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The heat transfer at an impermeable plate has been experimentally 
investigated under various boundary conditions. The conservativeness 
of the heat transfer law St 0 = f(Re~7* ) is demonstrated for a monotonic 
increase of temperature and heat flux along the surface. 

The quest ion of the effect of boundary  condit ions on 
the development  of a t h e r m a l  tu rbu len t  boundary  l ayer  
has a t t rac ted  the a t tent ion of n u m e r o u s  inves t iga to r s  

[1 -51 .  
T h e  method of ca lcu la t ing  heat t r a n s f e r  and f r i c t ion  

f i r s t  p roposed  in [6,7] has r ecen t ly  been widely adopted. 
This method is based on the idea that in in tegra t ing  
the boundary  l aye r  equat ions in the case  of an a r b i -  
t r a r y  d i s t r ibu t ion  of the wal l - f low t e m p e r a t u r e  dif- 
f e r ence ,  and also a longi tudinal  p r e s s u r e  gradient ,  
on a c e r t a i n  in te rva l  of the bounding condi t ions  it is 
poss ib le  to use the laws of f r i c t i on  and heat t r a n s f e r  
obtained for  an i so the rma l  flow over  a f lat  plate.  It is 
used fo r  ca lcu la t ing  the tu rbu len t  l ayer  on p e r m e a b l e  
su r faces  and can be extended to other  complex bound-  
ary  condit ions [8-10].  

The ene rgy  equat ion for  plane flow can be wr i t t en  
in the fo rm [10] 

where  

dRer + Rer d A T  StReL, (1) 
dx A T dx 

R e r -  p0w06~*, A T = T w - - T 0 ;  
~0 

ReL-- Lpowo ~-= x a ' -g-' S t - -  
~to "~o ~oCpo 

For  the z e r o - g r a d i e n t  flow of an i n c o m p r e s s i b l e  
fluid with constant  phys ica l  p a r a m e t e r s  at constant  
wall  t e m p e r a t u r e  we have 

A St -- (2) 
Rer*mpr ~ 

We a s s u m e  that this heat t r a n s f e r  law is c o n s e r -  
vat ive with r e spec t  to longi tudinal  va r ia t ions  of heat 
flux and wall  t e m p e r a t u r e .  Then the solut ion of Eq. 
(1) for  a given d i s t r ibu t ion  AT = f(ff)  along the wall  
is the in tegra l  

1 

** 1 ( l + m ) A  R e L e A T , + m d x + c  
Rer A T Pr n (3) 

and, co r respond ing ly ,  for a given law of heat load 
d i s t r i bu t i on  qw = f (x)  

! 

Rer = A ReL --1 (~ qwdx  + c) , (4) 
qw 

where  c is a cons tant  of in tegra t ion  d e t e r m i n e d  f rom 
the boundary  condi t ions .  

Knowing R e ~  f rom (3) and (4), we can use Eq. (2) 
to ca lcula te  the heat t r a n s f e r  in a given sect ion.  In 
o rde r  to check the conse rva t i venes s  of the heat t r a n s -  
f e r  law with r e spec t  to changes in the boundary  con- 
di t ions ,  we pe r fo rmed  the specia l  expe r imen t s  de-  
sc r ibed  below. 

These  expe r imen t s  were  conducted in an open- 
c i rcu i t  wind tunnel  with a m a x i m u m  veloci ty of up 
to 50 m / s e c  in the r e c t a ngu l a r  (120 • 120) working 
sect ion (Fig. 1). 

Fig.  1. Schematic  view of working sec t ion:  1) P rand t l  tube; 
2) f lexible  s t r ip ;  3) c a l o r i m e t e r s ;  4) e jec tor  for  sucking off 

boundary  l ayer ;  5) f l e x i b l e - s t r i p  regula t ing  sc rews .  
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A convergen t  sec t ion  (contrac t ion  4: 1) ensured  a 

suff ic ient ly  un i form ve loc i ty  p ro f i l e  at the inlet  to 

the working sect ion.  
foo  

An e l e c t r i c a l l y  heated sec t iona l  p l a t e - c a l o r i m e t e r  
600 m m  long was ins ta l led  in the top of the work ing  
sec t ion ,  facing an e l a s t i c  s tee l  s t r ip  used to keep the 
ve loc i ty  constant  along the length of the channel .  This  

was achieved by va ry ing  the channel  c r o s s  sec t ion  to 
compensa te  for  the growth of the boundary l aye r ,  eo 

The e x p e r i m e n t a l  plate  cons i s t ed  of 12 individual  
sec t ions ,  each  with a 0 . l - r a m  s t a in l e s s  (1CrlSNi9Ti)  
foil  plate  hea t e r  bonded to an a s b e s t o s - c e m e n t  base .  
On top was a b r a s s  plate  m e a s u r i n g  50 x 70 • 3 insu-  
la ted f r o m  the hea t e r  by a thin sheet  of mica .  This  
p la te  had two deep notches  p a r a l l e l  to the channel  a 
axis .  Thus,  the e x p e r i m e n t a l  plate  was guarded,  as 

it w e r e ,  by p ro t ec t i ve  h e a t e r s ,  which cons ide rab ly  
reduced  poss ib l e  heat  l o s s e s  to the side wal l s  of the 
channel .  The inside face  of the b r a s s  p la te  c a r r i e d  
0 . 2 - m m  t h e r m o c o u p l e s  in g l a s s - f i b e r  insula t ion.  To 
im prove  the t h e r m a l  contact  be tween  the b r a s s  p la te  
and the hea t e r ,  t ens ion  was applied to the en t i r e  s e c -  
t ion by means  of six 2 - m m  bol ts .  All 12 sec t ions  w e r e  
a s s e m b l e d  on a common  f r a m e  with a sharp leading 
edge 30 m m  long. The boundary l a y e r  that  developed 
on the wail  of the work ing  sec t ion  in f ront  of this  edge 

was sucked off by an e j ec to r .  The opt imal  suct ion was 
d e t e r m i n e d  as fol lows.  A 0 . ] - m m  n i c h r o m e  w i r e  was 

in t roduced  p a r a l l e l  to the edge and ] 0 m m  away up- 
s t r e a m .  The w i r e  was e l e c t r i c a l l y  heated,  as a r e s u l t  
of which a thin l aye r  of heated a i r  was f o r m e d  down- 

s t r e a m  behind it; this  was c l e a r l y  v i s ib le  through the 
windows in the s ides  of the channel  in an IAB-451 shadow 
ins t rumen t .  

At the opt imum suct ion the wake was p a r a l l e l  to 
the heat  t r a n s f e r  su r face .  At the same  t ime ,  we m e a -  

sured  the ve loc i ty  f ie ld  by means  of a P rand t l  tube in 

the sec t ion  of the working  chambe r  c o r r e s p o n d i n g  to 
the edge of the e j e c t o r  o r i f i ce .  These  m e a s u r e m e n t s  
showed that at the op t imum suct ion the th ickness  of 
the boundary l aye r  at the beginning of the o r i f i ce  was  

p r a c t i c a l l y  equal  to zero .  

The heat  l o s s e s  of all the sec t ions  w e r e  de t e rm ined  
in ca l ib ra t ion  e x p e r i m e n t s  with the cav i ty  of the work -  

ing chambe r  f i l led  with t h e r m a l  insula t ion at T w = 
- const  and in the p r e s e n c e  of a t e m p e r a t u r e  drop 
between neighbor ing  sec t ions .  These  l o s s e s  did not 
exceed  ] 0 - ]  5 % of the total  heat  e x t r a c t e d  f r o m  the 
plate .  

The e x p e r i m e n t a l  data  were  c o r r e ! a t e d  by the r e l a -  
t ion 

Sto : f (Per), 

S t o -  St St = qw 
1F Yo WoC~o (Tw - -  To) 

( T w ) - 0 5  *~ w06T* whe re  
T ~-- ~- , Per -- a ' 

w h e r e  

6T* i qw'dx 
= . ( 5 )  

Vo WoCpo (Tw - -  To) " 
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Fig.  2. Var ia t ion  of wall  t e m p e r a t u r e  fo r  va r i ous  
boundary condi t ions :  1) AT = const ;  2) qw = const ;  

3) AT = b + d0~; 4) qw = q0exp k~; 5) AT = b - d0~; 
6) qw = q0 sinTr~-; t in ~ C, x in mm.  
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Fig.  3. E x p e r i m e n t a l  data c o r r e l a t e d  as St 0 = f (Pe~*) :  
1) A =  1; 2) A =  2; 3) AT = const; 4) AT = b +  d0~; 5) 

qw = q0 expk~; 6) qw = const;  7) AT = b - c ~ ;  8) qw = 
= q0 sin 7rx. 

E x p r e s s i o n  (5) fol lows d i r e c t l y  f r o m  the ene rgy  equa-  
tion (l) .  The f i r s t  s e r i e s  of e x p e r i m e n t s  was c a r r i e d  

out with the boundary condi t ions :  AT = const;  qw = 

= coast ;  AT = b + d0~ (d0 > 0); qw = q0exp  k~, with 
the wall  t e m p e r a t u r e  and the heat  f lux i n c r e a s i n g  
monotonica l ly  along the length of the plate (Fig. 2). 

As may  be seen  f r o m  curve  1 of Fig .  3, i r r e s p e c -  
t ive of the f o r m  of the boundary condit ions the e x p e r i -  
menta l  points  a re  grouped around the cu rve  

0.0126 (6) 
Sto = **0.25 

PeT pr 0.s 

Re la t ion  (6) was p r ev ious ly  obtained in [] 0] on the 
bas i s  of [11] for  the condit ion AT = eonst .  

In Fig.  4 the s a m e  expe r imen ta l  data a r e  c o r r e l a t e d  

in the f o r m  

Sto -- f (Re~), (7) 

Rex - poWoX , 
t10 

and x is the length r eckoned  f r o m  the beginning of the 
turbulent  boundary l aye r ,  which in our  e x p e r i m e n t s  
a lmos t  coincided with the beginning of the p la te .  As 
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Fig .  4. E x p e r i m e n t a l  da ta  c o r r e l a t e d  as  St 0 = f (Rex) :  
1) Eq. (8); 2) (10); 3) (14); 4) (12); 5) AT = const;  6) 
A T  = b + d0~; 7) qw = q0 expkx;  8) qw = const .  

m a y  be seen  f r o m  Fig .  4, the e x p e r i m e n t a l  po in ts  
a r e  d i s t i n c t l y  s t r a t i f i e d  a c c o r d i n g  to the e x p e r i m e n t a l  
r e g i m e .  Using Eqs.  (1) and (6) we can  find r e l a t i o n s  
(7) fo r  each  of t he se  bounda ry  condi t ions .  

F o r  AT = cons t  we have 

0.0288 (8) 
Sto ReO. 2 Pr ~ 

F o r  AT = b + d0~,  m = 0.25, n = 0.75 

Rer* = 0.0362Re ~ 
pr o 6 x 

xI(d~ do ]0.8 dox+l b (9) 

I f b = 0 ,  

and, m o r e o v e r ,  

F o r  

Rer*- 0.0188Re ~ 
PRO.6 

0.0338 
Sto = �9 (1 O) 

Re 0.2 pro.6 " 

qw = const 

ReT*= Sto Re., (11) 

S t  o - -  
0.0302 

Re~ .2 pro.6 
(12) 

F o r  

qw = qo exp kx 

Rer*=StoReL 1 e x p ~ - - I  , (13) 
k exp kx 

0,0306 (kx) ~ ( expkx )0.2 
. ( 1 4 )  Sto = ReO..2prO. 6 exp kx - -  1 

Re la t i ons  (8), (10), (12), (14), denoted  by 1, 2, 3, and 
4, r e s p e c t i v e l y ,  in F ig .  4, a r e  in s a t i s f a c t o r y  a g r e e -  
ment  with the e x p e r i m e n t a l  data .  

The second  s e r i e s  of e x p e r i m e n t s  was  p e r f o r m e d  
fo r  AT = b - d0x, qw = q0 sin 7r-~ (Fig.  2). 

These  da ta  a r e  r e p r e s e n t e d  by cu rve  2 in F ig .  3. 
C l e a r l y ,  the a g r e e m e n t  with r e l a t i o n  {6) is  l e s s  s a t i s -  
f a c t o r y  than for  the f i r s t  s e r i e s  of e x p e r i m e n t s .  

The r e s u l t s  obta ined  a r e  c ons i s t e n t  with the con-  
c lus ions  of [6, 7], w h e r e  it is  shown that  on a c e r t a i n  
i n t e r v a l  of v a r i a t i o n  of the  g r a d i e n t  dAT/dx  i ts  effect  
on St can be neg lec ted .  A c c o r d i n g  to [6, 7], the r e l a -  
t ive  e r r o r  in d e t e r m i n i n g  St when the effect  of the 
bounda ry  condi t ions  is  neg lec t ed  s a t i s f i e s  an inequa l i ty  
that  can be w r i t t e n  in the f o r m  

ASt ~(.0.1 I Re~* dAT] 
Sto - StoReLA T -c/-~ J ' 0 5 )  

F o r  the bounda ry  condi t ions  qw = q0 exp l ~  and 
the c o r r e s p o n d i n g  AT ~ c  e x p k x  we obtain,  us ing  (6), 
(13) - (J5) ,  

hS__t_t ~ 0 . 1  expkx- -  1 -, 
Sto exp kx 

ASt 
- - - . <  0.1, 
Sto 

o r  

R#" dar  
ReL Sto A Tdx 

s ince  k > 0, 0 < ~- < 1. A s i m i I a r  r e s u l t  is  o b s e r v e d  
fo r  AT = b + d0x. Using (6), (9), we f ind that  

Re~* dAT [1 ( b ) 2 " 2 5 ] ( 1 6 )  
StoReLAT dx =0 .55  - -  dox+b 

Since 

b A St 
1, we have - -  ~ 0.055. 

do x + b St0 

However ,  the e r r o r  in d e t e r m i n i n g  St f rom (6) 
i n c r e a s e s  if the boundary  condi t ions  c o r r e s p o n d  to a 
d e c r e a s e  in the wal l  t e m p e r a t u r e  o r  heat  f lux along 
the s u r f a c e .  In fac t ,  for  the c a s e  AT = b - d0x, by 
analogy with (16), we obta in  

Re~* dA T =0.55 [ ( b )z2~ iI . 
Sto ~% A ~: d T  b--  do~ 

Since 

b- -d0) -  >~1, we have AS_~t >0.055.  
St0 

Thus,  we may  c o n s i d e r  it  e s t a b l i s h e d  that  the hea t  
t r a n s f e r  law St0 = f (Pe~*)  is p r a c t i c a l l y  independent  
of the bounda ry  condi t ions  AT = f ( ~ ) ,  qw =f(x'),  if 
AT and qw i n e r e a s e  along the s u r f a e e .  

At the s a m e  t i m e ,  the ef fec t  of the bounda ry  con-  
d i t ions  may  be a p p r e c i a b l e  if AT and qw d e c r e a s e  
d o w n s t r e a m .  F ina l  quant i ta t ive  conc lus ions  can  be 
r e a c h e d  only a f t e r  addi t ional  r e s e a r c h .  It should be 
noted that  t h e r e  is  some  c o r r e s p o n d e n c e  be tween  the 
r e s u l t s  obta ined  and the known fac t  that  the f r i c t i o n  
law Cf0 = f ( R e * * )  is  a f fec ted  by the longi tudina l  p r e s -  
s u r e  g rad i en t ,  the f o r m  p a r a m e t e r  of the t h e r m a l  
bounda ry  l a y e r  

Rer d A T 
ReL St0 A Tdx 
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be ing  analogous  to that  of the dynamic  bounda ry  l a y e r  

2Re** 1 dwo 
CfoReL wo dx 

NOTATION 

6~* is the ene rgy  th i cknes s ;  w0, P0, and T o a r e  the 
ve loc i ty ,  dens i ty ,  and t e m p e r a t u r e  at the ou te r  edge 
of the bounda ry  l a y e r ;  ~t0, a, cn a r e  the dynamic  

~0 
v i s c o s i t y ,  t h e r m a l  df f fus iv i ty ,  and spec i f i c  hea t  at 
the t e m p e r a t u r e  To; L is the s c a l e  length;  T w is  the 
wal l  t e m p e r a t u r e ;  qw is the heat  f lux at the wal l ;  ~' 
is  the r e l a t i v e  Stanton number ;  P r  is  the P r a n d t l  num-  
b e r  ; St 0 is  the Stanton number  under  s t a n d a r d  con-  
d i t ions ;  Cf0 is  the coef f ic ien t  of f r i c t ion ;  Re** i s  the 
Reynolds  number  b a s e d  on the m o m e n t u m  th i ckness ;  
do, b, k, and q0 a r e  cons t an t s .  
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