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ABSTRACT: A theoretical and experimental  study is presented for 

heat  transfer in turbulent natural convection on ver t ical  surfaces with 

uniform and homogeneous air injection and withdrawal. 

There are several papers [1.-4] on heat transfer in laminar free con- 

vection on a vert ical  surface with pore injection and withdrawal, but 

there are no published studies of heat  transfer in turbulent natural 

convection on permeable vert ical  surfaces. 

1, In theoretical discussion we assume as first approximation that 

the tangential  stress and the heat flux at  the wall are determined as 

for turbulent natural convection on impermeable surfaces. 

In the second approximation we take into account in the laws of 

heat flux and tangential  stress the effects of walI permeabil i ty on one 

of the theoretical  solutions derived for a turbulent boundary layer in 

forced flow around a planar permeable surface. 

Finally, the method of relat ive correspondence, as applied to a 

laminar boundary layer [3], is applied to a turbulent boundary layer, 

since this method most rapidly leads to the final results. 

We can give the following forms to the integral  equations for the 

momentum and energy in natural convection on a vert ical  permeable 

surface with uniform injection and withdrawah 
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Here u is the longitudinal component of the velocity in the 

boundary layer, v w is the veloci ty of injection (withdrawal), r w is 
the tangential  stress at the wall,  qw is the heat flux at the wall,  t is 

temperature, p = pw/pr (ratio of density at the wall to density far from 

the heated surface), ep is the specific heat  at  constant pressure, B is 
the bulk expansion coefficient,  6 is the thickness of the boundary 

layer, t w is surface temperature,  %0 is the temperature of the unper- 

turbed medium, and O = t - too, 0 w = t w - t ~ .  

In these equations we have neglected energy dissipation and have 

taken the physical properties of the fluid as comtant ,  apart from the 

density in the term for the lift ing force. 

Consider an isothermal surface through which a fluid is uniformiy 

injected or withdrawn. The fluid has the properties of the unperturbed 

medium; i..e., v w is not dependent on the longitudinal coordinate x. 
The i / 7  law is applied to the distribution of u and 0 in the t u r b u -  

lent boundary layer: 

2. First approximation. We take r w and qw to be as for turbulent 
natural convection on a vert ical  impermeable  surface [5] : 
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The solution of (1.1) subject to (1.2)-(2.1) gives the local  Nusselt 
number for suction and moderate injection: 
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The injection (suction) parameter ~ in these formulas is 

In (2.1)-(2.3) P, R, and G are the Prandtl, Reynolds, and Grashof 

numbers 

v Vw-r, g~Owz~ 
P = a  ' R =  ~ , c = ~ r - - ,  

while N o is the Nusselt number for turbulent natural  convection on an 
impermeable  ver t ical  surface, given by [5] 
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It follows from (2.2) that ~1 should not exceed one for moderate 
inject ion.  The solution m (1.1) for strong injection (~ > 1) is 
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For air (P = 0.'/2) we should take as follows in (2.2)-(2.5): 

No = 0.13 (UP) V3, ~1 = t3.6 p"~ Rs/G. (2.6) 

3. We incorporate the permeabil i ty in the laws for r w and qw' 

which should allow one to est imate more precisely the effects of in- 

jection and suction on the heat transfer in turbulent natural convection. 

For this purpose we introduce into (2.1) corrections for the permeabili ty 
from a solution obtained for a turbulent boundary layer on a permeable 

planar surface with forced flow. As that solution we take a theoretical 

result [6] for turbulent beat transfer in injecting a homogeneous gas 

into a forced-convection flow: 

o ' ' 

Coefficient K varies in value with the R of the incident flow; in 
particular, K = 0.25 for R - ~ .  The solution to (3.1) agrees well with 

results [7,8] on porous injection and suction in a turbulent boundary 

layer in forced flow. 
The minimum G in turbulent natural convection may be taken as 

l0  s, which corresponds [5] to R = 0.'/5.104 for P = 0.72, this being 
derived for the maximum veloci ty  in a turbulent boundary layer pro- 
duced by natural convection on a vert ical  surface. Then K varies in the 
range 0.2 to 0.25 [6]. It has been shown [3] that there is a general analogy 

between laminar natural convection and forced laminar flow on a per- 
meable surface. We expect such an analogy also for a turbulent layer, 
but we expect  also a certain quantitative discrepancy beaause of the 
term containing buoyancy forces in the equation of motion. 

Then we introduce a permeabil i ty correction [6] into (2.1): 
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Expe r imen ta l  Results on the  Effects on Heat  Transfer  f rom In j ec t i on  and Wi thdrawa l  of Air 

in Turbu len t  Na tu ra l  Convec t i on  on Ver t i ca l  Surfaces 
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Here we have  omi t t ed  the subscr ip t  0 to u I and 6 b e c a u s e  i t  is 
assumed tha t  here  these wil l  be  the c h a r a c t e r i s t i c  v e l o c i t y  and the  boun  

b o u n d a r y - l a y e r  th ickness  for a p e r m e a b l e  su r face .  

Solut ion of (1.1) with (1.2)  and (3.2) g ives  

N pq% (p% + 2.14 ]1.2 (3.3) =079~p,.% 1--0555K --r p?; ) l  ' No 

where  ~ is a func t ion  of ~ and  P. 

For a i r  (P = 0.72) we h a v e  

N--~ = 0.795 y ~  1 - -  2.03 K (3,4)  

Exper imen t  shows tha t  the  c o r r e c t i o n  fac to r  for a i r  m a y  b e  t aken  

as K = 0 ,125.  
Figure  1 gives curves  for  x(o) for a i r  wi th  - 3  < ~ < 3 to f a c i l i t a t e  

c a l c u l a t i o n s  f rom (3.4);  cu rve  1 is for  suc t ion  and cu rve  2 is for  i n j ec t i on .  

4 .  The me thod  of  r e l a t i v e  c o r r e s p o n d e n c e  [4]  has been  used to 
inves t iga te  h e a t  t ransfer  in  l a m i n a r  na tu r a l  c o n v e c t i o n  on a p e r m e a b l e  
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surface, and this gives the final results most rapidly. Here it is as- 
sumed that there is a general analogy between forced flow and natural 
convection in the layer of liquid directly adjoining the wall. We use 
the solution for heat transfer in forced motion on a permeable planar 

surface. 
As that solution we take (3.1) for the limiffng case R -+ r in the 

form 

V~, 0 2 

where N O is defined by (2.4). The value of UloCJo is defined by the 
solution for turbulent natural convection on an impermeable vertical 

surface [5], which gives 

�9 v (UP'7+)  % (4.2) 
UtoC.~ ~ ----0.4 x (2.14-F pY:,)% 

Substitution of (4.2) into (4.1) gives the final formula for the heat 
transfer: 

[1 _ 0.t105 p'l%'l+ 2.14 + P'/=]' N 
= p,/, j .  (4 .3)  

This formula takes the following form for P = 0.72 (air): 

-~-  ~- (1 - -  0.405 pY"q'h) 2. (4.4) 5to 

5, The experiments were performed with an apparatus modified 
from that of [4J. Grashof numbers in excess of the upper limit for the 
transition zone were provided by a heated preceding section 1 m high. 
The heat-transfer coefficient was found by interpreting interference 
patterns. The maximum error in determirdng the air flow rate was 4%. 

The wall temperature deduced from the interference patterns agreed 
to 0.3% with that recorded by thermocouples. The ranges in the 
principal quantities were as follows: 

G = (325 - -  tt.5) 10 a, R = (--t.4--1.4) t0 s, ~l = - -  2.85--3.7 

p = 0.864--0.95, P = 0.72 

The results are shown in the table. The mean mmperature of the 
boundary layer was used as the defining mmperature in processing the 
results. 

Figure 2 compares the solutions with experiment for heat transfer 
in turbulent natural convection on a permeable vertical surface with 
uniform injection and withdrawal of air (P = 0,72, p = 1.0, K = 0.125). 
Curve 1 is from (3.4), curve 2 from (2.2), curve 3 from (4.4); the 

points represent experiment. 
In the injection region, (3.4) gives the best agreement with ex- 

periment if we use K = 0.125 and the solution from relative correspon- 
dence. 

There is very little effect from the permeability in the suction 
region on the tangential stress and heat flux. 
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