
HEAT TRANSFER IN LAMINAR CONVECTION 

COMBINED WITH INJECTION (SUCTION) 
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An equation derived f r o m  an analys is  of numer ica l  r esu l t s  is presented  for  heat  t r a n s -  
f e r  in combined l aminar  convection. 

The problem of heat  t r an s f e r  in l aminar  {free or forced) convection combined with injection (suction), 
which is specif ied by a s e r i e s  of equations for  a uni form boundary layer ,  has been solved [1] using i t e r a -  
rive methods.  

Different ial  equations for f ree  laminar  boundary l ayers ,  neglecting viscous  diss ipat ion and a s -  
suming the physical  p a r a m e t e r s  to be constant,  a r e  wr i t ten  for  ve r t i ca l  porous su r faces  in the form:  
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with the following boundary conditions: 

u = 0 ,  v = v  w, T = T w  for g = 0 ;  

u---- U~, T = T~ for g = co. 
(2) 

Combined convection is invest igated for f r ee  and forced flows with the s ame  direct ion for  T w > Too. 

To study the boundary layer  c h a r a c t e r i s t i c s  o f  both f r ee  and forced convection, the mutual  effects  
of the f r ee  convection on the forced flow and of the forced flow on the f r ee  flow mus t  be considered.  The 
value A = G r / R e  2 is the main  p a r a m e t e r  for  de termining  the effect  of the boundary fo rces  on the forced 
convection and the value B = R e / ( 2 G r  1/2) is used to de te rmine  the effect  of the forced flow on the convec-  
tion. 

In Fig. 1 profi les  for  the nondimensional  ve loci ty  f '  and the t e m p e r a t u r e  0 in boundary l aye r s  with 
combined convection a r e  compared ,  using the data of Shevchik [2], who invest igated two methods of so lv -  
ing the p rob lem for  nonporous sur faces :  by expanding in a s e r i e s  the ve loc i ty  and t e m p e r a t u r e  functions, 
in t e r m s  of G r / R e  2, when forced convection has the ma jo r  role  and in t e r m s  of R e / G r  1/2 when f ree  con-  
vect ion has the ma jo r  role;  Gr  = gfl(T w - T ~ ) x 3 / 4 v  2 a n d r e  = U~x /v  a r e  the Grashof  and Reynolds numbers .  

For  heat t r an s f e r  descr ibed  by the numer ica l  ana lys i s  [1], genera l ized  ra t ios  were  obtained {for Pr  
= 0.72) using co r rec t ion  f ac to r s  for  nonporous sur faces :  

a) for  de termining  the effect  of f ree  convection on the forced flow 
Nu 

( 1  - -  1,69ffor ) [l @ (0.34 @ 0.86f for ) A~176 f~ ], (3) 
Nufor 

where  ffor = -Vwq-Re/U~ is the inject ion (suction) p a r a m e t e r ;  
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Fig.  1. D i m e n s i o n l e s s  v e l o c i t y  (f') 
and t e m p e r a t u r e  (0) p ro f i l e s  fo r  P r  
= 0.72; 1) A = 0.1; 2) B = 0.1; 3) s o -  
lu t ion  a c c o r d i n g  to Shevchik  [2]; 4) the 
au thor .  

b) f o r  de te rmin ing '  the e f fec t  of f o r ce d  f low on the f r e e  convec t ion  

Nu = (l - -  0,77fir) [1 + (0,24 + 0:02ff r) Bm6+~ (4) 
Nufr 

w h e r e  f f r  = - R e w ( G r / 4 ) - l / 4  is  the in jec t ion  (suction) p a r a m e t e r ;  Re  w = VwX / v. 

[n Eqs.  (3) and (4) NUfo r and NUfr a r e  the Nusse l t  n u m b e r s  fo r  f o r c e d  and f r e e  f lows in the a b s e n c e  
of in jec t ion  (suction).  

Equat ion  (3) is  used  to d e t e r m i n e  the hea t  t r a n s f e r  when the f r e e  convec t ion  a f f ec t s  the fo rced  flow, 
and Eq. (4) i s  used  when the f o r c e d  flow a f f ec t s  the f r e e  flow. F o r  f low condi t ions  in which the ine r t i a  and 
bouyancy  f o r c e s  a r e  c o m p a r a b l e ,  a n o t h e r  equa t ion  fo r  the Nusse l t  n u m b e r  fo r  nonporous  s u r f a c e s  was  ob-  
ta ined by s i m p l e  r e a r r a n g e m e n t  of Eqs.  (3) and (4): 

, [ ] ! 0,3 Re Y 1 + 0~34A T , if A ~ 9, 

Nu; = / 
-4- 

(5) 

C o m p a r i s o n  of the  v a l u e s  ca lcu la t ed  us ing  Eq. (5) with the e x p e r i m e n t a l  data  and n u m e r i c a l  r e s u l t s  
of Kl igel  [2] a r e  p r e s e n t e d  in Fig .  2. The  r e s u l t s  p r e s e n t e d  w e r e  obtained us ing  Eq. (3) (curve  1) and 
Eq. (4) (curve  2). To  ca lcu la te  the hea t  t r a n s f e r  in the  v i c in i ty  of porous  s u r f a c e s  under  condi t ions  of 
combined  convec t ion ,  ano the r  equa t ion  was  der ived:  

1 

[ 0.3alRe-V[1 +biA~'], if A < 9 ,  
Nu*--  ] l (6) 
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Fig.  2. Hea t  exchange  in combined  convec t ion ,  P r  
= 0.72: 1) a c c o r d i n g  to Eq. (3) a t  f for  = 0; 2) a c c o r d i n g  
to Eq. (4) a t  f f r  = 0; 3) a c c o r d i n g  to Eq. (5); 4) e x p e r i -  
m e n t a l  data  of Kl igel  [2]. 
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w h e r e  

a 1 = 1 - -  1.69ffor, a s = t - -  0.77ffn; 

b, = 0.34 -k O,86ffo r, b~ -~ 0.24 Jr O,02ffr; 

q = 0.5 ~- 0.2ffor, Q : 1.16 + 0.S/fr; 

In Eqs .  (5) and (6), the p a r a m e t e r s  of the  e f fec t  of f r e e  convec t ion  o n  the f o r c e d  f low A and of the  
e f fec t  of the  f o r c e d  convec t i on  on the  f r e e  f low B a r e  r e l a t e d  a s  fo l lows  

A = (2/3) -2. 

Wi thou t  i n j e c t i o n  (suct ion) ,  i . e . ,  when f fo r  and f f r  a r e  z e r o ,  Eq. (6) t a k e s  the  f o r m  of (5) fo r  non-  
po rous  s u r f a c e s .  
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N O T A T I O N  

a r e  C a r t e s i a n  c o o r d i n a t e s ;  
a r e  p r o j e c t i o n s  of the  v e l o c i t y  in  the  b o u n d a r y  l a y e r  onto the  x, y a x e s ;  
i s  the  r a t e  of i n j e c t i o n  (suct ion);  
i s  the  k i n e m a t i c  v i s c o s i t y ;  
i s  the  a c c e l e r a t i o n  due to  g r a v i t y ;  
i s  the  coe f f i c i en t  of t h e r m a l  expans ion ;  
i s  the  t h e r m a l  d i f fus iv i ty ;  
i s  the  t e m p e r a t u r e ;  
i s  the  v e l o c i t y  of the  e x t e r n a l  f low; 
i s  a d i m e n s i o n l e s s  v a r i a b l e ;  
i s  the  p a r a m e t e r  of the  e f fec t  of f r e e  c o n v e c t i o n  on f o r c e d  f low;  
i s  the  p a r a m e t e r  of the  e f fec t  of f o r c e d  m o t i o n  on f r e e  flow. 

i. 
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