
NOTATION 

j, m a s s  f i l t ra t ion velocity;  p, fluid p r e s s u r e ,  Pa; T, t empe ra tu r e ;  i, enthalpy; p ,  fluid densi ty,  kg/m3;  
#, fluid v iscos i ty ,  N �9 see /m2;  m,  poros i ty  of the medium; k, pe rmeab i l i t y  of the porous  medium,  m2; k ,  t h e r m a l  
conductivity of the f l u i d - p o r o u s - m e d i u m  s y s t e m ,  W / m  �9 deg; C, vo lumetr ic  specif ic  heat  of the porous  medium,  
. l / ( m  a �9 deg); Cp, speci f ic  hea~ of the gas at constant p r e s s u r e ,  J / ( k g  �9 deg); C' ,  specif ic  heat  of the liquid, 
J~  (kg �9 deg); K, c o m p r e s s i v e  bulk modulus,  N/raP; a ,  coefficient of cubical expansion,  deg -1. 
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S T E A D Y - S T A T E  P R O B L E M  O F  L O C A L  P O R E  C O O L I N G  

V.  V .  F a l e e v  UDC 536.244 

The t e m p e r a t u r e  f ield in a porous  ha l f - space  with f i l t ra t ion  of coolant f r o m  a source  is examined.  

Pore cooling has come into use in recent years in several sectors of modern industry to protect various 
structural elements from high heat fluxes. The high efficiency of this method of cooling is due to the developed 
surface with which the coolant is in contact during its motion through the porous medium. As a result of this, 
heat is absorbed, and the boundary layer at the leakage surface is transformed in such a way that heat transfer 
f r o m  the h i g h - t e m p e r a t u r e  gas  flow to the wall  behtg p ro tec ted  is reduced.  

Toge ther  with the continuous supply of coolant through the wall  [1], in our opinion coolant can a l so  be 
supplied to ce r t a in  local  zones in some  c a s e s .  This p roduces  zonal  pore  cooling and c rea t e s  the t he rma l  r e -  
g ime requ i red  for  the m o s t  heavi ly  t h e r m a l l y  s t r e s s e d  sec t ions .  

An impor tan t  t a s k  in designing such s y s t e m s  is studying the t e m p e r a t u r e  f ields inside porous  m a t e r i a l s  
with al lowance fo r  the f i l t ra t ion p r o c e s s e s  occur r ing .  To solve this p rob lem,  it is f i r s t  n e c e s s a r y  to cons t ruc t  
the solution of the two-dimens iona l  f i l t ra t ion  p rob lem and obtain the p r e s s u r e  dis tr ibut ion in the porous  body. 
The h e a t - t r a n s f e r  equation can then be used with this data to find the t e m p e r a t u r e  field. 

Let  us examine this p rob l em  using the example  of coolant flow in a porous  ha l f - space  (Fig. l a  [2]). We 
will assume that the cooling gas is moving in an undeformed, uniformly porous medium from a source of inten- 
sity 2M, located at point A, to the leakage surface. Constant pressure P2 and temperature T 2 are maintained 
at the leakage surface, while the pressure and temperature at the source are Pl arid TI, respectively. The 
thermophysical characteristics of the gas and the porous material are assumed to be constant, and equality is 
maintained between the temperatures of the body and the coolant at any point of the filtration region. 

The gas flow in the porous medium obeys the resistance law 

--%% graO n = - f (v__J) i7. 
~t (T) V 

The p r o c e s s  of heat  and m a s s  t r a n s f e r  is desc r ibed  by the equations: 

/.AT - -  cpV grad T = 0, 

(1) 

(2) 
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Fig .  1. D i a g r a m  of the r eg ion  of coolant  
flow in the p o r o u s  h a l f - s p a c e .  

0r f n  + [ exp (--  2~)  OP* c?kV': Vl{!-- I OP:'" 
015 - Z - -07- ' '  - &  - g exp (--2e~) 013 (3) 

We e m p l o y e d  a hodograph  t r a n s f o r m a t i o n  of the f i l t r a t i on  r a t e ,  t r a n s f o r m i n g  the i nves t i ga t ed  r eg ion  in 
the p lane  r ,  fl (Fig. lb)  into an inf ini te  s t r i p  w h e r e  t h e r e  ex i s t s  a c e r t a i n  funct ion  Q( 7, fl) which  s a t i s f i e s  the 
He lmhol t z  equat ion.  S u c c e s s i v e  use  of F o u r i e r ' s  t heo ry  of g e n e r a l i z e d  i n t e g r a l s ,  the t h e o r y  of ana ly t i c  func t ions ,  
and the W e i n e r - H o p f  me thod  to  so lve  th is  equa t ioa  a l lows  us to obta in  the fol lowing r e l a t i o n s  f o r  the sought  
funct ion [2]: 

a t r > 0  

Q (~, [3) = ~ exo (e~) -i- q3 (e) ~ ( -  1) h k r  (he) exp ( - -  hG) sin k/3, (4) 
~ ..mi r h  (r k q__ g) 

a t r < 0  

w h e r e  

The  r e l a t i o n  

exp (Sh~) 2k - -  1 (5) 
Q (~, fi) = (1) (Q_ ( - -  l)h Sk (Sh - -  e).qb (S,3 sin T 

71; h = l  

k=1 2 k - -  1 e - -  r~ 

~/ (2k--1)~ + ~ ;  r  rl 2k--1 z + a  
$I, 

V 4 k=l 2k Z ~L S~ 

dx* = - -  e x p ( -  ]/n § 1 ~) cosDdP* -r exp - -  If  

p e r m i t s  us to  change o v e r  f r o m  r to  the p h y s i c a l  coord ina te  x * .  

Allowing f o r  (4), (5), we find the p r e s s u r e  d i s t r i bu t ion  f r o m  the s o u r c e  to  the l eakage  s u r f a c e  with fi = ~,  
h e r e  in t eg ra t ing  the r e l a t i on  

d P * -  OP* &C_l 0P* 

with  the use  of s y s t e m  (3) and the subs t i tu t ion  

AS a result , ,  we  have  

4 '  = Q exp (--  m:). (7) 

P *  1 { 1 [exp(2e~)- - l l . - -~c l ) (e)<"  k2q) ( r~)exp l -T(ru- -e ) ] - - l }  

Equat ion (8) can be r e p r e s e n t e d  in the plarle of the phys i ca l  c o o r d i n a t e s  by m e a n s  of the r e l a t i on  x* = f{ 7) 
wi th  fl = ~. In t eg ra t ing  (6) f r o m  0 to  o~ with the u se  of (3), (4), and (7), we  f ind 
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F i g .  2. The r e l a t i o n s  wi th  n = 1: 1) P* X -1 = f ( x * ) ;  2) x* = f ( r ) .  

F i g .  3. T e m p e r a t u r e  change  a long  the x* ax i s  (M = 6  �9 10 -4 m 2 / s e e ,  k = 
3 W / m  - deg) wi th  the  f low of: 1) a i r  (Kn = 0.15); 2) h e l i u m  (Kn = 0.1); 3) 

h y d r o g e n  (Kn = 0.15). 

x* = 1 [ n 4 7  1 exp ~ 1 47ad)(e) I~ 

w h e r e  V = (n + 2 ) / 2 ( n  + 1)t/2.  The g r a p h i c a l  d e s c r i p t i o n  of (8), (9) wi th  n = 1 by m e a n s  of a c o m p u t e r  is  shown 
in F i g .  2. 

We  ob ta in  the  t e m p e r a t u r e  f i e l d  d i s t r i b u t i o n  i n s i d e  the  p o r o u s  h a l f - s p a c e  in  the  f low of an idea l  g a s  f r o m  
the  s o l u t i o n  of Eq.  (2). Th i s  so lu t ion ,  wi th  a l l o w a n c e  f o r  (1), c an  be r e p r e s e n t e d  as  fo l lows  in e u r v i l i n e a r  o r -  
t hogona l  c o o r d i n a t e s  p,  ~ ( p r e s s u r e ,  s t r e a m  funct ion)  [3]: 

0 [ R"+~(T) T'~+~/(V)dT] 0 [ r162 OT] c OT 0" (10) 
O--p 7 ~ 5 g  O-p §  t?,~'+'I~(T) T"+'f(V ) ~ § ~ Op 

As shown in [3], f o r  a l i n e a r  r e s i s t a n c e  law the t e m p e r a t u r e  i s  a s i n g l e - v a l u e d  func t ion  of the p r e s s u r e ,  
and  (10) is  t r a n s f o r m e d  in to  an o r d i n a r y  d i f f e r e n t i a l  equa t ion  which  can  be e a s i l y  i n t e g r a t e d .  Wi th  n o n l i n e a r  
f i l t r a t i o n ,  the  p r o b l e m  is  c o m p l i c a t e d  c o n s i d e r a b l y .  H o w e v e r ,  if  we a p p r o x i m a t e l y  a s s u m e  ~ = ( fV) /V -~ cons t ,  
t hen ,  a s  b e f o r e ,  we can  s u p p o s e  tha t  the  t e m p e r a t u r e  i s  a s i n g l e - v a l u e d  func t ion  of the  p r e s s u r e  and,  i n s t e a d  
of (10), w r i t e  

dpd [Rn+~[x(T) T"+l~ap n+t d_~p] 47 )~c dTdp O- (I1) 

I n t e g r a t i n g  (11), we ob ta in  

R n+l T ~+a ~(T) dT, (12) 
dp = Fp,~+1 (D-- T) 

w h e r e  F = e c ~ / k ~  ; D i s  the  c o n s t a n t  of i n t e g r a t i o n .  

I t  i s  p h y s i c a l l y  e v i d e n t  t ha t  the  p r e s e n c e  of a s i n g l e  po in t  s o u r c e  in the  i n v e s t i g a t e d  r e g i o n  p r e s u m e s  a 
va lue  Pl  = ~" Then,  a s s u m i n g  tha t  P2 = 0 on the l e a k a g e  s u r f a c e  and then  i n t e g r a t i n g  (12), we f ind  tha t  D = T~. 
Hav ing  m a d e  the s u b s t i t u t i o n  

i n s t e a d  of (12) we ob ta in  

pn+l 
dP -= dp, T~+I R n+l V (T) 

dT dp-- 
F (T~ - -  T) 
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F r o m  which we have 

T = T 1 - -  ( T  1 - -  T2) exp (--  FP). (13) 

Equation (13), with allowance for  the pore  cooling c r i t e r ion  [4] and the d imens ionless  t e m p e r a t u r e  T* = 
(T - T i ) / T  1, is reduced to the f o r m  

P* Vo) 
T* ---- T* exp --K,~ 

~ ~ 

Figure  3 shows the t e m p e r a t u r e  dis t r ibut ion in the porous  ha l f - space  in the flow of a i r ,  hel ium,  and hy-  
drogen.  It can be seen  f r o m  the graph  that,  to mainta in  a ce r ta in  t h e r m a l  s ta te  in the porous  body during cool-  
ing with a gas,  it is best  r ouse  a substance  with a lower  molecu la r  weight.  

NOTATION 

T, t e m p e r a t u r e ;  c, specif ic  heat  of the gas;  p ,  densi ty of the gas;  k ,  effect ive t h e r m a l  conductivity of the 
p o r o u s - b o d y - c o o l a n t  sys t em;  r ,  fi, Chaplygin va r i ab les ;  n + 1, degree  of f i l t ra t ion  (fil tration is l inea r  at  n = 0); 

= VnM/P0  ~, d imens ion less  f i l t ra t ion p a r a m e t e r ;  r = r  d imens ion less  s t r e a m  function; P* = P / P 0 ,  
d imens ion less  p r e s s u r e ;  ~, constant cha rac te r i z ing  the porous  med ium and coolant; # (T), absolute v i scos i ty  
of the gas;  f(v), function de termining  the f i l t ra t ion law in each specif ic  case;  x* = x / d ,  d imens ionless  c o o r -  
dinate; d, cha r ac t e r i s t i c  dimension;  R, gas  constant .  
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THEORY OF THE FLOW AND CONDUCTION OF 

INHOMOGENEOUS MEDIA 

I. BASIC MODEL OF AN INHOMOGENEOUS MEDIUM 

G. N. Dul'nev and V. V. Novikov UDC 536.21 

A bas ic  model  of an inhomogoneous med ium is outlined and, by a combinat ion of the methods of 
flow theory and reduction to an e l e m e n t a r y  cell ,  an analyt ic  dependence is obtained for  the con-  
duction of such a medium.  

In studying the conduction of inhomogeaeous m a t e r i a l s  with a random dis t r ibut ion of components ,  there  
has been s teadi ly  increas ing  use,  in recen t  y e a r s ,  of a new method of invest igation,  cal led flow theory  [1-3]. 
F o r  a binary irahomogeneous s y s t em ,  in which the conductivity of one component  A1 # 0 is nonzero,  while the 
other  is  ze ro  A 2 = 0, the effect ive conductivity A, according  to flow theory ,  is [3] 
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