h  
+ ~ ~_ 

15 h~ 2(i +h)2cv(2--o)( 1-}---8-- ) 

+ 2 - - f / 2 n  To lvol 

- -~ - -~ - - -R- - )~  1 +  1--~-5 hcr 
8 

(13) 

Setting z = 0 i n ( l l ) a n d ( 1 2 ) , w e  find the s l ip  ve loc -  
i ty  and the gas  t e m p e r a t u r e  at  the su r f ace  

h 
u(0) = uc, 1 + h '  (14) 

T (0) = T| + To - -  Too 4- 

l + ~ h ~  

-~ 15h o u~ + 

16c;(1 + h ) '  ( 1  + ---~- h6 ) 

1 +  1 5 h o  
8 

F r o m  ( i4)  and (15) we conclude that  for  given or, 
f ,  u~o, T 0, and Too the s l ip  ve loc i ty  and t e m p e r a -  
tu re  jump a r e  d e t e r m i n e d  by the p a r a m e t e r  h. It is  
known f r o m  e l e m e n t a r y  kinet ic  t heo ry  that  tt = p la/2. 
Consequently,  h = (2(2 - f ) / f ) ( Iv  o]/a), i.eo, fo r  given 
f ,  the p a r a m e t e r  h i s  p ropo r t i ona l  to the r e l a t i v e  
suct ion ve loc i ty  and does not depend on the d e g r e e  of 
r a r e f ac t i on .  Hence, o the r  things being equal,  the s l ip  
ve loc i ty  and t e m p e r a t u r e  jump depend only on the s u c -  
t ion veloci ty .  In th is  c a se  the  boundary  condit ions m u s t  
be wr i t t en  in the fo rm of ( 1 ) a n d  (5) for  any d e g r e e  
of r a r e f ac t i on .  In o the r  words ,  the usual  boundary  
condit ions of no s l ip  and e qual i ty  of the gas  and wal l  
t e m p e r a t u r e s  do not hold. 

The l a s t  t e r m  in e x p r e s s i o n  (15) does  not depend 
on the f r e e - s t r e a m  p a r a m e t e r s .  However ,  as  M~ 
i n c r e a s e s ,  the r e l a t i v e  cont r ibut ion  of this  t e r m  to 
the t e m p e r a t u r e  jump d e c r e a s e s .  

The tab le  g ives  the r e s u l t s  of n u m e r i c a l  c a l c u l a -  
t ions fo r  a i r  at  h = 0.01, and 0.05 fo r  the  fol lowing 
values  of the p a r a m e t e r s :  cr = 1, f = 1, u~ = 200 m /  
/ s e c ,  To = 350 ~ , T~r = 400~176 

As seen  f rom the tab le  ( l a s t  column),  the second  
t e r m  in condit ion (5) m a k e s  an addi t ional  cont r ibut ion  
to the t e m p e r a t u r e  jump at  the wal l  which co inc ides  
in o r d e r  of magni tude  with the t e m p e r a t u r e  jump 
ca lcu la t ed  us ing  condit ion (2). 

Using (11), we obtain an e x p r e s s i o n  for  the s h e a r  
s t r e s s  on the p la te  and the d i s p l a c e m e n t  th i ckness  
of the boundary  l a y e r  

du = p l v o l U =  
"~=lx-"~-y y=o l + h  ' 

u~ ,O[Vol 1 + h  
0 

When s l ip  i s  not  accounted for  in the boundary  con-  
di t ions ,  these  quant i t ies  a r e ,  r e spe c t i ve ly ,  given by 

To = p loolu~,  ~G = t~/olvol. 

Hence we conclude that  taking s l ip  into account  in the 
boundary  condi t ions l eads  to a reduc t ion  in skin  f r i c -  
t ion and d i s p l a c e m e n t  th ickness  of the boundary  l aye r .  

In de t e rmin ing  the spec i f ic  hea t  f lux at  the wall  in 
a flow with s l ip  i t  is  n e c e s s a r y  to c o n s i d e r  the heat  
suppl ied  to the su r f ace  as  a r e s u l t  of the work  done 
by the f r i c t i on  fo r ce s  

dT q_ du 

Using (11) and (12), we obtain 

Iv~ [1 + (2 - -6)h l .  (16) 
= - - A c a p l v o l  + (2_~ q 

+ h )  ~ 

If the s l ip  and t e m p e r a t u r e  jump a r e  not taken into 
account ,  the spec i f i c  heat  flux is  

qo=cpplVol T~--To-~--ff~- ~ �9 (17) 

It should be noted that  % 6*, and q depend not only 
on h (or  Iv01 ), but a l so  on p, i .e . ,  on the deg ree  of 
r a r e f a c t i on .  However ,  the r e l a t i v e  changes in these  
quant i t ies  do not depend on p. In p a r t i c u l a r ,  as  c a l cu -  
l a t ions  show, taking the s l ip  and t e m p e r a t u r e - j u m p  
condi t ions into account  l eads  to a reduc t ion  in the 
spec i f i c  hea t  flux q as  c o m p a r e d  with q0 by about 14 % 
at  h = 0.05 and 3% at h = 0.01. 

The p a r a m e t e r  h c h a r a c t e r i z e s  the deg ree  of 
r a r e f a c t i o n  of the gas  only if Pl v01 = coas t .  Then h ~ l 
and d e c r e a s e s  with i n c r e a s e  in gas  densi ty .  On the 
o the r  hand, at  constant  ply01 an i n c r e a s e  in gas  den-  
s i ty  causes  a d e c r e a s e  in suct ion veloci ty .  T h e r e f o r e  
in the l imi t  as  l - -  0 we obtain the solut ion of the 
f a m i l i a r  p r o b l e m  of un i form suct ion without a l lowance  
for  s l ip  and t e m p e r a t u r e  jump [3]. 

NOTATION 

p i s t h e  gas  dens i ty ;  v 0 is  the suct ion veloci ty ;  
u is  the tangent ia l  component  of gas  flow veloc i ty ;  T 
is  the gas  t e m p e r a t u r e ;  To is the p la te  t e m p e r a t u r e ;  
AT = T(0) - To; f is  the accommoda t ion  f ac to r ;  1 is  
the mean  f r ee  path;  # and ~ a r e  the coeff ic ients  of 
v i s c o s i t y  and t h e r m a l  conduct ivi ty  of the gas ,  r e s p e c -  
t ive ly ;  Cp is  the spec i f i c  heat  at constant  p r e s s u r e ;  

is  the P rand t l  number ;  a is  the mean  t h e r m a l  ve loc -  
i ty ;  R = k / m ;  k is  the Bol tzmann constant ;  m is  the 
m o l e c u l a r  m a s s .  
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