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The veloci ty  and heat  t r a n s f e r  f ie lds  nea r  a ve r t i c a l  p e r m e a b l e  su r face  with s imul taneous 
convection a r e  invest igated.  A solution is found for  the boundary l a y e r  equations with known 
laws of sur face  t e m p e r a t u r e  and flow veloci ty  change. The t r a n s f o r m e d  boundary l aye r  equa- 
t ions contain the p a r a m e t e r  G/R 2, which de t e rmines  the effect  of f r ee  convection on f r ic t ion  
and heat  t r a n s f e r  fo r  const ra ined motion.  Calculat ions of f r ic t ion  and heat  t r a n s f e r  as  func-  
t ions of draf t  (suction) with s imul taneous  convection a r e  p resen ted .  

The study of convective heat  t r a n s f e r  in the l i t e ra tu re  is l imited to an examinat ion of const ra ined m o -  
tion, where  the r a t e s  of m o m e n t u m  t r a n s f e r  a r e  large,  o r  to natura l  convection, where  there  is a t emp e ra=  
ture  drop between sur face  and medium.  Li t t le -s tudied  flows with low veloci ty  and t e m p e r a t u r e  difference,  
ensuring the action of lifting fo rces  and the f r ee  mot ion accompanying them, which produces  an effect on 
heat  t r a n s f e r  and tangent p r e s s u r e ,  a r e  a lso  of in teres t .  

The veloci ty  and t e m p e r a t u r e  f ie lds  nea r  a ve r t i c a l  su r face  a r e  desc r ibed  by the fundamental  laws 
of conserva t ion  of m a s s ,  momentum,  and energy.  The different ia l  equations of an incompress ib le  l amin a r  
boundary l aye r  descr ib ing  convection fo r  constant physica l  p a r a m e t e r s  of the med ium with the exception 
of density,  which is t e m p e r a t u r e  dependent in a t e r m  express ing  f r ee  motion, neglecting v iscous  d i s s ipa -  
tion, have the f o r m  
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OT OT O~T 
u - - ~ + v - - - ~ y = a  a,j~ (1) 

with boundary conditions 

u = 0 ,  v = v ~ , ,  T = T ~  for  y - - 0  
u =  Uo~, T =  T~ for  y--~oo (2) 

Equation (]3 is wr i t ten  fo r  a coordinate  s y s t e m  with x axis  d i rec ted  along the su r face  upward, and y 
axis  no rma l  thereto;  in Eqs. (1) and (2) u and v a r e  the axial  components  of the velocity,  v is the k inemat ic  
v iscos i ty ,  p is p r e s s u r e ,  T is t empe ra tu r e ,  a is the t he rma l  diffusivity coefficient,  g is the acce le ra t ion  
of g rav i ty ,  ~T is the coefficient  of t h e r m a l  expansion, and the indices w and ~ indicate values  at the s u r -  
face  and the outer  edge of the boundary layer .  

F o r  def ini teness ,  we will a s s um e  that the sur face  t e m p e r a t u r e  is g r e a t e r  than that of the medium 
(Tw> T ) .  We will examine  the mot ion when flow veloci ty  and sur face  t e m p e r a t u r e  a r e  given by  the ex-. 
p r e s s i o n s  

V~ = cx  ~ (3) 

T , ~ -  T~ = Bx" (4) 

where  C, B, m, and n a r e  constants .  
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With considera t ion  of these  express ions  we solve Eq. (1), r educ-  
ing the equations to ord inary  di f ferent ia l  equations. The reduct ion to 
o rd inary  di f ferent ia l  equations with convection is p e r f o r m e d  with the 
aid of the independent va r i ab l e  

and the flow function 

such that the conditions 

= V ~ y x  ~ (5) 

~' = c2:~V N) (6) 

u = - T '  v = -  0~ (7) 
s 1.0 /.5 y 

=~-x ~ a re  fulfilled. 

Fig. 1 In Eqs. (5) and (6) C1, C2, a ,  and fl a r e  unknown values,  requi r ing  
de terminat ion .  

Defining the veloci ty  components  according  to Eq. (7) 

(8) 

toge ther  with the i r  de r iva t ives ,  and substituting in Eq. (1), a f t e r  s imple  t r a n s f o r m a t i o n s  we obtain equations 
in d imens ion less  fo rm 

G t ~ (~) + (m + t) t (~) t'(~) - 2m-]'~ (~) + s [m + - ~ -  0(~)] = 0 (9) 

o" (n) + P [(m + t) f (n) 0' (n) - -  (4m - -  2)/' (n) 0 (n)l = 0 (10) 

where  0(9) = ( T - T ~ ) / ( T w - T ~ o )  is the dLmensionless  t empe ra tu r e ,  

G = g~T (Tw--T~)x 3 U~x 
v~ , R -~ v'" ' P ~-~ + 

are the Grashof, Reynolds, and Prandtl numbers, and the prime denotes differentiation with respect to ~?. 

The boundary conditions in the new variables take on the form 

l(0) = 0 ,  f w = c o n s t ,  O = t for  ~ l = 0  
f ' ( o o ) = 2 ,  0 = 0  fo r  ~ - + o o  

A t r ans fo rma t ion  to o rd inary  di f ferent ia l  equations is poss ib le  if 

n = 2 m -  t (ii) 

and. tile unknown va lues  in Eqs. (5) and (6) a r e  defined as follows: 

a = (m + i)  / 2 = (n + 3) / 4, ~ ---- (m - -  l )  ] 2 = (n - -  l )  ] 4 
c ,  = 0.5 (c  / ~)0.', c2 = (c~) ~ 

The boundary condition f w  = const,  which is n e c e s s a r y  for  the t rans format ion ,  indicates  that v w ~  
x( m-l)/2 [1, 2]. F r o m  the second equation of Eq. (8) we find the draf t  (suction) p a r a m e t e r  

2~ w ~ -  

In the t r a n s f o r m e d  mot ion equation (9) the p a r a m e t e r  G/R 2=A appeared,  ref lect ing the effect  of f r ee  
convection on f r ic t ion  and heat  t r a n s f e r .  F o r  A = 0, Eqs. (9) and (10) desc r ibe  const ra ined convection. 

The s y s t e m  of ord inary  equations (9) and fl0) is  solved by the n u m e r i c a l  i tera t ion method,  e l imina t -  
ing the boundary  p r o b l e m s  which occur  at each i tera t ion [3]. As a resul t ,  d imens ion less  veloci ty  and t e m -  
p e r a t u r e  p rof i l es  in the boundary l a y e r  with convection and draf t  (suction) a r e  obtained fo r  P= 0.7, m =  0.5, 
and n=0 .  

In Fig .  1 d imens ion less  t e m p e r a t u r e  p rof i l es  in the boundary l aye r  with convection a r e  compared  with 
the data of [4] (1), inwhich the  p rob l em  of convectinn nea r  an i m p e r m e a b l e  su r face  was solved for  two values ,. 
of A. 
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Fig. 4 

A = I ;  3, A=10;  and4 ,  A=100,  for  P = 0 . 7 .  
p e r m e a b l e  sur face .  

The sur face  frict ion,  under  the condition that m o -  
tion of the medium f r o m  the porous  su r face  occurs ,  is 
given by the express ion  [1] 

"~ = ~t (an / ay)y= o - -  p v ~ U ~  

This  re la t ionship  in the t r ans fo rmed  v a r i a b l e s  p e r m i t s  
obtaining the d imens ion less  f r ic t ion  coefficient 

csRO. ~ ---- 0 .5f  (0) + (m -~ t) ]~ (ci = 2xw / (pU2)). (12) 

To calculate  the su r face  f r ic t ion by Eq. (12) the 
value of f "  (0) was calculated with a computer  fo r  va r ious  
p a r a m e t e r  values ,  and is p resen ted  in Fig.  2 in the f o r m  
of the ra t io  f o " / f " o ( O )  at P=0 .7 ,  where  f0"(0) is taken 
for  a nonpermeable  sur face ,  and fo r  1, A = 0; 2, A = 1; 3, 
A =i0. 

The thermal flux with convection on the vertical 

sur face  is defined by the equation 

q = - -  ~. (OT / Oy)y=o (13) 

where  ~. is  the coefficient  of t he rma l  di~usivi ty .  

The data on heat t r a n s f e r  a r e  r ep resen ted  by the 
local  heat  t r a n s f e r  coefficient  and the local  Nussel t  num-  
be r  

: q / ( T ~ - -  T~r N = ( a x ) /  

On the bas i s  of this, the heat  t r a n s f e r  will be 

N = - -  0.5R~ ' (0) (14) 

where  the values  of 0'(0) a r e  calculated for  var ious  va l -  
ues  of the defining p a r a m e t e r s  A and fw" 

In Fig.  3 r e su l t s  of heat  t r a n s f e r  calculat ions with 
convection a r e  shown: curve  1 co r r e sponds  to A= 0; 2, 

The Nussel t  n u m b e r  N O c h a r a c t e r i z e s  heat  t r a n s f e r  nea r  an ira- 

A compar i son  of the r e su l t s  (curve 1) of heat  t r a n s f e r  on an i m p e r m e a b l e  su r face  fo r  P= 0.7 with the 
data of [4] (i) is p resen ted  in Fig. 4. Calculated data fo r  heat t r a n s f e r  a r e  shown with draf t  ( f w = - 0 . 1  and 
- 0 . 3 ,  cu rves  2, 3) and suction (fw = 0.1 and 0.3, curves  4, 5). It  is evident f r o m  ana lys i s  of these  curves  
that the intensi ty  of heat  t r a n s f e r  i n c r e a s e s  with growth in f r ee  convection, which is explained by inc rease  

in convective ve loci t ies .  

Star t ing f r o m  the fac t  that the value of the fr ic t ion coefficient  with convection is m o r e  than 5% di f fer -  
ent f r o m  the data with pure ly  const ra ined flow, a c r i t e r ion  can be obtained fo r  defining the l imit  of convec-  

tion in calculat ing su r face  f r ic t ion 

G ! / ~  > o.o3I~ + 0.06 (15) 

To de te rmine  the l imit  of convection with draf t  (suction) in calculat ing heat  t r a n s f e r  we have 

G ] R ~ > 0.57/~ -t- 0.3 (16) 

With values  of G/R 2 lower  than those  calculated in Eqs. (15) and (16) in p rob l ems  of calculating f r i c -  
tion and heat  t r a n s f e r ,  the effect  of f r ee  convection can be  neglected.  

1 ~  
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