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Dimensionless complexes describing heat transfer from a plate on 

evaporation from the surface are derived on the basis of the integral 

momentum and energy relationships for a turbulent boundary layer.  

To the p r e s e n t  t h e r e  e x i s t s  no r i g o r o u s  so lu t ion  of 
the  p r o b l e m  of t r a n s f e r  in a t u rbu len t  bounda ry  l a y e r  
[1]. I n t e g r a l  r e l a t i o n s h i p s  f o r  the bounda ry  l a y e r  in 
t e r m s  a v e r a g e d  ove r  t ime  and ove r  the t r a n s v e r s e  
c o o r d i n a t e  have  ga ined  w i d e s p r e a d  accep t ance .  F o r  
the c a s e  of g r a d i e n t - f r e e  s t r e a m l i n i n g  of a f l a t  wa l l  by 
a t r a n s v e r s e  f low of m a t t e r ,  the p r o b l e m  is  f o r m u l a t e d  
in the f o r m  

dx cp~ p~, V~ 9| V~ (H~ -- H~) 

d6** 9~u~ __ �9 (2) 
dx p~V= p~V~ ' 
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x 1-- V ~ (  u ) dy is  the m ~  thickness" 

Let  us  u se  the g e n e r a l l y  a c c e p t e d  t e r m s  [2]: ef  = 
= 2Tw/PV~ and St = ~Iw/P~V~(H~ - Hw). If we keep  to 
the  h y p o t h e s i s  of s i m i l a r i t y  fo r  the d y n a m i c  and e n -  
t ha lpy  ( t e m p e r a t u r e )  p r o f i l e s  of the bounda ry  l a y e r ,  
we have  the equa l i t y  St = cf/2.  Divid ing  (1) and(2) by 
St0, t e r m  by t e r m ,  we obtMn 

w h e r e  

1 d 6 N b ~  St 
St. dx Sip , (3) 

I dr** St b = ~ , (4) 
St 0 dx St 0 

bH_: cvwpwuw ; (5) 
cw, p .  V~ St o 

pwU~ = cPw bH~ (6) 
p~ V~ St0 cp~. 

St0 i s  the  d i m e n s i o n l e s s  coe f f i c i en t  of hea t  t r a n s f e r  
fo r  an i m p e r m e a b l e  s u r f a c e  fo r  the s a m e  t h e r m a l  and 
h y d r o d y n a m i c  cond i t ions .  

The  p a r a m e t e r s  b H and b, c h a r a c t e r i z i n g  the e f -  
f ec t  of m a s s  t r a n s f e r  on the t r a n s f e r  of hea t ,  have 
ga ined  e x t e n s i v e  a c c e p t a n c e  in the s tudy  of p r o b l e m s  
p e r t a i n i n g  to  the t u r b u l e n t  b o u n d a r y  l a y e r  a t  a p e r -  
m e a b l e  s u r f a c e  ( i n j e c t i o n - - r e m o v a l  of  a gas) .  

Let  us e x p r e s s  b H and b in t e r m s  of quan t i t i e s  
c h a r a c t e r i z i n g  the p r o c e s s  of l iquid e v a p o r a t i o n  at  the 
s t r e a m l i n e d  wall .  Le t  us p e r f o r m  c e r t a i n  t r a n s f o r m a -  
t ions  and subs t i t u t ions ,  b e a r i n g  in mind that  

p~u~, = m"=  Nu ---~ T~ - -T~  (7) 
I r + c , l ( T ~ - - T 1 ) '  

St o Nuo (8) 
RePr ' 

Re = _V~ l , (9) 
~d 

P r =  v v9~c~| , (10) 
a 

in which c a s e  

bH Nu %~ f r T~- -T1  ] - t .  (11) 
Nuo c 1 Cl (T~o-,-- T~) + T~ - -  T'~ 

The t e r m  r / C l ( T ~  - T w) = K r e p r e s e n t s  the c r i t e r i o n  
of p h a s e  conve r s ion .  

It fo l lows  f r o m  (11) tha t  

o r  

Tw - -  T 1 ) Nu b H Cl K q- (12) 
-Nuo - cp~ T~ - -  T~ 

N ~ u  = b  ~ L -  ( K +  T~- -T1  ) .  (13) 
Nu o %~ T~ - -  T~ 

If the  c omple x  (K + (T w - T1)/(T~o - T w) v a r i e s  wi th in  
a s m a l l  r ange ,  the  r e l a t i o n s h i p  be tween  Nu/Nu0 and b 
is  c l o s e  to some  l i n e a r  funct ion.  

In the r e g i o n  of s m a l l  and m o d e r a t e  l a t e r a l  f lows of 
m a t e r i a l  (which i s  c h a r a c t e r i s t i c  p r e c i s e l y  of the 
e v a p o r a t i o n  p r o c e s s e s )  the  l i n e a r  funct ion  Nu/Nu0 = 
= 1 - Clb,  w h e r e  C 1 is  the funct ion of the t h e r m o d y n a m -  
ic p r o p e r t i e s  of the incoming  m a t e r i a l ,  has  been  ob -  
s e r v e d  r e p e a t e d l y  in e x p e r i m e n t s .  C o n s i d e r i n g  (13), 
we ob ta in  

Nu~ Cl K +  T ~ - - T  1 " (14) 
T~ ~ T ' ~  

R e f e r e n c e  [3] r e p o r t s  r e s u l t s  on the e x p e r i m e n t a l  
i n v e s t i g a t i o n  of the p r o c e s s e s  of h e a t -  and m a s s - t r a n s -  
f e r  in e v a p o r a t i o n  in a t u rbu len t  bounda ry  l a y e r  of 
h igh ly  vo l a t i l e  l i q u i d s - - e t h y l  a lcohol ,  benzene ,  and 
ace tone .  The f i g u r e  shows the funct ion  Nu/Nu0 =f(b) ,  
f r o m  which the v a l i d i t y  of the l i n e a r  a p p r o x i m a t i o n  

~ adopted  in the d e r i v a t i o n  of (14) is  ev ident .  
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With identical values for the parameter  b, liquids 
with the highest value for the heat of phase transition 
are  the best coolants. 
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Plot of heat t ransfer  coefficient on evaporation of.var-: 
ious liquids versus mass - t r ans fe r  parameter  b: 1) al- 

c0hol; 2) acetone; 3) benzene. 

the cr i ter ion of phase conversion, entering the theoret-  
ical relationship (12), (13), and (14), in complex with 
the latter. This is quite natural if we take into consid- 
eration that  the fraction of heat expended on the heat- 
ing of the liquid is substantually smaller  (approximate- 
ly by 2 orders)  than the heat expended on the phase con- 
version. 

It follows f rom (12), (13), and (14) that the general-  
ized description of the heat- t ransfer  process  in the 
case of evaporation in a turbulent boundary layer is 
possible for various liquids in which the thermodynam- 
ic conditions and propert ies of the transported mate-  
rial are accounted for by a single complex. 

Our experimental data on the local and average 
t ransfer  of heat under nonadiabatic conditions are de-  
scribed by the following expressions [3]: 

The experimental results  were processed in ac-  
cordance with the heat-balance equation, as well as 
in accordance with expressions (12) and (14). The 
quantity C1 was determined f rom experimental data 
and Nu0 was taken f rom the Fedorov data [4]. The r e -  
sults of the calculation are summarized in the table. 

Analysis of the table permits  us to draw the follow- 
ing conclusions. 

1) The quantities calculated f rom (12) and (14) dif-  
fer  permiss ibly  f rom the experimental values. Certain 
deviations can be explained by fractions of nonconvec- 
tive leakages of heat in the overall  balance (the radia-  
tive component, the flow of heat for the heating of the 
model, e tc . ,  although measures  were implemented to 
reduce these to a minimum). However, in deriving r e -  
lationships (12) and (14), we assumed that all of the 
incoming heat was expended on the phase transit ion and 
on heating the liquid. 

Another reason for the slight discrepancy between 
the calculated and balanced quantities might be the 
nonsimilari ty of the dynamic and temperature  fields of 
the boundary layer observed in our experiments,  while 
the proportionality C f [ 2  = St follows f rom the hypo- 
thesis of s imilar i ty  for the velocity and temperature  
fields. 

2) It is obvious that the simplexes Ct/Cpw and Cp~o/ 
/C 1 do not significantly change in transit ion from one 
liquid to another. 

3) Our nonadiabaticity parameter  (Twr- T1/(T~o - 
- Tw) is very small, part icular ly in comparison with 

and 

NUqx ~- 0.01 Re~176 

�9 Nu~= o.o12 ~e~ ~ ~ 

Nuqx = 0.0297 Re ~ ( 1 - -  bH)~, 

Nuq ----- 0,0331 Re~ (1 - -  bH)". 

(15) 

(16) 

�9 The resulting functions are also extended to the 
Fedorov [4] data which deal with the vaporization of 
water under conditions close to the adiabatic. The pos-  
sibility of processing the results  of both adiabatic and 
nonadiabatic vaporization with a single empirical  ex- 
press ion confirms our assumption as to the weak ef-  
fect on the p rocesses  of t ransport  by deviation f rom 
adiabaticity in the turbulent boundary layer  on evapora-  
tion f rom a porous wall. 

NOTATION 

c is the heat capacity; r is the phase-transi t ion 
heat; p is the density; ~ is the thermal  conductivity 
coefficient; u is the velocity; Clw is the specific heat 
flux; ~"  is the specific mass  flux; T is thetemperature;  
St is the Stanton number; Nu is the Nusselt number; K 
is the phase conversion number; Re is the Reynolds 
number; P r  is the Prandtl  number. Subscripts: w de-  
notes the wall; o~ denotes the f rees t ream;  0 denotes no 
~mass t ransfer ;  1 denotes liquid. 

Comparison of plate hea t - t ransfer  data, for a balance and for  
calculations according to Eqs. (12) and (14) 

~= bH 

I 0.02845 
2 0.03933 
3 O.O436O 
4 0.64163 
5 0.06054 
6 0:07112 
7 0.05265 
8 0.07458 
9 0=07954 

K T w - - T 1  

5.493 O. 1628 
O. 7 5 8 0 . 1 9 9 8  
7.908 0.0894 9.613 0.4273 
6.184 ] 0.3467 
4.685] 0.3010 
6. 734 J---:O, 1565 
4.969 I--0.0228 
4.143 ,]-~0.01 68 

c 1 CP~e / ~'1 
Nu/Nu 0 
accordinl 

C~ to ther- 
mal bal- 

ance 

z.5199 I 0.4646 12.072 0.7285 
1.5199/ 0.4646 12.072] 0.6735 
.I,5199 J 0,4646 12.0721 0.6220 
1.6216 [ 0.5884 6.914 1 0.7113 
1.6216 I 0.5884 6,914 0:6082 
1,6216 ] 0.5884 6.914] 0.5395 
1.4809 J 0.4686I 8.972] 0.6254 
1.4809 0,4686 i 8.972 0.5636 
.4627 0.4686 j 8.972 0.4811 

Nu/Nu 0 

O. 6770 
0.6549 
0.5300 
0.6779 
0.6411 
O. 5750 
0.6128 
O, 5463 
0.484 0 

Nu/Nu 0 
according 
to Eq. (14) 

0.7362 
0.6614 
0.5878 
0.7116 
0.6524 
0.5507 
0.6101 
0.5405 
0.4973 
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