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Heat t r a n s f e r  in f i lm boiling in a fo rced-convec t ion  bounda ry - l aye r  flow is examined.  The 
in terac t ion  between radia t ion  and convect ion is taken into account by the inclusion of r a d i a -  
t ion t e r m s  in the energy  conse rva t ion  equation. It is found that  radia t ion i n c r e a s e s  the 
vapor  t e m p e r a t u r e  and the heat  c o n d u e t i o n o n t h e v a p o r - l i q u i d  in ter face ,  whereas  heat  con-  
duction on the wall  i s  reduced.  

I n t r o d u c t i o n  

F i lm  boiling in a fo rced-convec t ion  bounda ry - l aye r  flow has  been invest igated by Cess  and Sparrow 
[1], and a lso  by Ito and Nishikawa [2]. In these invest igat ions  the radia t ion of the vapor  was neglected.  
Since radia t ion  is propor t ional  to sT ~, it may  be significant in cases  where e i ther  the e m i s s i v i t y  a w or  the 
vapo r  t e m p e r a t u r e  is re la t ive ly  high. In many  engineer ing  appl icat ions f i lm boiling takes  place at a t e m -  
p e r a t u r e  at  which the radia t ion of the vapo r  cannot be neglected.  The a im  of the p resen t  work  was to in-  
ves t iga te  f ihn  boiling in a fo rced-convec t ion  b o u n d a r y - l a y e r  flow when energy  t r a n s f e r  is effected by both 
convect ion and radia t ion.  

The physical  model  chosen for  study is the l amina r  boundary l aye r  ove r  a flat plate (Fig. 1), A s t r e a m  
of liquid impinges  on t:he plate,  which has t e m p e r a t u r e  T w. The liquid is a s sumed  to be sa tu ra ted .  Under 
the influence of a suff icient ly high su r face  t e m p e r a t u r e  f i lm boiling occurs ,  i .e . ,  liquid and vapor  boundary 
l aye r s  a re  p re sen t .  Since the t e m p e r a t u r e s  of the p la tes  and vapor  a re  re la t ive ly  high energT~ will be t r a n s -  
f e r r e d  by both rad ia t ion  and convection.  The radia t ion a l t e r s  the vapor  t e m p e r a t u r e  dis t r ibut ion and, hence,  
a f fec ts  the convect ive  heat  t r a n s f e r .  This  change in convect ive heat  t r a n s f e r  in turn  affects  the t e m p e r a -  
lu re  prof i le  and, hence,  a l t e r s  the radiat ion.  Hence,  it is  obvious that  the p rob lem under inves t igat ion 
neces s i t a t e s  a cons idera t ion  of the combined effect  Of radia t ion and convection on the heat  t r a n s f e r .  

A n a l y s i s  

In our  invest igat ion we made  the following assumpt ions :  

a) the p r o p e r t i e s  of the v a p o r  a r e  constant;  

b) the vapo r  is  a nonsca t te r ing  diffuse a b s o r b e r  and rad ia tor ;  

e) the plate su r face  is gray;  

d) the product  of the vapo r  absorp t ion  coefficient  a and the th ickness  of the vapor  f i lm is much  l e ss  
than unity, i .e . ,  a5 << 1; 

e) the resu l t an t  t r a n s f e r  in the x d i rec t ion  within the vapor  is negl igibly smal l .  

Assumpt ion  a) has  been  made  before  in many b o u n d a r y - l a y e r  h e a t - t r a n s f e r  calcula t ions  and it has 
been  shown that  this  a s sumpt ion  is  pe r fec t ly  sa t i s f ac to ry ;  at  l eas t  for  quali tat ive r e su l t s .  

If  the v a p o r  contains no suspended pa r t i c l e s  o r  liquid drops  the only type of sca t t e r ing  vdll be Rayleigh 
sca t te r ing ,  which is inve r se ly  propor t ional  to the fourth power of the wavelength.  Genera l ly  speaking,  the 
heat  rad ia t ion  wavelengths a r e  so la rge  that such sca t t e r ing  is negligible.  On the other  hand, s ca t t e r ing  
m a y  be caused  by suspended pa r t i c l e s  o r  drops .  This  type of s ca t t e r ing  does not depend on the wavelength 
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Fig. 1. Physica l  model  and coo r -  
dinate sys t em.  

and will be considerable .  Thus, assumption b), i .e. ,  that the vapor  
is nonscat ter ing,  implies the absence of solid par t ic les  or  liquid 
drops .  Assumption d) impties  an optically thin approximation.  This 
assumption is valid in most  boundary- laye r  problems.  The next 
step is to es tabl ish  the condition in which radiat ive t r an s f e r  in the 
x d i rec t ion is negligibly smal l  (assumption e). This necess i ta tes ,  
f i r s t ly ,  the formulat ion of the energy equation for  this boundary-  
l ayer  problem 

( oxaT O~TvT ) --divqc divq. (1) 0 ~  u ~ + v  = - -  

where the s t roke on top denotes a vec to r  quantity and qc = - k  grad T. It is well known that if the Pec le t  
number  (Pc = U~ox/c~) is sufficiently large,  the conductivity in the x d i rec t ion will be negligibly small ,  so 
that div qo ~ 0qcy/aY, where the subscr ip ts  x and y denote the corresponding vec tor  components .  Equation 
(1) can then be wri t ten  in the fo rm  

( OT OT) =[~ 02T divq=. (2) 
,o,,% .. G + ~' ~ ~ Oy ~ - -  

The c r i t e r i on  fo r  neglect of radiat ion can now be de termined,  This is done by investigating the condi- 
t ions in which radiat ion in the d i rec t ion  of the flow becomes negligibly small  in compar ison  with convection, 
i .e., 

aT >> aq,,~ (3) 
pz~Cpv U OX Ox 

The o rde r  of magnitude of u 0 T / 0 x  is de termined in the usual way 

OT T~ -- Tsar . - -  ~ u .  (4) 
Ox x 

F o r  the evaluation of Oqrx/0X it is essent ia l  to note [3] that the optically thick approximation will take into 
account the radiat ive heat t r a n s f e r  when this approximation is applied to the case of zero  optical thickness .  
Thus, in the given situation the corresponding c r i t e r ion  will be introduced by using the optically thick ap- 
proximation.  The o rde r  of magnitude of 0qrx/aX can then be evaluated f rom the Rosseland approximation 
for  a radia t ive  heat flux 

q f  ~ . . . .  

where  e is the emiss iv i ty  of a blackbody, e = 024. 

Thus, 

qr~ =:: 

4 de 
3a dx 

16 aT  "~ OT 

3a Ox, ' 

i .e . ,  
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Fig. 2. T e m p e r a t u r e  prof i les  
for  ~75 = 1.0 (a) and 2.0 (b). 

qe 

q 2 ~  

~ z,z z,~ t,6 z,8 q 

Fig.  3. Graphs of functions 
O~(O) and | 

1338 



Fig .  4.  
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F i g .  6. Graphs of funct ions 
F(~vS) and F(~vS)/[-|  1) 
r a t io  (p#) = 0.01; 2) 0.1. 

Oqr.~ t6 o'T a T,.,, - -  Ts~e 
<5) 

Ox 3a x 2 

The condition for negligible radiative transfer in the x direction is 

obtained from equations (3), (4), and (5) 

U~x 
> L (~) 

16 aTa/Sag~co~ 

Radiation o f  Vapor. Referring to [4] we can express the mono- 

chromatic radiation flux in the form 

q,~, .... 2~,~e~E:~ (%) + 4 (1 - -  %) Ea (%) .!" e2 (x, %) E~ (%) d% 
0 

+ 2 f e> (,, e) e= ( ~  - -  0 ~t*- 2 S e2 (x, t) e~ (t --,~) ae, (7) 
0 ~2 

v 
where  r k = J a ~ d y  is the m o n o c h r o m a t i c  optical  th ickness ;  E~(t) 

0 

1 

= S P~-2exp ( - t / # )d#  is  an exponent ia l  in tegra l ,  Cor responding  t o th i s ,  
I} 

% 
Oq~ 

:= 2e,~e~,,~E~ (%) -k 4 (1 ~ %,) E 2 (T.2) 5 e~ (x, %) E., (%) d% 
oT~ 0 " 

+ 2 j' ez (x, t) E, (}'~ - -  t{) dr - -  4e~, (x%). (8) 
0 

Having e h == e~ox fo r  7 k >- 75~ it can  be shown that  when 75k << 1 equat ion (8) fo r  T~ << rS~ , (i.e., in the bound- 
a ry  layer)  r educes  to the equat ion 

_ Oq;~. = q ~  (e~o~ - - e ~ 2 )  + 4 ( e ~  - -  e~j, (9) 
0% 

Thus ,  we have  

Oq~o __ a 2 [2e w ( e t ~  - -  e=~,) q -  4 ( e . ~  - -  ex)  ] . 
&d 

( lo )  
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Fig.  8. Graph of function G(T) (for- 
mula (41)). 

B o u n d a r y  L a y e r  E q u a t i o n  

The main differential  equations for  the present  problem can be written in the form: 

continuity equation 

momentum equation 

energy equation 

a~ + a__ L = o, (11) 
ax Oy 

Ou Ou O~u (12) 
U - ~  V---- ~ V v -  , 

Ox ag Og 2 

1 S 9ocp" u --~x + ~gg ] =ko ~g2 + 2ar[e~(e,~ _e~r)+2(e| (13) 
o 

For  the liquid layer  we have only the equations of mass  and momentum conservation, s ince the liquid 
tempera ture  in the present  investigation is assumed to be constant: 

continuity equation 

momentum equation 

Ou Ov 
o-7- + ~ = o, (14) 

au ou o~u 
u -  -t- v - -  =-- vL - -  (15) 

Ox Oy Oy ~ 

B o u n d a r y  C o n d i t i o n s  

To complete the statement of the problem we formulate  the boundary conditions. On the plate surface,  
owing to the adherence of the viscous liquid,the two velocity components will be zero.  In addition, the vapor 
direct ly adhering to the wall wiI1 have temper  ature T w. On the :liquid- vapor interface (y = 5) the vapor will 
have t empera tu re  Tsat .  In addition, on the interface the following conditions will be satisfied: 

1) equality of vapor  and liquid velocities;  

2) continuity of shear  s t ress ;  

3) conservation of mass across interface. 

The velocity at points in the free stream far from the interface will be equal to the velocity of the 
impinging flow: i.e., for y = 0 (vapor phase) 
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Convec t ive  m a s s  t r a n s f e r  N = [ ( y - 1 ) / ( @ - I ) ] H ( %  ~-w) as  
funct ion of y: a )  ~v5 = 2.0; b) 1.0). 

f o r  y = 6 ( l i q u i d - v a p o r  in te r face)  

u = v = 0 ,  T = T  . . . .  

.~,=%, (~, ou t =@ a. 

9~ u dx - - v  o = O z ' [  -~x - - v  c' T = T ~ a t ,  

(16) 

(17) 

f o r  y = < (free s t r e a m )  

v ~ U .  (16a) 

T h o s e  ini t iaI  and boundary  condi t ions  in conjunc t ion  with the c o n s e r v a t i o n  equat ions  cons t i tu te  the 
comple t e  s t a t emen t  of the p r o b l e m .  

We now conver t  the m a i n  equa t ions  to  m o r e  convenient  f o r m s  and find t he i r  so lu t ions .  

G r a y  V a p o r  

We c o n s i d e r  the p r e c e d i n g  equa t ions  f o r  the  c a s e  of  a g r a y  vapor ,  i .e . ,  a v a p o r  f o r  which the a b s o r p -  
t ion  coef f ic ien t  ak  is independent  of the wavelength  (a)t = a).  On this  a s s u m p t i o n  equat ion  (13) has the f o r m  

u-----aT + v OT _ t% o'er + --2~ . . . .  [e,, (T4~ - -  rt~,t) + 2 (r~at--T*)l . (18) 
Ox c)y poCp ~ @2 Pv%, 

The cont inui ty  equa t ion  can  be sa t i s f ied  by the in t roduc t ion  of  a s t r e a m  funct ion  r 

. =  O*-~d v ~ -  al, . 
@ 

We in t roduce  the d i rnens ion less  v a r i a b l e s :  

Vapor  l a y e r  

,% = yox 

T iF' Y = w/~ sat, 

OX �9 

- - ,  F (n,,) = % 
l'" " % U ~ x  

2(~aT~at x 
p~cp~ U,o 

(19a) 

liquid l a y e r  
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TABLE 1. Values of F(~v6) 

fly6 

[ ,0 ,  
1,2 
1,4 
1,6 
1,8 
2,0 

0,001 

1,0310 
,1,2658 
1,5168 
1,7868 
2,078t 
2,3920 

Ratio (pp) 

0,0I i ' - - ' - -  

1,0245 
1,2598 
1,5115 
1,7824 
2,0745 
2,3893 

0,! 

TABLE 2 .  Tempera tu re  Gradients 
[(p#)v/(P#)L]l/2- = 0.01, P r  (ratio 

= 1) 

%6 

0,6945 1,0 
1,2049, 1,2 
1,4631 1,4 
1,7415 1 ~6 
2,0418 1,8 
2,3650 2,0 

I 1 
- -  0o~ (o) ~ - - 0 o ( % 6  ) 

1,1016 1,797 
0,9505 0,5874 
0,8494 0,4303 
0,7803 0,3089 
0,7329 0,2146 
0,7010 0,1424 

/ 
02 (o) 

1,7262 
1,9689 
2,171 
2,3344 
2,4625 
2,5610 

--o~ (nv6) 

1,4409 
1,5212 
1,5347 
1,4955 
1,4200 
1,3240 

,L -  T x '  f = V: L u (19b) 

The velocity components in the vapor layer  then have the fo rm 

u = andv = -~-- l / ~  (~%F' F), (20a) 

and the velocity components in the liquid layer  are  

u ---- U~f' I l ~  ,'LU~ (~L['--D. 
2 , a n d v = - ~  . . . .  X " 

Using the introduced var iables  in the momentum equations (12) and (15) we obtain 

F"' + r F "  = 0, 

F ' + f f " =  o. 

(20b) 

(21) 

(22) 

Equations (21) and (22) a re  Blas ius- type  equations for  dynamic problems in vapor and liquid, r e s p e c -  
t ively.  

The initial and boundary conditions can also be expressed in t e rms  of the new var iables .  Firs t ly,  it 
should be noted that the value of Vv on the interface is denoted by ~v6. The value of ~v can also be denoted 
by 7?L5. Since, however,  the actual value of ~L is not contained in the main  equations - neither the d i f fer -  
ential equation (22) nor  the boundary c o n d i t i o n s -  we can, without loss of general i ty,  assume r/L = 0 at the 
l i qu id -vapor  interface.  Then, using (19), we write condition (16) and (17) in the form: 

for  ~?v = 0 (plate surface) F = F '  = 0. 

for  ~v = ~v6 (interface) ft = [(PP)v/(PP)L]I/2Fi , 

t', = ,':;, 

[ (p )o (23) 

for  ~L = ~ (free s t ream) f '  ~ 2. 

We wilI seek the solution of the energy equation (18) in the fo rm 

i1 + (y - -  l) (90 01~)] -[- (Y~ - -  1)[(9 a 01o) ~ (e~ - -  l) (9,, (%)] ~ + ... (24) 0 Tsat 

Substituting (24) and (20) in equation (18) and collecting t e rms  with the same powers of ~, we obtain the 
usual differential  equations for  | | and 0 2- 

i e ;  + FOo = O, (25)  
Pr 

1 6)[ -t- i__ FO[ - - - - !  F'O,  -= - -  H o (ri,,), (26) 
4Pr 4 2 

1 (9; + l I F O  ~ _  I__F,O, z = _ l ,  (27) 
4Pr 4 2 

where 
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T A B L E  3. P r  = t ;  [(p#)v/(Pp)L] t / ~ / "  = 1.01 

%5 -- 01 (%~) I 

1,0 

t,2 

1,4 

1,6 

1,8 

2,0 

TwlTsat 01(0) 

1,3 --0,4331 
1,5 ---0,3277 
2,0 --0,1399 
3,0 +0,057 
4,0 0,1531 
1,3 ---0,4925 
1,5 ,--0,3735 
2,0 --0,1616 
3,0 +0,0607 
4,0 0,1689 
1,3 --0,5402 
1,5 ~0,4105 
2,0 ~-0,1796 
3,0 +0,062 
4,0 0,1802 
1,3 --0,5763 
1,5 ,--0,4386 
2,0 ---0,t935 
3,0 +0,063 
4,0 0,1882 
1,3 ~0,6016 
1,5 ~--0,4582 
2,0 --0,2032 
3,0 +0,064 
4,0 0,1940 
1,3 ---0,6175 
1,5 --0,4704 
2,0 --0,2089 
3,0 --~0,0649 
4,0 0,t980 

0,7276 
0,8140 
0,9577 
t,093 
I,t52 
0,8448 
0,9306 
1,073 
1;2053 
1,2625 
0,9399 
1,02 
1,15t8 
1,274 
1,3255 
t,0072 
1,08 
1,194 
t,2997 
1,3444 
t,043 
1,1027 
1,2004 
1,289 
1,3262 
1,045 
1,095 
1,1757 
1,251 
1,278I 

0,1492 
0,2t15 
0,3189 
0,4262 
0,4761 
0,2029 
0,2766 
0,4037 
0,5303 
0,5889 
0,2700 
0,3546 
0,5000 
0,6444 
0,7112 
0,353t 
0,4475 
0,6096 
0,7701 
0,8441 
0,4540 
0,5571 
0,7337 
0,0081 
0,9882 
0,5736 
0,6840 
0,8728 
1,0601 
1,1345 

+ _ l  [1 + v~-2{i + ('v-- 1)ooP]. (2s) Ho 0%) ,V~_ 1 

The  boundary  condi t ions  de r ived  f r o m  (!6), (17), and (24) have the f o r m  

Oo (0) = 1, O~ (0) = O, O~ (0) ;.= O, 

Oo 01,~) = 0, O 1 0l,~) -= 0, O~ (~lvo) :=: 0. (29) 

As was to  be expec ted  [1, 2], the funct ion O0(~v) is the t e m p e r a t u r e  d i s t r ibu t ion  fo r  the c a s e  of neg l i -  
gible r ad ia t ion  i n t e r a c t i o n  (~ = 0) [1, 2], a l though the t e r m  in the b r a c k e t s  in equat ion (24) denotes  a f i r s t -  
o r d e r  r ad ia t ion  effect  on the t e m p e r a t u r e  prof i le  within the vapo r .  

~ v 5  a n d  P h y s i c a l  P r o p e r t i e s  

The  d i m e n s i o n l e s s  t h i ckness  ~v6 of the v a p o r  f i lm can  be r e l a t ed  to  the known phys ica l  p r o p e r t i e s  of 
the s y s t e m  by wr i t ing  the energy- ba lance  equa t ion  on the i n t e r f ace  

t o( or / 

Equa t ion  (30) shows that  the s u m  of the local  heat  conduc t ion  and the r e su l t an t  r ad ia t ion  R on the i n t e r f ace  
is ba lanced  by the heat  of  vapor i za t ion .  In the new vmoiab tes ,equa t ion  (30) is wr i t t en  in the f o r m  

los:AT. 1 iF  ( % ~ )  R / - ~ - - ]  
"v - 1 , % &  - o'Oi~,~, ~) . r~o V ~ h s ~  ~ , (31) 

w h e r e  

o' (n~, ~ ) = [ ( ~ -  : )G (n~)l + (v ' -  :)[0' 01oD + (e~ - : )G (n~D] ~-~ �9 (32) 

Since c p A T / h f g P r  is independent  of x, it fo l lows f r o m  this  tha t  the va lue  of the r ight  s ide of equa t ion  (31) 
wil l  a l so  be independent  of  x.  t tenee ,  it can  be d e t e r m i n e d  fo r  x = L. The r e su l t an t  r ad i a t ion  flux can be 
found f r o m  the fo l lowing equat ion:  

~vti 

, Ur  
o 
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Since the radiative transfer between the plate and interface makes the main contribution to R, then we can, 

for convenience, replace O in equation (33) by [I + (T-l)O00?v) ] without introducing any appreciable error. 
Hence, equation (33) can be rewritten as 

= ~v6 
R s~aT4~ ( y 4  1) + 2aaT~t ( y ' - -  1) 1 / ~ L  [ % 6 _  .l Ho (%)d~l~] �9 

0 

Equa t ion  (32) can  be wr i t t en  in the f o r m  

cv~T ( y -  1) 

hjgPr --O'(qo~,~l) 

where  

iF  01.~) - -  2C1 - -  C2 - -  2C3], 

(34) 

(35) 

O' (qv6,~z) -= (5?-  1)Oo (qoa) + (ya _ 1) [O~ 0]~8) + ( e w -  1)O~ 0],~)] ~ + . . .  ; 

( y l  - -  1) T~a t 8 w a  1 /  L Cl m 

V 
Q 

p~h]g Uo~vv' 

~lv6 

0 

~]v6 
Cp v Tsa t  

0 

In the deduct ion  of equat ion  (35) it was  a s s u m e d  that  the v a p o r - l i q u i d  in t e r f ace  behaves  like a b lackbody.  
However ,  f o r  a nonblaok v a p o r - l i q u i d  in t e r f ace  we have 

y4._ l aT:at. | /  L 
Cx --= 1 + 1 ._ 1 ~ "  U . % '  (36a) 

E w E L 

where  r- w and s L a re  the e m i s s i v i t i e s  of the v a p o r  and v a p o r -  liquid in te r face ,  r e s p e c t i v e l y .  Fo r  negl i -  
gibly s m a l l  r ad i a t ion  of the in t e r face  and v a p o r  (a = s w = s L = 0) equa t ion  (35) r educes  to 

c;hT _._ V F !~1~) ] (36b) 
h m Pr L -  Oo Oh,8) ] 

Equa t ion  (35) e x p r e s s e s  the r e l a t ion  be tween  the phys ica l  p r o p e r t i e s  and th ickness  ~v6 of the vapor  
f i lm,  s ince  F(~v5 ) and O'(~v6 , ~l) a r e  funct ions  of ~vS- Hence,  the vapo r  f i lm th ickness  ~v6 can be found 
fo r  speci f ied  va lues  of the phys ica l  p r o p e r t i e s .  

Results of Heat Transfer Investigation 

For evaluation of the heat transfer from the plate surface, it is convenient to consider separately the 
radiative heat transfer and the conductive heat transfer. The radiation from the plate consists of two com- 
ponents - radiation from the wall to the liquid and radiation from the wall to the vapor: 

where  

q = qr + qwr, (37) 

qr == - -  k~ -(y __ l) 2 _ %x (o); 

O' (0) = (y - -  1) 0'0 (0) + (Sa _ 1) [O'1 (0) + (sw - -  1) 0'2 (0)l ~. 

T~. = Q 
To d e t e r m i n e  the to ta l  r ad ia t ive  hea t  t r a n s f e r  f r o m  the plate  su r f ace  we cons ide r  equat ion (7) when 

0 0 

(38) 

As  be fo re ,  within the l imi t s  of the f i r s t  app rox ima t ion  adopted in the p r e sen t  ana lys i s  we can put e% = e~% 
fo r  T X >-- TSX, w h e r e a s  f o r  ~X < T6k we have E2(TX) = 1. Thus ,  the equa t ion  wr i t t en  above will  take the 
f o r m  
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qm~ :=e~ t' [ ( e ~ - - e ~ ) - - 2  ,f (e~--e~r)d~] d~,. (39) 
0 0 

For  a gray  vapor the absorpt ion coefficient is independent of wavelength (ax = a) and equation (39) reduces 
to the following: 

qw, = % (e~ - -  e~) - -  2~ w ,f (e - -  e~) d'c. (40) 
0 

When (24) is substituted in this equation and t e rms  of the o rder  ~ are neglected we obtain 

q~" l - - 6 ( y ) ~ +  . . . .  (41) 
~w(e~--e~) 

where 

~ 6  
2 

6 (v) - v4 _ 1 ,(. [{1 + (v + 1) o o } ' - -  11 @o; 
0 (42)  

~v5 

s (v) - t" {1 - Ho (~o)} d% 

and ~ is a measure  of the optical thickness of the boundary layer,  given by 

= ax ~ ~6- (43) 
I .  Re 

Hence, the total heat t r ans fe r  on the wall is given by the express ion 
~lv6 

q -  2 (y- -  1) ~ Re 
-'v~x- 0 '  (0) + ~,~T~t (y4 ._ l) 1 - -  - -  '%6 - -  /4o (~1.) d*l~ - (44) 

0 

It should be noted that if the vapor neither absorbs nor emits, the resultant radiation from. the plate 

is simply 

4 4 q ~  a~aTsa~ (y -- 1). (45) 

Hence, the second t e r m  in the brackets  on the right side of equation (44) is a f i r s t - o r d e r  correct ion,  due 
to the presence  of vapor, to the express ion  writ ten above. It should be noted that this f i r s t - o r d e r  c o r r e c -  
tion depends only on the optical thickness ~ and the tempera ture  rat io 7 and is independent of the plate 
emiss iv i ty  aw and the expansion pa rame te r  ~. 

If we define the Nussett  number as 

Nu - q~x 
kv (Tw - -  Tsat) 

_ x ( o v t ,  
A-T \ Og ] ~  (46) 

then equation (38) can be converted,  for convenience, to the form 

where 

N u  - -  Oo (0) + H (% e~) ~ + .... (47) 
2 V ~  

(~-- 1) 
(48) 

The f i rs t  t e rm on the right side of equation (47) is the convective heat t r ans fe r  in the absence of radiation, 
while the second t e rm is the effect of radiat ion in a f i rs t  approximation.  

Method o f  S o l u t i o n  

The velocity and t empera tu re  profi les are  given by equations (21)-(29). These equations were solved 
numerical ly  on a SDS-3600 electronic  computer .  It should be noted that the momentum equations (21) and 
(22) do not depend on the energy equation and, hence, can be solved separate ly .  The general  method of solu-  
tion can be described as follows. Since F"(0) is the only unknown quantity in the momentum equations (21) 
and (22) an initial rough es t imate  of F" (0) is made for some prescr ibed  value of *?v6 and the momentum 
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equation is then integrated with all the boundary conditions taken into account. 
equation we obtain a function F" (0), which is then used to solve the heat conduction equations (25)-(29). 
These equations are  linear,  fortunately, and the solution is obtained in the following way. 

We assume that @0 has the fo rm 

where h and g satisfy the equations 

with boundary conditions 

o| .... h + o ; ( 0 )  g, 

1 
- -  h" + Fh'  = O, 
Pr 

1 --g"+Fg' = 0  
Pr 

h(0) -~ 1, h'(O) =0 ;  

~ (o) -- o, g '  (o) : :  1. 

We can now determine | f rom the condition | = 0 in the fo rm 

o ;  (o) := h (no~) .  
g (n~,~) 

A s imi la r  method is used to solve equations (26) and (27). 

On solving the momentum 

(49) 

(50) 

(51) 

(52) 
(53) 

(54) 

C o n c l u s i o n s  a n d  D i s c u s s i o n  

The boundary- layer  differential  equations for forced-convect ion  f i lm boiling were solved for  var ious  
values of ~?v6, Pr ,  ((p/x)v/(P#)L)1/2 and % 

The resul ts  of in teres t  are given in Table 1 and are shown graphical ly in Figs .  2-9 for  ~v5 -- 1-2, 
7 = 1.3-4; (p/x) = 0.01, and P r  = 1.0. Figure 2 shows that the presence  of radiation increases  the vapor 
t empera tu re .  Hence, heat condition is increased on the vapo r - l i qu id  interface,  but is reduced on the 
wall sur face .  

Figure 3 shows the dimensionless  t empera tu re  gradients on the wall and interface corresponding to 
a z e r o - o r d e r  perturbat ion.  These gradients are identical when the radiation of the vapor is neglected. As 
the figure shows, the difference between the t empera tu re  gradients on the wall and on the in ter faceis  small  
for  thin vapor  f i lms (small ~v6) and large for thick films (large ~?v6). This can be attributed to the fact that  
energy t r ans fe r  by convection is not important  for thin vapor  fi lms, but is very  important  for thick vapor 
films. 

Figure 6 shows function F(~5) for (p#) = 0.01 and 0.1; F(~v6 ) is the dimensionless vaporization rate. 
The figure shows that the vaporization rate increases as the film thickness increases. The figure also shows 
that (pit) has an insignificant effect on F(~v6). 

it should be noted that the curves of F0?v6) for  values of (p/X) equal to 0.01 and 0.001 almost  coincide. 
Without radiat ion of the vapor,  F(~v6)/[-  | (~v6)] is equal to the pa rame te r  epAT/hfgPr .  This quantity is 
shown as a function of ~v6 in Fig. 6. This quantity increases  with increase  in the vapor film thickness.  

Tables 1-3 and F igs .3 -8  give all the information required for  calculat ion of the heat t r ans fe r  in 
forced-convect ion  film boiling. For  any prescr ibed  boiling conditions (Tw, Tsar, liquid, U~) the physical 
proper t ies  can be found f rom the tables, and the physical pa r ame te r s  [ e p A T / h f g P r ,  (pp), and so on] are 
determined f rom Table 1 and Figs .  3-8; the dimensionless  vapor film thickness ~v6 can be determined f rom 
equation (35) by t r ia l  and e r r o r .  A value of ~?v6 is assumed and then the values of | @~(~v6), | 
I, and F(~v5 ) are  taken f rom Figs.  3, 5, 7, and 6, respect ively .  All these values are  then substituted in 
(35). If (35) is not satisfied another value of ~v6 must  be taken and the calculations repeated until the r e -  
quired value of ~?v5 is found. Finally, the heat t r ans f e r  resul ts  can be calculated f rom equation (44). It 
should be noted that, as Fig. 8 shows, G(T) is always positive. Hence, the effect of the f i r s t - o r d e r  t e r m  
in equation (41) must  reduce the heat t r ans fe r  relative in the heat t r ans fe r  given by equation (45). Figure 9 
shows [ ( y - I ) / ( @  -1)]  H(7, z~ x) as a function of 3' for  different values of e. 
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N OTATION 

is the monochroma t i c  absorp t ion  coefficient;  
is the absorpt ion  coefficient;  
is the spec i f ic  heat at constant  p r e s s u r e ;  
a re  the d imens ion less  p a r a m e t e r s ,  equation (36); 
ts the monochromat i c  e m i s s i v i t y  of blackbody; 
ts the exponential  integral ;  
ts the d imens ion less  vapor  s t r e a m  function, equation (19); 
ts the d imens ion less  liquid s t r e a m  function, equation (19); 
ts the function given by equation (42); 
ts the heat  of vaporizat ion;  
is the function given by equation (48); 
ts the in tegra l  given by equation (36); 
ts the t h e r m a l  conductivity; 
ts the re la t ive  length; 
Ls the vapor iza t ion  ra te  pe r  unit area;  
ts the convective Nussel t  number;  
ts the Prandt l  number ,  P r  = pep /k ;  
is the local heat t r a n s f e r  ra te  pe r  unit a rea ;  
is the Reynolds number;  
ts the va r i ab le  of integration;  
ts the t empera tu re ;  

IS 

IS 

IS 

IS 

IS 

IS 

IS 

[S 

l.S 

the ve loc i ty  component  in x direct ion;  
the f r e e - s t r e a m  velocity;  
the veloei ty  eomponent  in y direct ion;  
the coordinate  m e a s u r e d  along plate f r o m  leading edge; 
the coordinate  perpendicu la r  to plate; 
the t h e r m a l  diffusivity; 
the t e m p e r a t u r e  rat io,  T w / T s a t ;  
the th ickness  of vapor  film; 
the emiss iv i ty ;  

[S 

iS 

IS 

IS 

iS 

iS 

IS 

iS 

iS 

IS 

iS 

iS 

the s imi l a r i t y  var iab le ,  equation (19); 
the d imens ion less  th ickness  of vapor  film; 
the d imens ion less  t empera tu re ;  
the wavelength; 
the absolute v iscosi ty ;  
the k inemat ic  v iscosi ty ;  
the density; 
the Bol tzmann constant; 
the monochroma t i c  optical  thickness;  
the optical  thickness;  
the optical  th ickness  of vapor  film; 
the s t r e a m  function. 

S u b s c r i p t s  

C 

L 
l 
r 

sat  
W 

6 
)t 

conduction f r o m  wall to vapor;  
liquid; 
quantity de te rmined  at re la t ive  length; 
radiation; 
sa tura ted;  
wail; 
on l i q u i d - v a p o r  in terface;  
monochromat i c  p roper ty .  Dash denotes di f ferent ia t ion with r e spec t  to ~. 
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