
five monatomic  gases  [4], along with the resu l t s  of  Mey e r  and Ses s l e r  [5] (see Fig. 1). The exper iments  
show that all five gases  behave identically.  Equation (2.13) is  applied to the exper imenta l  resu l t s  for  ~0 = 
-0 .12 .  It i s  evident f rom Fig. 1 that agreement  between theory  and exper iment  is  obtained up to r = 0.15, 
which co r re sponds  to a Knudsen number  of o r d e r  unity [5]. 

The Predvodi te lev  equations can t h e r e f o r e  be  used  in descr ib ing r a r e f i ed  gas flows up to Knudsen num- 
be r s  c lose  to unity. 

N O T A T I O N  

V, hydrodynamic  veloci ty  vec to r ;  ~, v iscosi ty ;  p, density; T, specif ic  heat ra t io;  go, Laplace value of 
the  veloci ty  of sound; w, cycl ic  f requency;  Cv, specif ic  heat at constant volume; g, phase  velocity of sound; 
k lu ,  ~1o* k ~ ,  k l T ,  p a r a m e t e r s  of f i r s t - o r d e r  discontinuity; k2u, X2T, p a r a m e t e r s  of  s econd-o rde r  discon- 
tinuity; k, t he r ma l  conductivity; R, un iversa l  gas constant. 
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F L O W  AND H E A T  T R A N S F E R  IN A J E T  N E A R  T H E  

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

I .  A. B e l o v  a n d  S. A. I s a e v  UDC 536.242:532.522.2 

Resul ts  a re  p r e sen t ed  of calculat ions of flow and heat t r a n s f e r  n e a r  the stagnation point of a 
c o n c a v e  body in a two-dimensional  subsonic jet~ using a flow es tabl ishment  method. 

The in te rac t ion  of a jet  flow with blunt bodies  is  usually taken to mean the flow n ea r  the stagnation 
point,  outside the region influenced by the body shape. We cons ider  the prob lem of  specifying such a flow 
n e a r  the sur face  of a concave body of constant curva ture ,  located in a subsonic jet. The  flow is assumed to 
be  two-dimensional ,  and the fluid is  a s sumed  to be incompress ib le  and viscous nea r  the body surface.  We 
r e s t r i c t  the analysis  to a small  region nea r  the stagnation point, and r ep re sen t  the flow of the jet  far  f rom 
the sur face  as being approximate ly  the  flow f rom an ideal source.  

In the body-f ixed  coordinate  sys tem (~, ~-), (Fig. 1), where  the ~ axis is  tangent to the body surface,  and 
the ~ axis is  normal  to it, we se lec t  the sect ion ~ = ~-oo, where  the source  flow veloci ty  is  known and equal to 
Voo. We cons ider  that the sect ion ~oo is  at a cons iderable  dis tance f rom the obstacle ,  so that the effect of the 
obstac le  on the sou rce  flow is  negligibly small  here .  The flow is symmet r i c  re la t ive  to the obstacle cen ter  

= ~ = 0, and the ex te rna l  flow is  i r ro ta t iona l ;  the effect  of  v i scos i ty  i s  local ized in a thin boundary l aye r  
nea r  the obs tac le  surface.  The  p rob lem is  solved in two stag_es.In the f i rs t  stage we seek a solution in the 
region where  the source  flow and the obstac le  in te rac t  (0 _< g -< ~ ) ,  and we formula te  boundary conditions 
for  the  v iscous  flow and heat t r a n s f e r  in the obstacle  boundary layer .  In the second stage we cons ider  the 
es tabl ishment  of a boundary l aye r  on the obstacle ,  and de te rmine  the fr ic t ion r w and the heat flux qw to the 
surface .  The  p rob lem is  solved by a flow es tabl ishment  method, applied to the unsteady boundary - l aye r  equa- 
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t ion.  T h e  o b s t a c l e  s u r f a c e  t e m p e r a t u r e  Tw 
1. 

o o 

) o ~ o o ~ o 

0 x 

Fig .  1. F l o w  s c h e m e .  

and t h e  e x t e r n a l  flow t e m p e r a t u r e  T~ a r e  c o n s i d e r e d  cons tan t .  

W e  c o n s i d e r  f lew f r o m  an i d e a l  s o u r c e  n e a r  the  s t a g n a t i o n  po in t  ~ ; ~ = O, which  c o i n c i d e s  wi th  t he  
c e n t e r  of  t he  o b s t a c l e  ( F ig .  1). T h e  e q u a t i o n s  d e t e r m i n i n g  t h i s  f low have  t h e  f o r m  

au + a a--( -~-I~(~ - ~ ) I  =0, (1) 

Ov d 

a~ a~ 

w h e r e  u, v = [(u, v ) / V ~ ] ; - ~ , ~  = [(~, ~ ) / ~ 1 ;  u and v 
s p e c t i v e l y ;  and K i s  t h e  c u r v a t u r e  of the  o b s t a c l e  (0 < K < 1). 

N e a r  the  s t a g n a t i o n  po in t  we  s e e k  a so lu t i on  f o r  u and v in  t he  f o r m  

u = ~f' (~), v = --f(i)/(! --K~). 

T h e  func t ion  f (~)  w a s  d e t e r m i n e d  f r o m  Eq. (2), 

f " / f '  = K,.(] - -  K~)  

wi th  the  fo l lowing  b o u n d a r y  c o n d i t i o n s :  

[u (l - -  K~)] =o,  (2) 

a r e  t he  v e l o c i t y  c o m p o n e n t s  a long the  ~ and g axes ,  r e -  

(3) 

Then  f o r  u and v w e  ob t a in  

7=0,  [=o; ~=1,  f=1--K. 

u = ~K ( K - -  1)/In (1 - -  K) ( I  - -  K~), (4) 

v = ( K - -  1) In (1 - -  K~)/ln (1 - -  K)/(I - -  K~). (5) 

2. F o r  t he  a n a l y s i s  of  the  flow and hea t  t r a n s f e r  in  t h e  b o u n d a r y  l a y e r  w e  u s e  a r e c t a n g u l a r  c o o r d i n a t e  
s y s t e m  ('x, ~ ) ,  w i th  o r i g i n  at the  o b s t a c l e  c e n t e r  x = y = 0. W e  adopt  t he  no ta t ion  ~? = ( ~ -  ~ T ) / ( ~  - Y T ) ,  
w h e r e  ~ i s  t h e  t h i c k n e s s  of  t he  v i s c o u s  l a y e r  ~T on the  o b s t a c l e  s u r f a c e .  Wi th  t h i s  no ta t ion  the  s y s t e m  of  
equa t i ons  d e s c r i b i n g  the  flow and hea t  t r a n s f e r  in  t he  boundax7  l a y e r  has  t he  f o r m  

a u  a u  y'~ a v  1 
. . . .  ~ - -  - -  =:0; 

ax arl y ~ - -  y~ aq y~ - -  y~ 

aU ' U a u  a u  1 a u  y" ap a~u ~ V - -  U - - - -  + -  
at ' ax all y~ __ y~ &] y ~ ~ y~ Ox &l ~ 

aT aT  OT 1 02U 1 
-~ U - - - -  --iV - -  - - = - E c - -  

at ax &l Y= - -  Y, aq 2 ( y .  - -  y~): 

I aZT 1 a T  y'~ 
"~- P--7 " &l  z (g~ - -  y~)~ + U a~ y ~  - -  y~ ' 

w h e r e  

U =  LI . v =  V T___ ~T p x 
v-=~ ' ? ~ ;  ~'~ ; P------=~-' ;~,v~ x = - - ; ~  

(y~ __ y~ )5 

(6) 

(7) 

(s) 
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W e  s o l v e  Eqs .  (6)-(8)  w i th  t h e  fo l lowing  b o u n d a r y  c o n d i t i o n s :  

t > 0, ~1 = 0, U = V = 0, T = T~ = const, 

, 1 = 1 ,  U = U ( x ,  1), T = T |  

and  at  t = 0 w e  u s e  Eqs .  (4) and  (5) f o r  t h e  v e l o c i t y  c o m p o n e n t s  in  t h e  c o o r d i n a t e  s y s t e m  (x, r/) 

w h e r e  

U = v s i n 0  + ucos~,  

0 s i n  0 
u = - -  r  

K x  

9 = arc tg(Kx/ (1  ~ Ky)), 

V = (v cos 0 - -  u sin ~}) 1/R~, 

v l n ( K x / s i n ~ )  r  
Kx / s in  0 

qb (K)  = ( I  - -  K ) / I n  (1 - -  K) ,  

v = iv, + ( w - w ) n l / V ~ ,  

( 9 )  

and t h e  f l u id  t e m p e r a t u r e  i s  a s s u m e d  c o n s t a n t  and  e q u a l  to  T = T~ = 1. 

In o r d e r  to  f ind  an a d d i t i o n a l  b o u n d a r y  cond i t i on  f o r  t he  V c o m p o n e n t  of  v e l o c i t y  on t h e  ax i s  of  s y m -  
m e t r y  (x  = 0), w e  r e p r e s e n t  t h e  s o l u t i o n  fo r  t h e  U v e l o c i t y  componen t  in  t he  i m m e d i a t e  v i c i n i t y  of  t he  s y m -  

m e t r y  ax i s  in  t h e  f o r m  [1] 
U = xU1 (t, x,  ~l), 

OU1 OU I OU = U1 (t, x, rl) + x U1 (t, 0, TI). 
Ox Ox Ox ,x=o 

S i m i l a r l y ,  w e  w r i t e  an e x p r e s s i o n  f o r  t he  v e l o c i t y  at t h e  o u t e r  edge  of  t h e  b o u n d a r y  l a y e r ,  f o r  ~ = 1, 

U o = U ( x ,  1 ) = x U 1  o(t, x), 

dU O OUlo , OUo 
- -  - -  x - -  -7- U 1  o, i = U l o .  

Ox Ox Ox ix=o 

T a k i n g  in to  accoun t  t h e s e  r e l a t i o n s ,  f r o m  t h e  B e r n o u l l i  equa t ion  w e  f ind  

Op = xUlo  ~ 0 (x~). 
Ox 

T h e n  Eqs .  (6) and  (7) f o r  x = 0 can  b e  w r i t t e n  in  t h e  f o r m  

1 O V  
U I + - -  - -  = 0 ,  

y~ - -  y~ Oq 

OU__~I '-- V OU__J_I l = 1 02U_J_I __ U I. & U I o " 

at Oq y | ~ y~ (y ~ - -  YT )2 Oq2 

(107  

(1D 

T h e  b o u n d a r y  c o n d i t i o n s  f o r  s o l v i n g  Eqs .  (10) and (11) f o r  151 and V a r e  

11 = O, U1 = O, V = O, ( 1 2 )  

11 = 1, U1--~'Ulo. 

S ince  t h e  f lu id  in  t h e  b o u n d a r y  l a y e r  i s  i n c o m p r e s s i b l e ,  t h i s  s y s t e m  of  e q u a t i o n s  i s  s o l v e d  s e p a r a t e l y  f o r  t he  

d y n a m i c  and t h e r m a l  p r o b l e m s .  

3. In  o r d e r  to  c o n s t r u c t  a f i n i t e - d i f f e r e n c e  ana log  f o r  t h e  above  s y s t e m  of  e q u a t i o n s  we  d iv ide  t he  r e g i o n  
o f  i n t e g r a t i o n  in to  a n u m b e r  of  c e l l s  A x  = Q, A~? = I t .  T h e n  x = (i  - 1) Q, ~ = (j - 1 ) H. W e  i n t r o d u c e  a t i m e  
s t ep  A t ,  such  t ha t  t = m A t .  W e  u s e  f o r w a r d  d i f f e r e n c e s  f o r  t h e  t i m e  d e r i v a t i v e s  and c e n t r a l  d i f f e r e n c e s  fo r  
t h e  d e r i v a t i v e s  w i th  r e s p e c t  to  x and ~. E q u a t i o n s  (6) and (7) in  f i n i t e - d i f f e r e n c e  f o r m  can  b e  w r i t t e n  a s  

m m [ i , i + l  '11m+I U~.jI/At + Ui,i IUi+i . i - -  U•-,aI/(2Q) + V '~' V" - -  t v i , j  - -  t,r 

, = - -  . U m U . . . .  "'Um - - U ~ . i _ d / ( 2 H ) / ( y ~ - - g T ) ,  (13) - -Vmi-d / (2H) / (y |  - -  yr ) Op/Ox-4- [ i,i+t + i , i - t  - -  2U~.i]/H~!(Y~--Yr) ~ + u~.iy, l i.i+1 , 

- -  ,vm+l V~+I rU m-]-I U rn+l + U ~ ?  1 um-+tlil/(2Q) T t ~-t.i - -  i - , .  i - ,  -J- r i , i - - I  - -  i - - t .  i - - I  . - -  

.~_ V.m+l mq-I [ ]' " [l lm+ I ?Irn+ I urn. +l (14) 
,,! - -  Vi.]~l]. (2H), (g| - -  gr ) = g, t ' - ' i - , . i  - -  ~ i - , ,  i - '  + '., - -  U~.~-ld/(2H)/(g. - -  gr )" 
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oh. j 
# ~,~' gg~r x q25 ~5 0.7~ ~ r 

Fig. 2. Veloc i ty  p r o f i l e s  (a) in the obs tac le  bound-  
a r y  l a y e r  wi th  K = 0.4;  Re = 104 (so l id  curve) ;  the  
Hiemenz  fo r  K = 0 [3] (b roken  line) and t e m p e r a -  
t u r e  p ro f i l e  (b) in the  o b s t a c l e  bounda ry  l a y e r  fo r  
K = 0 .4 ;  Re = 104; Ec = 0; P r  = 1.0;  1 - T  w = 0.25;  
2 - 0 . 5 ;  3 - 0 . 7 5  

[UI~ +1 - -  UI?I/At = [Ulj"~ + U1}'LI - -  2UI?I /H~/ (y~  - -  yT )z _ [Ul?].2 --V'•:i [Ul~,  - -  UI?__II/(2H)/(tj| - - y T  ), (15) 

V,,+I ~= (16) l,i---I = Vl,/_i - -  2HUI~ '+l (Y~ - -  Y~ ). 

In choos ing  r e l a t ions  be tween  At ,  AX, and AU, we  used  the  fol lowing s tabi l i ty  condi t ions  fo r  the bound-  
a r y - l a y e r  equat ions  in f i n i t e - d i f f e r e n c e  f o r m  [2]: 

At ~ 1/(UT~i/Ax --  2/(Aq)~), ,5~ ~ 2/V~' i. (17) 

Equa t ions  (13)-(16) with b o u n d a r y  condi t ions  (9) and (11) w e r e  so lved  us ing  the  fol lowing scheme.  

1. At t i m e  t = 0 we  c o n s i d e r  U and V to be  e q u a / t o  the  c o r r e s p o n d i n g  va lues  obta ined  f r o m  solut ion 

of the ideal problem. 

2. At time At from Eq. (15) we find I/I, from theknown values at time t = 0. Then, using an iteration 
method, taking into account the boundary conditions on the obstacle surface, from Eq. (16) we find the V com- 

ponent of velocity on the axis of symmetry, 

V (k+l) " (~ w r V  (&~ - - U l j 2 H ( y ~ - - y O - - ~ l . i + u ,  t,1+1 = VI . /+I  T L ,[,./--1 l/(k) 

w h e r e  the  index k denotes  the  i t e r a t i on  num ber ,  and o~ is a r e l axa t ion  coeff ic ient ,  a s s u m e d  equal  to  1.85. 

v ( k + l )  . (k) A f t e r  s a t i s fy ing  the  condi t ion I 1,j - Vl,  j I < E, at t he  con t ro l  poin ts ,  w h e r e  E is  the a l lowable  e r r o r  in 

the  solut ion,  we  r e c a l c u l a t e  the  ve loc i ty  g rad ien t  on the axis  o f  s y m m e t r y ,  

U Ij = - -  [V1,j+ 1 --- VI,j_~I/(2H)/(y| - -  YO, 

which  is  used  in the ca lcu la t ions  at the  next  t ime  step. 

3. Solution of  Eqs.  (13) and (14) at t i m e  At fo r  x > 0 i s  c a r r i e d  out ana logous ly .  

4. We r epea t  o p e r a t i o n s  2 and 3 at s u c c e s s i v e  t i m e s  to obtain  the e s t a b l i s h e d  solution.  

Dur ing  the  solut ion we  d e t e r m i n e  the v e l o c i t y  f ield in the bounda ry  l a y e r  and the  f~ict ion on the o b s t a -  
c le  s u r f a c e ,  

"{w 1 [ (l ":- K y ) 2  O U ~ u = ~ r l  KZx2 OV t 
T W  = .... 2 -~ . . . .  " 

pV | V Re K~x z + ( i  - -  Ky)  2 Oy . Re K2x 2 + ( 1 - -  Ky) 2 Ox u=u~ 

F o r  a sma l l  r eg ion  n e a r  the s tagnat ion  point  the  f r i c t ion  is  a s s u m e d  to be app rox ima ted  by  the  e x p r e s s i o n  

1 OU u=Y~:= 1 . ~ OU ~ o 

The t ime of f low establishment is determined by obtaining a value for  the f r ic t ion on the obstacle Surface 
which  r e p e a t s  wi th  a g iven accu racy .  

In so lv ing  the  t h e r m a l  p r o b l e m  we  u se  the  e a r l i e r  r e s u l t s  o f  ca lcu la t ing  the  ve loc i ty  in t he  boundary  
l aye r .  Equat ion (8), in f i n i t e -d i f f e r ence  f o r m ,  has  the  f o r m  

- -  + i,~ [Ti+Id - -  T?-I,i l /(2Q) -}- Vi, s [T~,i+, - -  L ~,l 

- -  T~i- ,] i (2H)/(g= - -  YO = U~,j [T~i+,  - -  T~i- , I / (2H)/ (g= - -  YO Y'~ + 

r T,n m + Ec [U~,:+~ + U~,~_, - -  2U~,~]/H~/(y| - -  y~)~ + ,  ~.]+~ + T~,i-~ - -  2T~,i]/H~/Pr/(y= g.:) ~. (19) 
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Fig .  3. Distribution of fr ict ion fac tor  (a) 
and heat flux (b) near  the stagnation point 
of  the obstac le  for  Re = 104; P r  = 1.0; 
E c = 0 ;  Tw = 0.25; 1 ~ K = 0 . 2 ;  2 - 0 . 4 ;  
3 --0.6. 

There  a re  no pa r t i cu la r  difficulties in solving Eq. (19) for  T.m. +1, with constant t empera tu re  conditions 1,j 

at the obstacle  sur face  and at the outer  edge of  the boundary  layer .  The initial values for  t empera tu re  and 
veloci ty in the boundary l aye r  at t ime  t = 0 were  assumed to be as follows: T = 1, and U and V have the i r  
values at the t ime  of flow establ ishment  in the boundary layer .  During the solution the t empera tu re  field in 
the boundary l a y e r  was determined.  F rom the well-known law for  t empera tu re  distr ibution in the boundary 
layer ,  we fur ther  calculated the heat flux f rom the fluid to the wail:  

= qw r~ = 1 - -  Ky  ____ OT Y=gT-- Kx  OT Y=YT 
q~' ~ 's  ~' K~x ~ + (1 - -  Ky) ~ VRe--~-y V-K2x ~ + (1 --Ky) ~ 0--~- " 

For  a small  region nea r  the stagnation point the l a t t e r  express ions  take the form 

q~ = / ~  I aT I " (20) 
y|  y~ Oq n=o 

The t ime for  es tabl ishment  i s  the same as in calculating frict ion,  and was determined by obtaining a value of 
heat flux to the obstac le  which repea ted  with t ime with a given accuracy.  

5. The dynamic and the rmal  p rob lems  were  solved on the BESM-4 computer.  In both cases  the same 
21 x 21 computational  mesh  was used. The initial data chosen were :  H = 0.05; Q = 0.025; At = 10 -~ (the f i rs t  
25 steps) and At = 10 -4 (subsequent steps); Y~o = 1.0; ~ = 10-5; T w = 0.25, 0.5, and 0.75; Re = 104; Ec = 0; 
P r  = 1.0. The body curvature  va r i ed  in the range 0 < K < 1. Some of the computer  resul ts ,  obtained at the 
t ime assumed  for  the solution to establish,  are  shown in Figs. 2-4. 

Figure  2a shows the prof i les  of the U and V veloci ty  components at the t ime of flow establishment in 
the boundary  l aye r  on an obstac le  with curva ture  K = 0.4, at t ime step 131 for  Re = 104. We note that, unlike 
flow near  the stagnation point of a two-dimensional  obstacle  normal  to a uniform external  s t ream [3], for flow 
ove r  an obstacle  of concave shape the re  i s  a l aye r  nea r  the surface  where  the V component changes sign; the 
U veloci ty  component profi le  is close to the theore t ica l  Hiemenz prof i le  for  flow of a uniform s t ream over  a 
perpendicu lar  obstacle  [3], but differs  in magnitude f rom the lat ter .  The broken curve in Fig. 2a cor responds  
to the Hiemenz solution U = U(~) ,  where  ~ = ~ / f l /~ ,  fl is  the velocity gradient  at the*stagnation point. Since 
the flow velocity at the outer  edge of  the boundary l ayer  near  the stagnation point for  two-dimensional  and 
concave obs tac les  is  given by the l inear  re lat ion U = fi }, in t e r m s  of the coordinate over  the obstacle  surface  

, it follows f rom solution of the p rob lem of in terac t ion of a per fec t  s t r eam with an obstacle  that the velocity 
gradient  at the stagnation point of the obstacle  is  fl = K ( K -  1) Voo/~ ~o/ln(1 - K ) ,  and for K - -  0, fi -~ Voo/~oo. 
Typical  p rof i les  of the t em pe ra tu r e  in the boundary l aye r  nea r  the stagnation point are  shown in Fig. 2b for  
K = 0.4; Re = 101; Ec = 0 ;  Tw = 0.25 (curve  1); T w = 0.5 (curve 2); T w = 0.75 (curve 3). 

Figure  3a shows the distr ibution of the es tabl ished wall fr ict ion in the form ~w~/-Re = f(x) for Re = 104 
and K = 0.2 (curve  1), for K = 0.4 (curve  2), and for  K = 0.6 (curve 3). Figure  3b gives the heat flux dis t r ibu-  
t ion over  the obstac le  sur face  under  the same conditions in flow with Ec = 0; T w = 0.25. 

It is  in te res t ing  to compare  the resu l t s  obtained with the fr ic t ion and heat flux values near  the s tagna-  
t ion point, de te rmined  for  a uniform s t ream normal  to a two-dimensional  fiat plate obstacle.  In this case,  we 
can wr i te  the following express ion  [3] for  the fr ict ion:  

u ol 
N f ' P =  ~ = C ~'5 I 'Re  ' 
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where  

~ta f.p 

�9 2. / 

' 

o ~ @ Ce 

Fig. 4. Ratios of the fr ic t ion (a) and the 
heat  flux (b) at the stagnation point of a 
concave obstacle to the corresponding 
flat plate values [3]: 1) p resen t  ca lcu-  
lation; 2) calculation using relat ions for  
a flat plate normal  to a uniform s t ream,  
co r rec ted  for  the velocity gradient  at the 
stagnation point of the concave obstacle.  

=V ' = V ~ ,  p ~ j ~ ,  C = 1.23259. 

The data presented in Fig. 3a show that r w V R e  is  a l i nea r  function of ~ near  the stagnation point fo r  a con- 
cave obstacle;  7wV-~e = CI~, where  C 1 = f ( K ) ,  and, there fo re ,  the rat io r w / r w f . p  = C I /C .  Tak ing into ac- 
count the values obtained for  C1, the rat io r w / r w  f.p fo r  Re = 104 is shown in Fig. 4a (culwe 1). I f  we use 
the fo rmu la  fo r  the f r i c t ion  near the stagnation point of a plate washed by a un i fo rm normal  s t ream in calcu- 
la t ing the f r i c t i on  on a concave obstacle, i .e. ,  i f  we compute only the va r ia t ion  in the ve loc i ty  gradient  at the 
stagnation point of the obstacle because of the curvature ,  then we obtain 

%/r-wf.p= [K (K - -  1)/ln (I - -  K)] ~'s, 

as follows from the express ion for the velocity gradient at the stagnation point of a concave obstacle. The 
resul t s  of the calculation using this formula  are  shown in Fig. 4a (curve 2). Similarly,  we can compare the 
heat flux at the stagnation point of a concave obstacle and on a plate washed by a uniform normal  s t ream. In 
the la t ter  case  we have [3] 

NUfp= cg.~= ----C 2|/'Re, 

where  C2 = 0.57 Pr~ -5f.p is the coefficient of heat t r a n s f e r  for the plate. For  a concave obstacle,  from 
Eq. (20) we obtain 

c ~  T~ 
Nuf.p . . . .  

where  -~ is the hea t - t r ans f e r  coefficient for a concave obstacle.  Taking the la t ter  express ions  into account, 
the ratio Nu/Nuf.p  has the form 

Nu T~ qw 
- -  ~ 

NUf.p C= (T~ - -  Tw) 1 Re 

Using numerica l  values for  qw (Fig. 3b), obtained with Re = 104; Ec = 0; P r  = 1.0; T w = 0.25, the ratio 
Nu/Nuf.p is shown in Fig. 4b. If the heat flux near  the stagnation point of a concave obstacle is calculated 
using the formula  for  qw for a plate washed by a uniform normal  s t ream,  i.e.,  if  in a ease with frict ion we 
calculate only the var ia t ion in the velocity gradient  at the stagnation point of a concave obstacle,  in compar i -  
son with the gradient  at the plate stagnation point we obtain 

NU 1 / K ( K - - 1 )  v'R-e. 
NUf.p C= I n ( l - - K )  

The resul ts  of the calculation using the l a t t e r  formula  are  shown in Fig. 4b (curve 2). 

The investigation conducted here  allows us to conclude that the frict ion and heat flux nea r  the stagnation 
point of a concave body depend appreciably on the obstacle curvature.  For  the range of curvature  investigated, 
0.2 _< K _< 0.6, the fr ict ion and heat flux nea r  the stagnation point of a concave obstacle  are  g r ea t e r  by a fac tor  
of 2.5 than the corresponding values for a flat plate washed by a uniform normal  s t ream.  A calculation of 
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friction and heat flux at the stagnation point of a concave obstacle, using relations for a two-dimensional fiat 
plate, accounting for variation in the velocity gradient at the stagnation point of the obstacle, gives underes-  
t imated values (by a factor from 3 to 8 ), compared with the present  results.  

N O T A T I O N  

~, ~, axes of the body-f ixed coordinate system; ~o ,  distance from the obstacle at which the effect of 
the obstacle and the outer  flow is negligibly small; x, y, rectangular coordinate system axes; y ~ ,  thickness 
of viscous layer  on the obstacle; YT, coordinate of the obstacle surface; ~, t ransformed coordinatej t, time; 
~, slope angle of the velocity vector  V~ to the axis of symmetry;  u, v, velocity components along the axes 
~, ~ in the region of interaction of an ideal flow with the obstacle; U, V, velocity components along the x and 
y axes in the obstacle boundary layer;  V~, velocity at section ~ ~ ; U1, gradient of U in direction x; /3, 
velocity gradient at the obstacle stagnation point; p,  density; T, temperature;  Tw, wall temperature;  Too , 
tempera ture  of outer  flow; p, p ressure ;  /~, dynamic viscosity; ~, thermal  conductivity; Cp, specific heat; ~,  
hea t - t ransfer  coefficient; K, curvature of obstacle; 7w, friction on the obstacle surface; qw, heat flux to the 
obstacle surface; Q, H, sizes of computational mesh cell in the direction of the x and T/ axes, respectively; 
At, t ime step; i, j, m, cell numbers in the directions x, 77, andt; k, i teration number; w, relaxation coef- 
ficient; R e  = pV~oo / l~ ,  Reynolds number; P r  = Cp/Z/h, Prandtl  number; Ec = V&(~pT~), Eckert number; 
Nu = ce~ooX, Nusselt numbers. Indices: 0, pa ramete r s  at the outer edge of the boundary layer; f.p, parame-  
t e r s  on a two-dimensional fiat plate, positioned normal to a uniform external s tream; - ,  dimensional value. 
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M E C H A N I S M  O F  B O I L I N G  ON S U B M E R G E D  

S U R F A C E S  W I T H  C A P I L L A R Y - P O R O U S  C O A T I N G  

O. N. M a n ' k o v s k i i ,  O. B. I o f f e ,  
L.  G. F r i d g a r t ,  a n d  A. R. T o l c h i n s k i i  

UDC 536.423.1 

An approximate model is proposed for the process  of boiling in a porous layer.  The model shows 
satisfactory qualitative and quantitative agreement with experimental data over  a wide range of 
heat fluxes. 

Heat- t ransfer  surfaces with capil lary-porous coatings have been arousing much interest  among" r e -  
searchers ,  since boiling seems to occur on them somewhat more  intensely than on uncoated surfaces. In 
part icular ,  it has been noticed that boiling on porous surfaces may occur for very small temperature  differ- 
ences, hence permitt ing the t r ans fe r  of large heat fluxes in thermodynamically favorable conditions. 

The study of this phenomenon is known to present  certain difficulties, since its mechanism is deter-  
mined by hea t - t rans fe r  p rocesses  that occur  inside the s tructure of the capil lary-porous layer,  where they 
are inaccessible to visual observation and direct measurement.  Probably as a result,  the l i terature has so 
far  lacked any general methods allowing the calculation and analysis of this process  on the basis of specified 
proper t ies  of the medium, parameters  of the porous layer,  the character is t ics  of the coating material ,  and 
the tempera ture  difference. Experimental  results  and empirical  correlat ions were presented in [1-3], 
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