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M O D E L  O F  H E A T  T R A N S F E R  A S S O C I A T E D  W I T H  T H E  

S U R F A C E  B O I L I N G  O F  L I Q U I D  IN T U B E S  

A. F .  Z a l e t n e v  UDC 536.247 

A model is proposed for the hea t - t r ans fe r  p rocess  associa ted with the surface boiling of liquid 
in tubes. An analysis  of the various consti tuents of the hea t - t r ans fe r  mechanism distr ibuted 
over  the thickness of the intermediate  boiling layer  is presented.  

Heat t r ans f e r  at var ious points within the thickness of the evaporating layer  created by the surface boiling 
of liquids in tubes is made up of a number  of components differing essential ly in mechanism. We shall here  
make a fur ther  attempt at analyzing these constituents,  and after  allowing for their  interact ions we shall 
present  a method of analyzing and general izing experimental  data regarding the heat t r ans fe r  associa ted with 
the boiling of an underheated liquid. 

A detailed analysis  of the intensity of heat t r ans fe r  in the course  of boiling should allow for the effect 
of the conditions at the l iquid--vapor--sol id  boundary. However,  there is as yet  insufficient information 
available to be able to formulate  rel iable initial data for construct ing an analytical model of the hea t - t r ans fe r  
process .  

In our subsequent analysis,  instead of considering the charac te r i s t i c s  of the vaporizat ion mechanism 
(number of vaporizat ion centers ,  separat ion frequency, and separation diameter  of the bubbles) separately,  
we shall introduce an integrated charac te r i s t i c  in the form of the true volumetr ic  vapor content. In order  to 
calculate this quantity we may,  for example, make use of the empir ical  formula  of [1] or  the method r ecom-  
mended in [2]. 

Following [2-4], we distinguish two zones in the flow: the zone of wall (boundary) heating and the under-  
heated core  of the flow. Inside the boundary zone the enthalpy of the flow is g rea t e r  than the saturation 
enthalpy of the liquid, while its boundary with the core  of the flow may be found by using equations derived 
for calculating heat t r ans fe r  during the flow of a s ingle-phase heat c a r r i e r ,  i .e . ,  on the assumption that no 
boiling occurs  in the channels. This will give the i so thermal  surface in the flow corresponding to t empera-  
ture  t s. 

An analysis of experimental  data in [2] showed that the rat io of the a rea  of the boundary zone to the true 
volumetr ic  vapor content was constant along the whole length of the channel: 

qD ~ • (i) 

where 9 '  = [1--(r2c/R2)] is the relat ive area  of the heated zone, and ~ is a proport ionali ty factor  depending in 
the following way on the operating pa rame te r s :  

 =3o( (2) 
\ o~ d.b rq[~') 

If the t rue volumetr ic  vapor content is known, the radius of the underheated core  of the flow may be 
calculated f rom the equation 
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T A B L E  1 

P,  bars  A.IO "'~ 

20 
40 
70 

1,67 
3,57 
8,6 

0,86 
1,0 
1,17 

rc = R ~ 1 - - - - - -  ~ • ; (3) 

o the rwise ,  the r e c o m m e n d a t i o n s  of [2] s h o u l d  be employed.  

As  r e g a r d s  the h e a t - t r a n s f e r  m e c h a n i s m ,  we shal l  subsequent ly  c o n s i d e r  tha t  p a r t  of the wall su r f ace  
is  washed  by l iquid hea ted  to  the sa tu ra t ion  t e m p e r a t u r e ,  while the r e s t  is in con tac t  with l iquid at a t e m p e r a -  
t u r e  c o n s i d e r a b l y  below t s. Co r r e spond ing ly ,  the spec i f ic  t h e r m a l  flux at the wall  m a y  be e x p r e s s e d  in the 
f o r m  of the s a m  of two componen t s :  

q ---- naconv(tw - -  t t ) + (1 - -  ~l) ad. b (tw - -  t,), (4) 

where  7~ is  the r e l a t ive  p r o p o r t i o n  of the channe l  su r f ace  washed  by the underhea ted  liquid. We c o n s i d e r  that  
l iquid at a t e m p e r a t u r e  t c l eaks  into the boundary  zone,  is  hea ted  by convec t ion  at the wall ,  and r e c e i v e s  heat  
f r o m  condens ing  v a p o r  bubbles .  The l iquid is r epe l l ed  by the vapo r  bubbles  into the c o r e  of  the flow, having 
a t e m p e r a t u r e  equal  to the sa tu ra t ion  point. 

Thus ,  the hea t  c a r r i e d  into the c o r e  of the flow is m a d e  up of  the hea t  co l l ec t ed  f r o m  the wall  by the 
convec t ion  of the unde rhea ted  l iquid and the heat  p a s s i - g  into the l iquid b y  the condensa t ion  of the vapor  
bubble s: 

AQ c = AQ: conv-~ aQcon d �9 
(5) 

Let  us c o n s i d e r  the va r i ous  componen t s  of heat  t r a n s f e r .  

a) Hea t  T r a n s f e r  into the C o r e  of the Flow. Le t  us in t roduce  the concept  of the h e a t - t r a n s f e r  coef f ic ien t  
f r o m  the boundary  zone to the c o r e  of underhea ted  l iquid a 0. The speci f ic  t h e r m a l  flux th rough  the su r f a c e  
with coo rd ina t e  r c i s  then 

q~ = ~ o q ~ - t ~ ,  

where  the t e m p e r a t u r e  head  ( ts- - tc)  m a y  be wr i t t en  in t e r m s  of the t e m p e r a t u r e  head  (ts--tL):  

t~--t~= -~ (I - -  z ) ( t ~ - - t z ) .  

Thus,  
r e l a t ionsh ip  

(6) 

(v) 

the total amount of heat passing into the core of the underheated liquid may be expressed by the 

aQr 2~rr 6-~~ (1 - -  x)%(t~--f i  ~, (8) 
Uc 

and al lowing fo r  the fact  that  

6 c = 6  ~ 1--7~ rc 2 (9) 
1 - - q 0  R e ' 

we m a y  wr i t e  Eq. (7) in the fol lowing f o r m :  

AQc=  2 F--~-(1 - - r  (10) 
t" c 

If  the amount  of  hea t  AQ c is  r e f e r r e d  to  the a r e a  of the h e a t - e m i t t i n g  su r f ace ,  we obtain the ef fec t ive  
h e a t - t r a n s f e r  coef f ic ien t  to  the  liquid: 

R 
aw = (I - -  ~) ~o- ( i i )  

r c 
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The value  of  the coef f ic ien t  a w m a y  be d e t e r m i n e d  if we m a k e  use  of exis t ing  r e c o m m e n d a t i o n s  r e g a r d -  
ing the ca lcu la t ion  of the t r u e  v o l u m e t r i c  vapo r  content  and the l iquid t e m p e r a t u r e  d i s t r ibu t ion  along the 
channe l .  

Le t  us wr i t e  down the h e a t - b a l a n c e  equat ion fo r  the l iquid phase :  

dtl __ /-/Zch aw (t, - -  t l ). 
0 - x )  dz o~ec~ 

In view of the s m a l l n e s s  of • in the r eg ion  of underhea t ing  we take 

( t  - -  X) dt.__t_t , , ,  dQ 
dz dz 

and in t eg ra t e  (12) sub jec t  to the fol lowing boundary  condit ion:  

Atl  [7=o = Ato' 

(12) 

(13) 

(14) 

Under  the condi t ions  a s s u m e d ,  the solut ion of (12) t akes  the f o r m  

Art -- exp [ l-IZch 
Ato . p w F C p ~ a w d z ]  ' 

where  Zch is  the length of the boil ing sec t ion  up to the c r o s s  sec t ion  Xb = 0. 

Le t  us a s s u m e  that  the coef f ic ien t  a w m a y  be app rox ima ted  by a po lynomia l  of d e g r e e  n: 
n 

i=! 

where  ce NK = q/At0" 

Ins t ead  of Eq. (15), we m a y  now wr i te  

(15) 

(16) 

n 

, ,17,  
o CT At~ i+ z 

The r e su l t an t  equat ion (17) enables  us to ca lcu la t e  the coef f i c ien t s  of the po lynomia l  (16) if we know the 
t e m p e r a t u r e  d i s t r ibu t ion  of the l iquid along the channel.  Ul t imate ly ,  we m a y  d e t e r m i n e  the h e a t - t r a n s f e r  
coef f ic ien t  a w and hence  the amount  of heat  pas s ing  into the c o r e  of the flow. 

b) Hea t  Evolu t ion  dur ing the Condensa t ion  of Vapor  in the Flow. By analogy with [5, 6] we in t roduce  the 
concep t  of the condensa t ion  coef f ic ien t  k ( W / m .  ~ 

AQcond= k (t s - -  t l ) (18) 

and e s t ab l i sh  a r e l a t ionsh ip  between th is  coef f ic ien t  and a 0, Atl" 

In c o n f o r m i t y  with the fo rego ing  concep t s  as  to the m e c h a n i s m  of heat  t r a n s f e r ,  we wr i te  the heat  
ba lance  at the wal l  in the f o r m  

1 k (t~ - -  t l ), ( 1 9 )  q = mrq + a w (t s - -  t t ) - -  - ~  

where  m is the m a s s  of the vapor  g e n e r a t e d  f r o m  unit  su r f ace  of the channel.  The second  t e r m  c o r r e s p o n d s  
to the heat  c a r r i e d  away into the c o r e  of the flow. 

In o r d e r  to d e t e r m i n e  the condensa t ion  coef f ic ien t  k we m u s t  know m. L e t  us c o n s i d e r  that  the vo lume 
of vapo r  g e n e r a t e d  at the heat ing s u r f a c e  equals  the vo lume of the r ad ia l  flow of underhea ted  l iquid leaking 
into the boil ing l a y e r  at the boundary .  In this  c a s e  

a~( t~-- t t  ) p" m = (20) 
c ~ ( 4 - t 0  o' 

(19) with due a l lowance  fo r  (17) and (20), we obtain a re la t ionsh ip  fo r  the condensa t ion  coe f -  Using Eq. 
f icient:  

{ [ p"rq _4_1] q t (21) 
k =  u % V c ~ ( t , - - t O  " t , - - tzJ '  
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c) Calculation of the Amount of Heat  C a r r i e d  away f rom the Wall by the Convection of Underheated 
Liquid. It  follows f r o m  Eq. (5) that  

AQc0nv--- AQc - -  AQ cond (22) 

and on allowing for  (10) and (18), we may  wri te  

AQconv = 2 ~ (1 - -  q~) %(t,  - -  tz ) - -  k (ts - -  t t). (23) 
r" c 

All the quanti t ies  on the r ight -hand side of Eq. (23) have a l ready  been determined;  thus, within the 
f r a m e w o r k  of the p r e s en t  ana lys is  we may  cons ider  that we have es tabl i shed AQconv. 

Let  us turn  to Eq. (4) and wri te  down the following ex t r a  equation: 

(1 - -  ~1)//~d.b(t~ - -  t~) -~ IIq - -  AQ cony. (24) 

F r o m  Eqs. (4) and (24) we find an equation for  the convect ive h e a t - t r a n s f e r  coeff icient  f r o m  the wall to 
the underheated liquid: 

a - -  ~d.b t~ --t~ (25) 
conv /Tad.b(tw----twd.b) + 1 tw--  t t 

AQcgnv 

Thus,  the p rob lem of calculat ing the coeff icient  ~conv  may  be r ega rded  as ended. However ,  in so 
consider ing we a s s u m e  that  the liquid t e m p e r a t u r e  encountered in the analys is  may  be de te rmined  exper i -  
menta l ly  or  ca lcula ted  f rom exist ing e m p i r i c a l  fo rmulas  [7]. 

The main  assumpt ion  in the foregoing calculat ion l ies  in the expansion (4). 

We executed a n u m e r i c a l  calcula t ion of C~conv, taking the t rue  vo lumet r ic  vapor  content  of the channel 
f rom the empi r i ca l  equation of [1], while in o rde r  to de te rmine  the t e m p e r a t u r e  of the liquid t t we used the 
equation for  calculat ing s l ip in a flow introduced in [6]: 

__ ( r Ro-o.o,o, (26) 

where  Re = p w2R/~ ' .  

Af ter  we have found the quant i t ies  ~ and s, the t e m p e r a t u r e  of the liquid may  be obtained f rom the equa-  

tion 

t, + ~-p Z-- t l  (27) 
tb = Z ~  1 

where  

x =  s~o" +(1--,~)o' cp 

The t h e r m a l  s ta te  of the channel  wall  was ca lcula ted  as r e c o m m e n d e d  in [8, 9]. 

As a r e su l t  o f  this  it was found that the convect ive  h e a t - t r a n s f e r  coeff icient  of the nnderheated liquid in 
the range of operat ing p a r a m e t e r s  for  which the ~eonv  fo rmula  [1] r ema ined  val id could be e x p r e s s e d  as the 
following power relat ionship:  

% o n v =  A ~ , ,  (29) 

where 

s(pp" ; tb = rqxb. + t v  (28) 

wg: re~V; (30) 

A and fi a re  numer i ca l  quanti t ies  depending on the press{tre.  In pa r t i cu la r ,  for  different  p r e s s u r e s  our ca l -  

culat ions give the values  shown in Table  1. 

The p roposed  method of analyzing heat  t r a n s f e r  in a flow of boiling heat  c a r r i e r  m a y  be used for  ca l -  
culating the t e m p e r a t u r e  and t h e r m a l - f l u x  dis t r ibut ions  along the boiling economize r  in a s t eam gene ra to r  
(boiler) of the heat ing-l iquid [wall] boi l ing-l iquid type. F o r  this  purpose  the sect ion of channel under 

1008 



cons idera t ion  should be nominal ly  divided into individual p a r t s  and the t h e r m a l  s ta te  ca lcula ted  for  each by 
the i te ra t ion  method.  

N O T A T I O N  

z, coordinate  in the d i rec t ion  of flow (distance f r o m  init ial  point of vapor  generat ion);  Zeh, length of 
channel sec t ion  f r o m  the ini t ial  point of vapor  genera t ion  to the c r o s s  sect ion in which the t e m p e r a t u r e  of the 
flow equals  the sa tura t ion  t e m p e r a t u r e ;  ~ = Z/Zch, re la t ive  axial  coordinate;  R, radius  of channel; tI,_ heated 
p e r i m e t e r ;  r e ,  radius  of the core  of the flow; ~0, t rue  vo lumet r ic  vapor  content; •  t rue  g r a v i m e t r i c  vapo r  con- 
tent; :~b, ba lance  vapo r  content; P ,  p r e s s u r e ;  rq ,  la tent  heat  of vaporizat ion;  q, t h e r m a l  flux; ~d.b . ,  h e a t - t r a n s -  
f e r  coeff icient  fo r  deve loped  bubble boiling; ~conv,  convective h e a t - t r a n s f e r  coefficient  for  underheat ing of the 
flow; X ' ,  t h e r m a l  conductivity of the liquid; Cp, specif ic  heat  of the liquid at constant  p r e s s u r e ;  p ' ,  density of 
the liquid; p",  densi ty of the vapor;  p ' ,  dynamic v i scos i ty  of the liquid; t s ,  sa tura t ion t empe ra tu r e ;  tw, wall  
t empera tu re ;  tw.d.b. ,  wall t e m p e r a t u r e  fo r  developed bubble boiling; tc ,  ave rage  t e m p e r a t u r e  of the liquid core;  
At / ,  underheat ing of the liquid (difference between the liquid sa tura t ion  t e m p e r a t u r e  and the t e m p e r a t u r e  of the 
liquid in the c r o s s  sect ion z); At0, underheat ing of the liquid at the init ial  point of vapor  generat ion;  Go, m a s s  
ra te  of flow; Gc, m a s s  ra te  of flow in the core;  F, c r o s s - s e c t i o n a l  a r e a  of the channel; Pw, m a s s  velocity;  w0, 
c i rcula t ion  velocity;  s,  slip (rat io of the veloci ty  of the vapor  to the veloci ty  of the liquid); k, condensat ion co-  
efficient; AQc , amount of heat  t r a n s f e r r e d  to the liquid core  p e r  unit t ime  p e r  unit length of channel; AQeonv, 
amount of heat  t r a n s f e r r e d  as a resu l t  of the convection of the underheated liquid p e r  unit t ime  p e r  unit length 
of channel; AQcond, amount  of heat  pass ing  to the underheated  liquid as a resu l t  of the condensation of bubbles 
p e r  unit t ime  p e r  unit length of channel.  
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