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Regu la r i t i e s  of heat  t r a n s f e r  in the motion of a two-phase  flow in va r i ous - shaped  channels has been 
studied in tens ive ly  over  a per iod  of many  y e a r s .  Numerous  calculat ional  p r o c e d u r e s  appea r  in the l i t e r -  
a ture  based,  not on an analyt ical  approach,  but on the t r e a t m e n t  of expe r imen ta l  resu l t s .  

The g r ea t  m a j o r i t y  of the calculat ional  re la t ionships  can only be used in a r e s t r i c t e d  range of the 
p a r a m e t e r  r eg imes .  However,  many  authors  t r e a t  this si tuation with insufficient  c la r i ty  or  e lse  they in-  
t roduce r e s t r i c t i ons  which, in the light of the p r e s e n t l y  avai lable  expe r imen ta l  data, cannot be r ega rded  
as  exhaust ive.  

In this connection the question concerning the p r o p e r  use in a calculat ional  p rocedure  of one or  an-  
o ther  of these re la t ionships  takes  on g r ea t  p r a c t i c a l  s ignif icance.  This is e spec ia l ly  impor tan t  owing to the 
fact  that in c a r ry i ng  out t h e r m a l  calcula t ions  there  is a tendency to use obsolete  p rocedu re s .  An approach  
of this kind usually leads to the c rea t ion  of unneces sa ry  a l lowances  with r e s p e c t  to vapo r -gene ra t i ng  s u r -  
faces ,  to an i n c o r r e c t  e s t ima te  of the wall t e m p e r a t u r e  r eg ime  of a vapo r -gene ra t i ng  channel,  and to a sub-  
s tant ia l  compl ica t ion in the opt imizat ion of a faci l i ty .  

We a t t empt  here  to give a su rvey  and a c r i t i ca l  e s t ima te  of the known as sumpt ions  in the l i t e ra tu re  
for  the calculat ion of heat  t r a n s f e r  in the flow of s t r e a m  in tubes and ducts. 

C o n t e m p o r a r y  s t r e a m - g e n e r a t i n g  ins ta l la t ions  a re  cons t ruc ted  in such a way that  the s t e am is  
fo rmed  e i the r  on the outer  su r f aces  of tubes submerged  in a liquid, with allowance made for  i t s  f ree  c i r c u -  
lation, o r  on the inner  su r f aces  of s t e a m - g e n e r a t i n g  tubes (ducts) in which a sys temat ic  motion of a two- 
phase  flow is  effected.  

Var ious  flow r e g i m e s  m a y  be obse rved  in the motion of a two-phase  flow in ducts depending on the 
output of the heat  conductor,  the f rac t ions  of the duct c r o s s - s e c t i o n  occupied by the liquid and the gaseous  
(vapor) phases ,  the r a t i o s  of the i r  veloci t ies ,  the posi t ion of the duct, and the flow direct ions.  The mos t  
accura te  calculat ional  re la t ionships  can, to al l  outward appea rances ,  be obtained in consider ing a specif ic  
flow reg ime ,  but with the r eg ime  boundar ies  sufficiently undetermined,  changing with a change in the 
p r e s s u r e ,  the duct length, the ent rance  t e m p e r a t u r e ,  and a whole s e r i e s  of o ther  fac to rs .  In this connec-  
tion, the g rea t  m a j o r i t y  of the re la t ionsh ips  for  the calculat ion of heat  t r a n s f e r  in tensi ty  in two-phase  flows 
is  not a s soc ia t ed  with a specif ic  flow reg ime .  This  is  due to the fac t  that, in spite of the whole v a r i e t y  of 
r e g i m e s ,  there is  a l imited number  of bas ic  defining p a r a m e t e r s  which cha rac t e r i ze  the heat  t r a n s f e r  in-  
tens i ty  during boiling under two-phase  flow conditions in tubes and ducts.  As bas ic  p a r a m e t e r s  of this 
Mad we cite the phys ica l  p r o p e r t i e s  of the liquid and gaseous  (vapor) phases ,  the heat  conductor  ouiput, 
the specif ic  heat  flow q, and the p r e s s u r e  p. 

F r o m  the modern  point  of view the coeff ic ient  of heat  t r a n s f e r  in the motion of a two-phase flow in 
ducts is  a function of a) the in tensi ty  of the heat  t r a n s f e r  due to turbulizat ion of the wall boundary l ayer  by 
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Fig. 1. Var ia t ion of the heat  t r a n s f e r  coeff icient  along the 
tube length for  var ious  c i rcu la t ion  r a t e s  [11]: a) qav = 61,000 
k c a l / m  2.h;  w0 = 0.5 m / s e c ;  b) cor responding  va lues  here  
a re64 ,  500and 0.35; c )72,800and 0.24; d)60, 000 and 0.15. 
Uni ts  of a and l a re ,  r e spec t ive ly ,  k c a l / m  2". h" ~ and m. 

vapor  bubbles f o r m e d  during boiling, and b) the in tens i ty  of the heat  t r a n s f e r  occas ioned by the turbulent  
exchange a r i s ing  in the forced  motion of the two-phase  flow. 

The influence of the f i r s t  f ac to r  on the heat  t r a n s f e r  can be a sce r t a ined  through a specif ic  t h e r m a l  
loading. The amount  of influence of the second fac tor  depends both on the total  weight output of the two- 
phase  flow (the c i rcu la t ion  ra te)  and on the ve loc i ty  of the vapor  core  (for the d i s p e r s e d - r i n g  flow reg ime) .  

Such a descr ip t ion  of the m e c h a n i s m  in the heat  t r a n s f e r  p r o c e s s  during the boiling of a liquid in 
tubes was built  up as  the r e s u l t  of many  y e a r s  of invest igat ion,  both in the USSR and e l sewhere .  

Fo r  convenience in the i r  cons idera t ion  we can condit ionally divide the calculat ional  re la t ionships  
defining heat  t r a n s f e r  in tens i ty  into four  groups ,  beginning with the l is t  of defining p a r a m e t e r s  included in 
the re la t ionship  considered.  

I .  C a l c u l a t i o n a l  P r o c e d u r e s  in  w h i c h  t h e  H e a t  T r a n s f e r  

I n t e n s i t y  D e p e n d s  o n  t h e  M a g n i t u d e  o f  t h e  S p e c i f i c  T h e r m a l  

L o a d i n g  a n d  t h e  P r e s s u r e  

Fo r  boiling i t  i s  well  known [1[ that  the heat  t r a n s f e r  in tens i ty  on heat  emi t t ing  su r faces  submerged  
in a volume of liquid depends only on the specif ic  t he rma l  loading q and the p r e s s u r e  p, and also on the 
phys ica l  p r o p e r t i e s  of the liquid and gaseous  phases .  The dependence of the heat  t r a n s f e r  coeff icient  on q 
and p for  the boiling of wa te r  under f ree  convect ion conditions was es tab l i shed  by V. M. Bor ishanski i  [2, 
3]. He obtained the e x p r e s s i o n  

o~i.v: 3(p ~ -:- 1 83.10 ~p~)qO7 (1) 

ve r i f i ed  by e x p e r i m e n t a l  data for  a wide range of va r ia t ion  of the defining p a r a m e t e r s .  

Heat  t r a n s f e r  fo r  boiling in ducts depends,  in the genera l  case ,  not only on the specif ic  t he rma l  load-  
ing and the p r e s s u r e  but a lso  on the ra te  of sys t ema t i c  movemen t  of the two-phase  flow and the magnitude 
of the local  vapor  content. 

However,  a number  of the re la t ionsh ips ,  r e c o m m e n d e d  for  conditions of boiling in ducts,  were f o r -  
mula ted  on the bas i s  of e x p e r i m e n t s  in which there  was no manifes ta t ion  of the influence e i ther  of the ra te  
of flow or  the vapo r  content,  and the heat  t r a n s f e r  in tensi ty  was de te rmined ,  as  for  boiling in a large vo l -  
ume, by the p r e s s u r e  p, the specif ic  t h e r m a l  loading q, and the phys ica l  p r o p e r t i e s  of the phases .  

A s i m i l a r  type of dependence was obtained for  the f i r s t  t ime fo r  ethyl alcohol by S. M. Lukomski i  
and S. M. M a d o r s k a y a  back in the for t ies .  According to [4], the heat  t r a n s f e r  coefficient  for  boiling in 
tubes depends only on the specif ic  t h e r m a l  loading and the p r e s s u r e ,  and can be calcula ted f r o m  the e x p r e s -  
sion 

(z : = A (p) qn, (2) 

where n = 0.73-0.01p; A(p) is  a function of the p r e s s u r e  p (kg/cm2). 

E x p e r i m e n t s  conducted much l a t e r  by o ther  authors  showed that ac tua l ly  there  ex i s t s  a region of the 
p a r a m e t e r  r e g i m e s  inside of which a is  a function only of q and p; however ,  these au thors  did not conf i rm 
the dependence of the exponent  n in the re la t ion  (2) on the p r e s s u r e .  At the p r e s e n t  t ime i t  should be r e -  
garded  as  es tab l i shed  [3, 5-10] that for  the m o s t  p reva len t  combinat ions of the l iquid--sol id  surface  n ~ 0.7. 
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Fig. 2. Loca lhea t  t r ans -  
f e r  coeff icients  ve r sus  
flow vapor  content [11]. 
~ , % .  

by G. V. Alekseev,  B. A. 

0 1 K  ~ qO.7 (z = . . . . .  # 

where Kp = p- 104/4a(~/'--y"), and also by M. A. Ktchigin and N. Yu. Tobilevich [11]: 
i 1 

~ ( T )  T )~ (_~__)~- ._ . O r y  a ]0.6 / (y ~]0.125r p ]0.7. 

The heat t r ans fe r  coeff icient  values,  obtained in [9, 10] for  the condition of boiling in tubes, agree  
f a i r ly  well with the values of (~ calculated f ro m  the formulas  fo r  boiling in a large volume. This can be 
used as  a confirmation of the fac t  that under specified conditions the heat t r ans fe r  p ro ce s s  fo r  boiling in 

Formulas  fo r  calculating the heat t r ans fe r  coefficient  for  the belling 
of water  in tubes, when the heat t r ans fe r  intensi ty  is  determined,  in the 
judgement  of the authors ,  only by the quantit ies p and q, were proposed by 
Levy [7]: 

c ,U9  ,~ :: q 3 , (3) 
~T~ (p' - -  p") B L 

where the coefficient  B L is  de termined  empi r ica l ly  and is a function of the 
product  p " r ;  by MacNelly [8]: 

_ '~ '  10.~3 ; 

by Z. L. lVliropol'sldi and M. E. Shitsman [91: 

: 1.1p0.43 qO.7; (5) 

Zenkevich, and V. I. Subbotin [10]: 

(6) 

(7) 

ducts in the ease of sys temat ic  movement  is  subject  to the same regu la r i t i e s  as  the p r o c e s s  of boiling in a 
large volume. 

A v e r y  common mate r i a l  disadvantage, inherent  in the formulas  (3)-(7) cons idered  above, which 
makes  thei r  possible use in a p rac t i ca l  computation difficult,  is that the authors  do not ass ign specif ic  
boundaries  of the i r  applicabil i ty beyond which the influence of the vapor  content and the rate  of movement  
of the two-phase flow on the heat content should be taken into account. 

Thus, for  example,  f r om [1] one can make an invalid conclusion concerning the fact  that the heat 
t r a n s f e r  intensi ty  does not depend on the vapor  content over  a wide range of var ia t ion of the la t te r  (0.05 
_< x _< 0.9). 

Apparently,  in [10] high vapor  contents were obtained for  small  outflows, but sufficiently high p and q, 
when the turbulizat ion of the fluid layer  at the wall, due to the format ion  of bubbles, was high, while the 
speed of the two-phase flow remained  low and proved  to have no noticeable intensifying influence on the heat 
t ransfer .  The lack of tabular  exper imenta l  data in [10] did not allow, unfortunately,  ver i f ica t ion of the 
stated supposition by means  of an appropr ia te  calculation. 

The fo r mu la  (7), obtained in [11], is  an example of a general izat ion f rom exper imenta l  data, which is  
only par t i a l ly  successful .  The exper imenta l  data given there  (see Fig. 1) tes t i f ies  to ~ e  influence on the 
heat  t r a n s f e r  in tensi ty  during boiling in tubes not only of q and p, but also of the weight vapor  content x. 
Fo r  p r e s s u r e s  close to a tmospher ic  the influence of the vapor  content on the heat  t r ans fe r  intensi ty  begins 
to manifes t  i t se l f  a l ready  for  q~ = 70 to 75%, i . e . ,  for  weight vapor  contents on the o rd e r  of severa l  p e r -  
cent  (Fig. 2). However,  having deduced the effect  of w 0 on the heat t r ans fe r  intensi ty  and having shown 
exper imenta l ly  the vapor  content  influence, the au thors  of [11] genera l ized  the exper imenta l  data by using 
heat  t r a n s f e r  coeff icients  a ,  not local  but averaged over  the tube length, and also c r i t e r i a  valid fo r  boiling 
in a large volume. The re su l t  of doing this was that the dependence of local  heat  t r ans fe r  coefficients  on 
the vapor content did not show up in the formula  (7) recommended  by the authors  of [11]. 

At the p re sen t  t ime re la t ions  employing average values  of heat  t r ans fe r  coeff icients  have fouttnd 
fa i r ly  wide use, pa r t i cu la r ly  in paper s  of authors  studying heat  t r ans fe r  during boiling in var ious  indust r ia l  
p roc e s se s .  The calculat ion of heat  t r ans fe r  f r o m  re la t ions  of this kind, of a supposedly genera l ized  nature,  
can only be der ived with confidence for  conditions close to those for  which the exper imenta l  data, used in 
formulat ing the computational relat ionship,  were obtained. But ff the given re la t ion is  used for  the calcula-  
tion of heat  t r ans fe r  in tensi ty  under o ther  conditions, substantial  e r r o r s  may  resul t .  
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Fig. 3. Dependence of the heat t ransfer  coefficient on a) the number  of 
revolut ions of the mixer  [12] (Curves 1, 2, 3, and 4 are  for  n = 0, 165, 
295, and 520 rev /min ,  respect ively) ;  b) the circulat ion rate for q = 200 
�9 103 k c a l / m 2 . h  [12] (Curves 1, 2, 3, 4, 5, and 6 are  for w 0 = 6.67, 5, 3, 
2, 1, and 0.5, respect ively) ;  c) the circulat ion rate and the specific ther -  
mal  flow [12] (Curves 1 and 2 are  for q = 200.103 and 400.103 kca l /m  2. h, 
respect ively;  Curve 3 is for  Nu = 0.23 Re~176 The units of q, fl, and 
w 0 are ,  respect ively ,  kca l /m  2- h, %, and m / s e c .  

I I .  C a l c u l a t i o n a l  P r o c e d u r e s  i n  w h i c h  t h e  H e a t  T r a n s f e r  

I n t e n s i t y  D e p e n d s  on  t h e  V a l u e  o f  t h e  S p e c i f i c  T h e r m a l  

L o a d i n g ,  t h e  P r e s s u r e  a n d  t h e  C i r c u l a t i o n  R a t e  

Exper iments  conducted by a number of inves t igators  show that there exists  a domain for  the p a r a -  
me te r s  (w 0, x, q) inside which the heat t r ans fe r  intensity during boiling under constant  p r e s su re  conditions 
depends on only two fac tors ,  the specific thermal  loading q and the circulat ion rate w 0. 

This question was studied in detail for  the f i r s t  time in [12], wherein experimental  data were p r e -  
sented both for  the case of forced motion during boiling in a large volume (mixer) and also for  the forced 
motion in tubes. It was shown that for  smal l  q the heat t ransfer  intensity during boiling is mainly de te r -  
mined by the speed of the liquid (Fig. 3a). At much higher thermal  flows the heat t r ans fe r  depends on 
both q and also the circulat ion rate.  In a region of high q and small  w0 the thermal  loading is found to have 
a decisive effect  on the heat t r ans fe r  intensity. 

The exper imenta l  data [12] for  boiling in tubes, shown in Fig. 3b, test if ies to the fact  that the in-  
fluence of the circulat ion rate w 0 on the heat t r ans fe r  intensity, even for compara t ive ly  high thermal  flows 
(q = 2 . 1 0  ~ k c a l / m  2- h), is  fa i r ly  large.  Thus, in varying the circulat ion rate f rom 0.5 to 6.67 m/ see ,  the 
value of the heat t r ans fe r  coefficient i nc reases  by a fac tor  of more  than 3.5. Experimental  curves  are  
presented  in Fig. 3c, which show how ~ va r ies  as a function of the circulat ion rate for  var ious  values of 
the thermal  flow q. If for  low w 0 the heat t r ans fe r  intensity is determined by the bubble-boiling p rocess ,  
then as w 0 inc reases  the circulat ion rate is found to have a v e r y  large influence on the heat t ransfer ,  and 
the values of the heat t r ans fe r  coefficients cr approach values which are  typical of convective heat t ransfer .  

I t  was shown in [12] that the mutual influence of q and w 0 on the heat t ransfer  intensity depends on a 
function of the number  K w = q/w0r3,". It should be stated that although the dependence 

0~ 
(1 i K~o) ~ (8) 

R I . v .  

assumed in [12], has not been widely adopted, never theless ,  the number  K w was used la ter  on by a num- 
ber  of authors  in const ruct ing var ious  computational relat ionships.  

In [13] L. S�9 Sterman presen t s  a set of numbers  charac te r iz ing  the heat t r ans fe r  p roces s  for  boiling 
in ducts:  

w o ' % T ~  ; w~ ' 7' 

In this genera l  set  of numbers  there appears  the rat io of the reduced veloci t ies  of the vapor  and .liquid 
phases  charac te r iz ing  the turbulizing influence on the heat t r ans fe r  of the vapor  core motion (vapor content). 
However, for  the derivat ion of the calculationai relat ionship 

113 



hj .A 

L~,/" 

Fig. 4 

/ 
/ 

, J /  
'O 

Uw,b. 
Fig. 5 

Fig. 4. Heat t r ans fe r  to a boiling liquid ve r sus  the 
the rmal  flow densi ty q and the circulat ion ra te  w0 (see 
[22]). Curve 1 r ep re sen t s  f ree  convection boiling, 
w0l < W02 < W03. 

I 
Fig. 5. The relat ionship a / a w .  b = f ( a l . v / ~ w . b )  (see 
[22]). 

for  

Nu b 

NUw.b. 

[ q/r?" [ ?,, ,~,.45 ( r ,o.33]o.7 
(9) 

fo r  

~ 0.4 10 -5, 
L wo k CpTs ! I 

Nu w'b '=  1 
NU b 

(10) 

- -  < 0.4 10 -s. 
L wo \ c~Ts / J 

(Note by t rans la tor :  in the re la t ions  (9) and (10) the subscr ipts  b and w.b. a re  for  "boiling" and "without 
boiling", respect ively .  ) L. S. S terman re l ied  only on the exper imenta l  data in [4, 14, 15], obtained for  
conditions in which the vapor  core  motion did not prove to have a noticeably intensifying influence on the 

I! ! heat  t r ans fe r .  The upshot of this was that the rat io  w 0/w 0 was el iminated f ro m  considerat ion,  although the 
data obtained e a r l i e r  in [12] (see Fig. 3b) a t tes t s  to the fact  that When fl > 70% the heat t r ans fe r  intensi ty  
i nc r e a se s  sharply with an increase  in the vapor  content. 

A definite disadvantage of the re la t ion (9) also is  that, according to it, the heat t r ans fe r  coefficient  
fo r  boiling a r b i t r a r y  conditions may be exp re s sed  in t e r m s  of NUw. b = 0.023 Re~ ~ and, consequently,  
the dependence on dequi v and on the c i rcula t ion rate  w 0 is  maintained (the dependence, it  is t rue,  is not too 
strong): 

-O, 2 W~' [. 
~b ~ dequiv, ~b "~ 

Apparently,  jus t  in connection with this case,  the relat ionship (9) turned out to be i l l -sui ted  for  gen-  
era l iz ing  the exper imenta l  data in [16] for  boiling water  heat t r ans fe r  in na r row aper tu res ,  however,  it  was 
complete ly  sa t i s fac tory  for  general iz ing the exper imenta l  points in [17] and [18] for  boiling in longitudinaliy- 
s t reaml ined  bundles and ape r tu re s  with dequi v close to that in [13]. 

A fundamental ly different  approach to the prob lem of taking into account the joint  ef fect  of bubble boil-  
ing and the forced  motion of a liquid was proposed in some papers  by authors  in the Soviet Union and abroad. 

Thus, F. F. Bogdanov [19] p roposes  to calculate the heat t r ans fe r  coeff icient  by a formula  which adds 
together  the effects  influencing heat t r ans fe r  intensif icat ion for  the boiling of a liquid in ducts: 

cp"q" -t- qWo, (11) 

where c, ci,  n, and m are  exper imenta l ly  de termined  coefficients.  

It was conf i rmed in [20] that the resul t ing  the rmal  flow densi ty for  boiling under forced  motion con-  
ditions can be calculated by the d i rec t  addition of the thermal  flows calculated f rom the formulas  for  boil-  
ing in a volume and for  the fo rced  motion of the liquid without boiling: 
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Fig. 6. Comparison of two relation- 
ships: Curve 1 is for S. S. Kutatel- 
adze's equation (see [22]) and Curve 
2 is for W. M. Rohsenow's equation 
(see [20]). 

q : qI.v qy.b ' (12) 

The author argues  that equation (12) is  applicable in 
the region of reduced vapor  contents, i . e . ,  in a region where 
the heat t r ans fe r  for  a given p r e s s u r e  is completely  de te r -  
mined by the quantities w 0 and q. For  the conditions of boil-  
ing in a duct of a liquid heated to saturat ion tempera ture ,  the 
equation (12) can be written in the fo rm 

a :-= ai. v -! ~'w.b' (13) 

In h i s  papers  [21], [22] S. S. Kutateladze r e m a r k s  that 
the presence  of a sys temat ic  motion (forced or  natural  c i r cu -  
lation) leads to an intensification of the heat t r ans fe r  p roce s s  
for  bubble-boiling. The extent to which this motion influences 
the heat t ransfer  depends on the relat ionships of the magnitudes 
of the turbulent per turbat ions ,  a r is ing at the expense of the 

sys temat ic  motion, and the vapor  format ion process .  * For  a given circulat ion rate w 0, depending on the 
size of the thermal  flow increase ,  the heat t r ans fe r  coefficient changes v a r y  little at f i rs t ,  af ter  which the 
influence of q becomes all the more  noticeable,  until i t  becomes decisive. As a result ,  we have, as the 
envelope of the curve a(q, w0), a curve a (q) (Fig. 4), which in nature is close to the corresponding r e l a -  
tionship for  f ree  convection boiling. Upon examining Fig. 4, we can identify three typical zones: 

Zone I: Heat t r ans fe r  here is mainly determined by forced motion (zone of small  q values); 

Zone H: Heat t r ans fe r  is determined by the p roce s s  of vapor  format ion (zone of large q values): 

Zone HI: Charac te r ized  by the joint influence of forced motion and the vapor  format ion p roce s s  (zone 
of average q values).  

D. A. Labuntsov [25] p r e s c r i b e s  a separate  relationship for  each zone: 

Zone I 0 <  ~ I ' v ' < 0 . 5 ,  ~. : :aw.b.  (14a) 
aw.b. 

Zone II a I.v > 2, ~Z ~ ~xi.v; (14b) 
C~w.b. 

Zone Ill 0 . 5 <  a I ' v -<2 ,  a -- 4aw'b!-~ZI'v" (140) 
a w.b CZw.b. 5aw.b=- aw. b, 

The formulas  (14) sa t i s fac tor i ly  general ize  the experimental  data for  a region in which the heat t r ans -  
fer  intensity is determined by the mutual influence of q, w0, and p. These formulas ,  however,  do not spec-  
ify passages  to the l imit  in the domain of the p a r a m e t e r s ;  this is more suitably handled by S. S. Kutatel- 
adze ' s  interpolat ional  relat ion [22] 

n n 

_a_ = 1 (15) 
g ' I . v  ) , i/ 

which is valid for  all three zones exist ing for  boiling in a duct of a liquid heated to the saturat ion t empera -  
ture.  Here a is  the coefficient  of heat t r ans fe r  to a flow of boiling liquid; aw.  b is the heat t r ans fe r  coef-  
ficient for  forced  motion of the liquid without boiling, calculated with respec t  to w0; aw.  b = 0.023 (X/D) 

! 
l~e~176 al .  v = (0.7-0.8) a L v; a l .  v is  the heat t r ans fe r  coefficient for boiling in a large volume acco rd -  
ing to the formula  (1). 

In the determinat ion of the exponent n in the relat ion (15)use was made of experimental  data obtained 
for  conditions in which an increase  of vapor  content and, consequently, also the vapor flow velocity, did not 
lead to an increase  in the heat t r ans fe r  intensity. ~ Formula  (15) descr ibes  the exper imental  data quite 
well when n = 2. However, the authors  of [16] c la im that much better  agreement  with the exper imental  
points is obtained for  n = 3 in the case of na r row annular passages .  

�9 An analogous influence of a sys temat ic  motion and the vapor  formation p roces s  on the intensi ty of boiling 
heat t r ans fe r  was noted in many exper imenta l  papers  by Soviet authors  and o thers  [12, 23, 24]. 
$These same data were used in formulat ing the relat ions (9) and (10). 
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c i ty  for  q = 140" 1(# in Fig. 7a, and q = 200- 103 kcal 
/ m  2" h in Fig. 7b (from [27]). The units of wT a re  kg 
/In 2 sec. 

The nature  of the d imensionless  relat ionship proposed  by S. S. Kutateladze is  shown schemat ica l ly  in 
Fig. 5. Its l imiting values are  exp re s sed  by the following conditions: 

~ / -+1;  [ ' -~0,  
(Z w.b. 

C~!'V u+ ~0; C~' f_~ I.v. f ' §  
aw.b. a w.b'. 

It  is  c l ea r  f r o m  the above that the equation (13), due to W. M. Rohsenow (see [20]), is  a pa r t i cu la r  
ease  of the relat ion (15) fo r  n = 1" .  

A graphical  r epresen ta t ion  of these re la t ionships  appears  in Fig. 6. Relat ion (15) fu rn i shes  a more  
p r o p e r  approach since i ts  use allows for  a smooth passage to the l imi t  for  both convection heat t r ans fe r  
(when a l .  v/(Xw, b -* 0, a -* aw. b) and developed boiling heat t r an s f e r  in ducts,  when there  is  no c i r cu la -  

' v/aw.b.- . .oo a-"a~.v). tion ra te  effect  and the heat  t r ans fe r  is  de termined by the thermal  flow q (when a l .  
F r o m  the point of view of the physica l  p r o c e s s  involved the descr ipt ion (15) is  more  logical than the desc r ip -  
tion of the p r o c e s s  given by W. M. Rohsenow. Summation of heat t r ans fe r  coeff icients  is  apparent ly  al low- 
able when consider ing independent methods of thermal  ene rgy  t r anspor t  (for example,  the total influence of 
radiat ion and convection). As for  the p r o c e s s  of boiling for  flow in ducts,  there  are  two p r o c e s s e s  involved 
here ,  which cause turbulizat ion of the liquid layer  at  the wall. S ince  the vapor  format ion  p r o c e s s  is  de-  
veloped in the liquid layer  a t  the wall, i t  is  logical  to assume that the re la t ive  contribution of the convective 
t r anspor t  p r o c e s s  to the total heat  t r ans fe r  mus t  drop fa i r ly  rapidly with an inc rease  in intensi ty  of the 
format ion  p rocess .  These cons idera t ions  a re  incorpora ted  in the re la t ion (15) but are  not accounted for  in 
re la t ion  (13). 

I n  the overwhelming major i ty  of paper s  devoted to the study of boiling heat  t r ans fe r  of a liquid moving 
i n a  channel, i t  has been shown exper imenta l ly  that increas ing  the speed of the liquid leads to an intensif ica-  
tion of heat  t rans fe r .  This phys ica l ly  just if iable assumption is  r e f l ec ted  in the computational fo rmulas  (8)- 
(15) proposed  by var ious  authors ,  which were cons idered  ea r l i e r .  The s t ruc ture  of all  these re la t ionships  
is  such that an inc rease  in the speed of the l iquid leads to an intensif icat ion of the boiling heat t r ans fe r ,  
although the f rac t ion  of the convective heat  t r ans fe r  in the overa l l  heat t r anspor t  va r i e s  depending on the 
formula  considered.  Never the less ,  there  a re  a l imited number  of paper s  in which i t  i s  a s se r t ed  that an 
inc rease  in the speed of the liquid leads to a dec rease  in the heat t r ans fe r  coefficient,  although the authors  
of these paper s  give no explanation for  the resu l tan t  effect .  

In [26] E. K. Aver in  and G. N. Kruzhilin,  having studied boiling heat  t r an s f e r  of water  in an annular  
passage ,  es tabl ished the fac t  that in a region of high the rmal  flows (q > 4.105 k ca l /m  2 �9 h) with a p r e s s u r e  
p in the range f rom 1 to 9 kg / cm 2 the heat  t r an s f e r  coeff icients  a dec rease  with an increase  in the ra te  of 
flow of the liquid. Fo r  the conditions they cons idered  the authors  of [26] proposed the following calcula-  
tional relat ionship:  

c~ = 7.8 qO.~ w~-O.l pO.2a. (16) 

As for  small  thermal  flows, the usual influence of the liquid speed on the boiling heat t r ans fe r  was 
noted, i . e . ,  the heat  t r an s f e r  in tensi ty  inc reased  with an increase  in w0. 

�9 The quantity (Xl. v appears  in equation (13) whereas  in equation (15) the quantity ot i v" This  fact  of i t se l f  
does not in t e r fe re  with making a comparat ive  analysis ;  however,  in c lar i fying the f[lndamental difference 
between these equations i t  is  more  convenient to assume,  conditionally, in re la t ion  (13) that CZl. v = a l . v "  
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Fig. 8: Variat ion of local heat flow, tern- �9 
pe ra tu re  head, and weight vapor content along 
tube length with water  flow rate G = 1320 kg 
/ h  [30]: Curve 1 is for  convective heat t r a n s -  
fe r  with fluid motion; Curve 2 is for  convec-  
tive heat t r ans fe r  with two-phase flow. Cal-  
culation was ca r r i ed  out by the formula  for  
fluid convective heat t r ans fe r  with veloci ty  
equal to that of the two-phase flow; Curve 3 
gives the flow tempera ture  t in ~ Curve 4 
gives the mean wall tempera ture  t in ~ 

It  can be assumed that under the conditions involving large thermal  flows and flow ra t e s  a ve ry  s t rong 
suppress ion of the bubble-boiling p roce s s  takes place.  However, the anomalous influence of the liquid 
speed on the boiling heat t r ans fe r  could poss ib ly  resul t  f rom pecul iar i t ies  of the exper imental  method e m -  
ployed. The length of the heated port ion was equal to 60 mm with an annular gap width of 8 mm, i . e . ,  one 
cannot speak here e i ther  of thermal  o r  of hydrodynamic stabilization of the flow. 

Yu. A. Zeigarnik and A. S. Komendantov [27] made a study of boiling heat t r ans fe r  of water  for  
forced flow conditions in a tube under a tmospher ic  p re s su re .  A substantial  port ion of the exper imental  
mater ia l  obtained in [27], as well as the conclusions made therein, are at var iance with the resu l t s  ob-  
tained by the ma jo r i ty  of inves t igators ,  both in the Soviet Union and abroad, who studied the influence of 
the fundamental defining p a r a m e t e r s  on boiling heat t r ans fe r  of a liquid in tubes. 

In Fig. 7 graphs  taken f rom [27] are  presented  in which the dependence of the heat t r ans fe r  coefficient 
on w7 for  boiling in tubes has a r a the r  involved charac te r ,  not even monotonic. F r o m  the graph it follows 
that when w7 < 1000 k g / m  2" sec,  a decrease  in the outflow leads not to a lowering of heat t r ans fe r  intensity, 
as  observed by the major i ty  of authors ,  but r a the r  to an increase ;  moreover ,  under these conditions the 
measured  values of a turn out to be substantial ly higher than those calculated f r o m  the formulas  (9), (10), 
(14), and (15). When w7 > 1000 k g / m  2. sec, the coefficient a depends on w7 in the usual way and the r e su l t -  
ant heat  t r ans fe r  coefficient values agree sa t i s fac tor i ly  with the values calculated f rom the formulas  men-  
tioned. In analyzing the resu l t s  obtained in [27] it should be recal led  that the authors  pointed out that the 
major i ty  of their  resu l t s  were accompanied by fluctuations, which vanished for  wT > 1000 k g / m  2" sec. 

In our  opinion, the conclusions made on the basis  of exper imental  data, obtained f rom reg imes  with 
fluctuations, should in no case be extended to r eg imes  without fluctuations. The fact  should also be taken 
into account  that in [27] the influence of vapor  format ion on the heat t r ans fe r  coefficient was, apparently,  
not taken into account  with sufficient clar i ty.  

Taking into account  the method used in ca r ry ing  out the experiment ,  and also the fact  that in con-  
s t ruct ing the graphs  in question no differentiation was made in the values of ~ with r ega rd  to the vapor  
content values,  we can assume that the heat t r ans fe r  coefficient values were obtained more  for  low w7 
values than for large vapor  content values. 

Thus an increase  in heat t r ans fe r  intensi ty with a decrease  in w7 (see Fig. 7) can be determined,  
not by a lowering of the weight velocity, which must  decrease  the value of the heat t r ans fe r  coefficient a ,  
but by an increase  in the vapor  content, leading to an intensification of the thermal  t ranspor t  p rocess .  

I I I .  C a l c u l a t i o n a l  P r o c e d u r e s  i n  w h i c h  t h e  H e a t  T r a n s f e r  

I n t e n s i t y  D e p e n d s  on  t h e  V a p o r  C o n t e n t  ( V e l o c i t y  o f  t h e  

T w o - P h a s e  F l o w )  

The exper imenta l  data, including that obtained as far  back as the 1940's by M. A. I<iehigin and 
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Fig. 9. Heat t r a n s f e r  coeff icient  ra t io  v e r s u s  the 
Mart inel l i  p a r a m e t e r  fo r  va r ious  q and wy values  in 
Fig. 9a, and for  va r ious  t h e r m a l  flow va lues  q in 
Fig. 9b. Data in Fig. 9a a r e  f r o m  [35]; in Fig. 9b 
f r o m  [32]. Units  of q and w7 a r e ,  r e spec t ive ly ,  kcal  
/ m  2. h and k g / m  2. h. In Fig. 9a the (q, w3') data a r e  
as  fol lows: 1) (8.6" 104 , 26.3.  104); 2) (17.2" 104 , 37 
.1" 104); 3) (5.5.104 , 7.75" 104). In Fig. 9b, wT = 9.76 
�9 105 and the q data a r e  as  follows: 1), 3.39" 105; 2) 
1.68. 105; Curve 3 is  the g raph  of ~ / a l  = 2"9(1/Xtt )~ 

N. Yu. Tobi levieh [11] and a lso  that  obtained by L. S. S t r e r m a n  and N. G. Styushin [14], enables  us to 
conclude that  s t a r t ing  f r o m  a specif ic  vapor  content  value an i nc rea se  in the vapor  content leads  to an e s -  
sent ia l  growth of the heat  t r a n s f e r  coeff icient  (Figs. 2, 3b). The data of Fig. 3b, taken f r o m  [11], con-  
f i r m s  the �9 of a vo lumet r i c  vapo r  content influence on the hea t  t r a n s f e r  fo r  a region of low vapor  
contents.  However,  when a definite vapor  content  i s  attained, a sharp  r i se  in the heat  t r a n s f e r  in tens i ty  
is  observed .  As the c i rcula t ion  ra t e  i s  i nc reased ,  the vapor  content  influence on the heat  t r a n s f e r  level  
man i fes t s  i t se l f  for  s m a l l e r  va lues  of the vo lumet r i c  vapor  content  ~. This  is  indicative of the fact  that 
the intensifying influence on the heat  t r a n s f e r  i s  due not only to the vapor  content value but a lso  to the f a s t e r  
speed of the two-phase flow. F o r  this r e a s o n  the vapor  content value cannot se rve  as  the only c r i t e r ion  
de te rmin ing  the boundar ies  of the region with a p r eeminen t  influence of bubble-boi l ing on the heat  t r a n s f e r  
p r o c e s s .  However ,  a s epa ra t e  study of this p r o b l e m  was not made in [11], [12], so that cor responding  
p r o c e d u r e s  were  not obtained. 

An inc rease  in heat  t r a n s f e r  in tens i ty  with an i nc r ea se  ir~ vapor  content  up to a value of x = 0.3 was 
noted by N. V. Ta ra s ov ,  .4. A. Armand,  and A. S. Kon'kov [28], who studied boiling heat  t r a n s f e r  for  a 
wa te r  vapor  mix ture  in a tube a t  a p r e s s u r e  of p = i 7 0  k g / c m  2. 

The following calcnlat ional  re la t ionship  i s  r e c o m m e n d e d  by these authors :  

= 14q ~ (1 ~ ?'/?"x). (17) 

The d rawback  to the fo rmula  (17) is  that  i t  does not take into account  the influence of the two-phase  
outflow ra te ,  an i nc r ea s e  in which can lead to a substant ia l  intensif icat ion of the heat  t r an s f e r  [13, 22, 25]�9 

A f a i r l y  s t rong r i s e  in the hea t  t r a n s f e r  in tens i ty  with an i nc r ea se  in vapor  content was obtained e x -  
p e r i m e n t a l l y  in [29]. However ,  the au thors  did not supply a ealeulat ional  re la t ion  for  this zone. 

In con t r a s t  to the v e r y  l imi ted  number  of p a p e r s  wri t ten by Soviet  au thors  in which an a t t empt  is  
made to take the influence of vapor  flow motion into account,  a f a i r l y  la rge  number  of such p a p e r s  has ap-  
p e a r e d  abroad.  

Dengler  [30 �9 31], studying boiling heat  t r a n s f e r  of wa te r  in a ve r t i c a l  tube heated by a c o n d e n s i n g  
vapor ,  shows that  the substant ia l  i nc r ea s e  in the heat  t r a n s f e r  coeff icient  along the tube length cannot be 
explained by the intensifying e f fec t  of the boiling p r o c e s s .  He r e m a r k s  that  the two-phase  flow motion due 
to the vapor  is  a fundamenta l  f ac to r  influencing the heat  t r a n s f e r  p r o c e s s  fo r  high vapor  contents (Fig. 8). 
The conclusion that  the influence of the vapor  content  on the heat  t r a n s f e r  in tensi ty  mani fes t s  i t se l f  in t e r m s  
of an i nc r ea se  in the vapor  coi'e ve loc i ty  is  conf i rmed  by the fac t  that  in [30, 31] the heat  t r a n s f e r  coef -  
f ic ient  growth was fixed fo r  a constant  vapor  content  of the flow with an i nc rea se  in the t he rma l  c a r r i e r  
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weight outflow ra te ;  also fixed was the drop in heat t r ans fe r  in tens i ty  with an increase  of the p r e s s u r e .  * 

Tong [32] has shown, for  two-phase flow in an annulus, that when the vo lumet r ic  vapor  content is  
sufficiently high the vapor  core  veloci ty  can be so large,  and the turbulence on the vapor-- l iquid separat ion 
boundary can be so intense,  that the mechanism of heat  t r ans fe r  f r o m t h e  heating surface  to the flow changes 
in compar i son  with the conditions obtaining when intense bubble-boiling is  observed.  F o r  h ighve loc i t i e s  
of the two-phase flow heat  is  given up by heat  conduction through a thin layer  of liquid flowing along the 
channel wall, and, on the boundary separat ing the f i lm of liquid and the vapor  core  v e r y  intense vapor iza -  
tion takes  place.  

This was es tabl ished both with the aid of visual  observat ions  [33] and also by uncovering the fac tors  
defining the heat t r an s f e r  in tensi ty  in the zone considered,  which is  r e f e r r e d  to in Tong 's  book as  the "zone 
of vapor izat ion under fo rced  convection. " 

An analogous conclusion was a r r ived  at  e a r l i e r  by G u e r r i e r y  and Tal ty  [34], who r e m a r k e d  in thei r  
paper  that the convective heat t r ans fe r ,  whose intensi ty  is  de termined  by the veloci ty  of the two-phase flow, 
is  the main fac to r  de termining the heat  t r a n s f e r  mechanism in the region of inc reased  vapor  content. 

Thus,  a number  of fore ign authors  [30-34] have stated fa i r ly  c l e a r l y  that in the region of high vapor  
content the basic p a r a m e t e r  defining the heat  t r ans fe r  p r o c e s s  is ,  not the vapor  content, but the veloci ty  
of the two-phase flow. However,  in developing the i r  calculat ional  re la t ionships  the authors  introduce,  as 
the defining quantity, not the vapor  core  veloci ty  w", but the Mart inel l i  p a r a m e t e r  

\ ~ " /  

Thus, according to Dengler  [30, 31], the formula  for  calculat ing the heat  t r ans fe r  coeff icient  for  
two-phase flow in tubes fo r  conditions in which the heat  t r ans fe r  in tensi ty  is  de te rmined  by the two-phase 
flow motion, and does not depend on the bubble-boiling p ro ce s s ,  has the f o r m  

-- 3.5 (18) 
czl \ X,t ) ' 

where ~l is  the convective heat  t r an s f e r  coeff ic ient  calculated according to the c i rcula t ion ra te .  

Formula  (18) is  valid for  var ia t ion  of the quantity 1/Xtt  between the l imits  of 0.25 and 70. 

Very  close to this is  the re la t ion 

a = 3 . 4 ( - - 1  / ~ (19) 
~ !  \ Xlt I 

proposed  by G u e r r i e r y  and Tal ty  [34]. However the calculat ion of the convective coefficient  of heat  t r ans -  
f e r  to the liquid, is given, in this case ,  not for  the c i rculat ion rate  w 0, but fo r  the reduced  veloci ty  of the 
liquid phase w0(1--x). 

Heat t r a n s f e r f o r  the flow of a wa te r - - s t eam mixture  in an annular  channel with in ternal  heating and 
p r e s s u r e s  close to a tmospher ic  was studied in [35] by Bennett,  Coll ier ,  P ra t t ,  and Thornton. Exper imenta l  
data, obtained for  q = coast ,  was p r o c e s s e d  in the fo rm  

where the calculat ion of ~ l  was c a r r i e d  out both with r e spec t  to the c i rcula t ion rate  w 0 and the reduced 
ve loc i ty  of the liquid w0(1--x ). A be t te r  genera l iza t ion of the exper imenta l  data was obtained when the r e -  
duced ve loc i ty  was used. 

A number  of authors  [43, 44, 45] propose calculat ional  p rocedu re s  in which the heat  t r ans fe r  coef-  
f icient  is a function of the average veloci ty  of the two-phase flow. $ The main drawback to these formulas  

*An increase  in the outflow ra te  for  x = coas t  leads to an increase  in the two-phase flow velocity,  whereas  
an increase  in the p r e s s u r e ,  lowering the value of the specific volume of the f i r s t p h a s e ,  d e c r e a s e s  the 
two-phase flow velocity.  
~We shall not give these fo rmulas  here  since they are  not widely recognized  and a re  available in Col l i e r ' s  
su rvey  paper  [39]. 
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Fig. 10. Boundary  (Curve 2) between 
reg ions  of bubble-boi l ing and v a p o r i z a -  
tion under  fo rced  convect ion [32]. q = 16 
.8 .1@ 4 k c a l / m 2 - h ;  p = 1.03 a tm;  x i s  
the weight v a p o r  content; Curve 1 is  fo r  
d i s p e r s e d  flow; Curve 2 fo r  annular  flow; 
Curve 3 for  slug flow. 

is  that  they cannot account  for  the p r o c e s s  involving vapor  content  var ia t ion  along the channel length and 
i t s  influence on the heat  t r a n s f e r  intensi ty.  

Tong [32], in cons ider ing  the la rge  number  of p a p e r s  devoted to the study of heat  t r a n s f e r  in two- 
phase  flows, came to the conclusion that the heat  t r a n s f e r  calculat ion for  the vapor iza t ion  zone in fo rced  
convect ion should follow a functional dependence of the f o r m  

~ ~ A  , 

where A and n a re  constant  coeff ic ients  having differ ing va lues  for  the data of the va r ious  authors :  A = 3.5 
and n = 0.5 fo r  D e n g l e r ' s  data fo r  tubes [30]; A -- 3.4 and n = 0.45 fo r  G u e r r i e r y ' s  and T a l t y ' s  data for  tubes 
[34]; A = 3.5 and n = 0.79 for  the data of Col l i e r  e t  al  fo r  longi tud ina l ly -s t reaml ined  buadies  for  s / d  = 1.64 
[40]; A = 3.5 and n = 0.75 for  the data of Col l ie r  e t  al fo r  long i tud ina l ly -s t reaml ined  bundles fo r  s / d  = 1.18 
[40]; A = 2.17 a M  n = 0.070 fo r  the data of Col l ier  e t  al  fo r  annular  p a s s a g e s  [41]; A = 2.72 and n = 0.58 
fo r  Wr igh t ' s  data for  tubes [42]. 

The f o r m u l a s  (18)-(20) a re  appl icable only fo r  a region in which the influence is  p r i m a r i l y  ihat  of 
fo rced  convection (vaporizat ion zone fo r  fo rced  convection);  however ,  the boundar ies  of this zone cannot 
be c l e a r l y  defined by authors  of re la t ionsh ips  of the type (20). 

Thus,  i t  was shown in [35] that  fo r  va lues  of the p a r a m e t e r  1/Xtt  in the range f r o m  2 to 5, the vapor  
content  v a r i e s  f r o m  7 to 15%, and deviat ions of the expe r imen ta l  data f r o m  the re la t ioasMp (20) a re  ob-  
served .  These data, obtained fo r  va r ious  weight ve loc i ty  va lues  wT and t h e r m a l  f lows q (Fig. 9a), a t tes t  
to the change in the nature  of the heat  t r a n s f e r  m e c h a n i s m  and indicate that, depending on the va lues  of 
wT and q, the vapor iza t ion  condition r e s u l t  fo r  fo rced  convection is  accompl i shed  fo r  var ious  va lues  of the 
p a r a m e t e r  1/Xt t  and, consequently,  fo r  va r ious  vapor  contents (all the e x p e r i m e n t s  were c a r r i e d  out with 
p =cons t ) .  An even m o r e  desc r ip t ive  conf i rmat ion  of this fact ,  namely ,  that the vapor iza t ion  condition 
r e su l t  fo r  fo rced  convection depends on the bubble-boi l ing intensi ty,  i s  furnished by the data shown in Fig. 
9b, taken f r o m  [32]. Both of the r e g i m e s  cons idered  differ  only in the i r  t h e r m a l  flow values  q, since the i r  
p r e s s u r e s  and m a s s  r a t e s  a re  identical .  The expe r imen ta l  data show that the l a r g e r  the in tens i ty  of the 
vapo r  fo rmat ion  p r o c e s s ,  defined for  the conditions p = coas t  by the value of the specif ic  t he rma l  flow q, 
the l a r g e r  the va lues  of the p a r a m e t e r  1/Xtt ,  and consequently,  fo r  la rge  vapor  contents the vapor iza t ion  
condition r e su l t  i s  obse rved  fo r  the fo rced  convect ion of a vapor- - l iqu id  flow. 

I t  i s  na tura l  that the p r e s s u r e  mus t  a l so  have an influence on the value of the p a r a m e t e r s  for  which 
bubble-boi l ing is  c o m p l e t e l y  suppressed ,  although the influence of the p r e s s u r e  mus t  be weaker  than the 
influence of the t h e r m a l  flow. Thus the si tuat ion which mus t  obtain in o r d e r  fo r  the two-phase  motion to 
have a p r i m # r y  influence on the heat  t r a n s f e r  m u s t  be one involving a re la t ionship  among all  the basic  
p a r a m e t e r s ,  and, in pa r t i cu l a r ,  the p a r a m e t e r s  wT, q, p, and x. 

To make i t  poss ib le  to c a r r y  out ca lcula t ions  with re la t ionsh ips  of the type (20), a g raph  was sug-  
ges ted  in [32] (see Fig: 19) giving an expe r imen ta l ly  de t e rmined  boundary between the bubble-boi l ing r e -  
gion and the vapor iza t ion  region for  fo rced  convect ion of a s t r e a m - w a t e r  flow (q = 16.8.104 k c a l / m  2" h; 
p = 1.03 arm). 

This  g raph  is  found to be inadmiss ib le  fo r  any o ther  re la t ionship  involving the quant i t ies  q and p. 
Thus, i t  m a y  be concluded that,  actual ly,  there  a r e  in the l i t e ra tu re  no specif ic  p r o c e d u r e s  for  d e t e r m i n -  
ing the "points of t rans i t ion"  to the condition of vapor iza t ion  in fo rced  convection,  a s i tuat ion which makes  
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the use of r e l a t ions  of the type (20) computa t ionat ly  difficult, i t  i s  n e c e s s a r y  to keep in mind that the con-  
cept  of a "point of t rans i t ion"  in t roduced here  is  a s impl i f ica t ion of the p r o b l e m  in question since,  in point  
of fact ,  a t rans i t ion  zone ex i s t s  between the region of bubble-boi l ing and the vapor iza t ion  reg ion  in which 
both m e c h a n i s m s  have an influence on the heat  t r a n s f e r  intensi ty.  

I V .  C a l c u l a t i o n a l  P r o c e d u r e s  i n  w h i c h  t h e  H e a t  T r a n s f e r  

I n t e n s i t y  D e p e n d s  o n  t h e  V a l u e s  o f  t h e  S p e c i f i c  T h e r m a l  

L o a d i n g ,  t h e  P r e s s u r e ,  t h e  C i r c u l a t i o n  R a t e ,  a n d  t h e  

V a p o r  C o n t e n t  

F r o m  the above s u r v e y  of the p a p e r s  of Soviet  au thors  and o thers  we can conclude that,  in the gene ra l  
case ,  the heat  t r a n s f e r  in tens i ty  for  s t e a m - - w a t e r  two-phase  flow in tubes  is  a function of the specif ic  t h e r -  
ma l  loading q, the c i rcu la t ion  ra te  w 0, the weight vapor  content  x, and the p r e s s u r e  p. The ex is tence  of a 
s i m i l a r  re la t ionship  fo r  boiling in tubes was demons t r a t ed  expe r imen ta l l y  for  the f i r s t  t ime in [12]. How- 
ever ,  in [12] at tent ion was d i rec ted  main ly  towards  identifying the influence on the convect ion heat  t r a n s f e r  
in tens i ty  fo r  fo rced  motion of a liquid. In this connection, both in [12] and the much l a t e r  p a p e r  [13], the 
influence of x on o~ in the calcula t ional  p r o c e d u r e s  was not taken into account.  La t e r  on, in the introduct ion 
to [39], an a t t empt  was made by L. S. S t e rman  to extend his re la t ions  (9) and (10) to the region where  an 
i nc rea se  in the vapo r  content  leads  to an in tensi f ica t ion of the heat  t r a n s f e r  p r o c e s s .  He r e c o m m e n d e d  in-  
t roducing into the ca lcula t ional  re la t ionsh ips  a true m e a n  ve loc i ty  of the Hquid in p lace  of the c i rcu la t ion  
ra te  w 0* This  ve loc i ty  is  defined fo r  the i low in question as  the following function of the t rue v a p o r  
content ~:  

w'--w~ (I --x) (21) 
(1 - ~ )  

This  shows that  re la t ionsh ips  employing  the t rue mean  ve loc i ty  of the liquid w' ,  can be applied so 
long as  the c o r e - l i k e  flow r eg i m e  of the two-phase  flow is  not violated,  L e . ,  up until the onset  of condi-  
t ions under which liquid drops  begin to b r e a k  away f r o m  the f i lm sur face  and become p a r t  of the vapor  flow. 

However,  the re la t ions  (9), (10), and (21) a re  computat ionaUy difficult  to use in p r ac t i c e  owing to the 
n e c e s s i t y  of knowing the dis t r ibut ion of the t rue vo lumet r i c  vapor  content  along the channel length and, 
a lso ,  owing to the fact  that  the data concern ing  the boundar ies  fo r  the exis tence  of  the va r ious  two-phase  
flow r e g i m e s  re f lec t ,  to a cons iderable  degree ,  the subject ive opinions of the individual inves t iga to r s .  

In a number  of p a p e r s  [30, 31], in which the e x p e r i m e n t s  were  advantageous ly  c a r r i e d  out in a high 
vapor  content region,  i t  was noted that fo r  sma l l  va lues  of  the p a r a m e t e r  1/Xt t  (zone of combined influence 
of forced  convect ion and vapor  format ion)  the va lues  of the expe r imen ta l ly  de te rmined  heat  t r a n s f e r  coef -  
f ic ients  turned out to be subs tant ia l ly  higher  than those calcula ted f r o m  a re la t ionship  of the type (20). 

As a consequence of this ,  Dengle r  [30, 31] was  fo rced  to introduce into the ca lcula t ional  re la t ion  (18) 
a correction coefficient Aq, taking into account the influence of bubble-boiling on the heat transfer inten- 
sity: 

-- ,. (22) 
cz l 

where 

ap /~T g ives  the va r i a t ion  of the p r e s s u r e  with the t e m p e r a t u r e  on the curveof  sa tura t ion;  o is  the sur face  
tension of the liquid. 

The co r rec t ion  coeff ic ient  A qiS used onlyin  case  s when i ts  value is  g r e a t e r  than one. Calculat ion of the 
coeff icient  Aq was based  on a numSer  of f a r - f r o m - o b v i o u s  a s sumpt ions  which cas t  doubt onto the re l i ab i l i ty  
of the p roposed  re l ia t ionship.  F o r  ins tance ,  one of these a s sumpt ions  is  that the effect ive t e m p e r a t u r e  hear 
of  the boiling p r o c e s s  is  not the total  t e m p e r a t u r e  head A t  = tw-- t  s, but r a t h e r  the d i f ference  (At - -AtL) ,  
where A t  L is  a p rov i s iona l  t e m p e r a t u r e  head between the wall  and the boiling liquid, depending on the local  
flow ve loc i ty  and co r re spond ing  to the conditions under  which the influence of bubble-boi l ing on the heat  
t r a n s f e r  does  not a p p e a r  (the bubble-boi l ing i s  suppressed) .  
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Fig. 11. Dimensionless functions F and S in 
Figs. 11a and 11b, respectively. Z/Xt t  = (x 
/ 1 - - x ) ~  ~ • (~'//z")0"l; Re = R e / F  1"25. 

According  to Bennet t  e t  al  [35], the weak influence 
of the t h e r m a l  flow on the heat  t r a n s f e r  a p p e a r s  through-  
out the region where the main  ef fec t  on the h e a t t r a n s -  
po r t  p r o c e s s  is  found to be the veloci ty  of the two-phase  
flow. 

F o r  zones where 1/Xtt  v a r i e s  ove r  an in te rva l  
f r o m  5 to 40, the au thors  of [35] r ecommended  the 
following calculat ional  formula :  

(Z ~/ 1 ~0.74 
_ _ _  (q)-O.. __ 0.64 . (23) 

The v e r y  s t ruc tu re  of the re la t ion  (23), where in  an inc rease  in the heat  flow leads  to a p ropor t iona l  
i nc r ea se  in the heat  t r a n s f e r  in tens i ty  o v e r  the whole range of the p a r a m e t e r s  studied, ca s t s  g r ea t  doubt 
o n i t s  validity.  This re la t ionship ,  as  well  as  those employing co r rec t iona l  coeff icients  like Aq, have not 
found wide usage in computat ional  work. 

Schrock  and G r o s s m a a  [43] made an a t t empt  to introduce a single fo rmula  both for  the case  of bubble-  
boiling and the case  of vapor iza t ion  under fo rced  convection, wherein  they a s sumed  a re la t ion  of the f o r m  

where k 1, 

Nu 
Re~176 

k 2, and n a re  constant  coeff ic ients ;  

B 0 - 

[ \ 1 n 
- -k lB  0 - { - k 2 | T ]  , 

q q/r? 

w~,r w o 

Formu la  

1. 
p re  s se d 
with the 
c i t ies .  * 

(24) su f fe r s  f r o m  a whole s e r i e s  of e s sen t i a l  defects .  

I t  i s  based  on the pr inc ip le  that for  a r b i t r a r y  two-phase  flow r e g i m e s  bubble-boi l ing is  not sup-  
and the amount  of heat  t r ansmi t t ed  as  the r e su l t  of vapor  fo rmat ion  on the channel wall is additive 
heat  t r ansmi t t ed  as  the r e su l t  of vapor iza t ion  f r o m  the f i lm sur face  a t  high two-phase  flow ve lo -  

(24) 

2. According to fo rmula  (24) the heat  t r a n s f e r  coeff icient  depends on the t h e r m a l  flow to the f i r s t  
power ,  although the g r ea t  m a j o r i t y  of inves t iga to r s  have shown that a ~ q0.7 

3. F o r  the case  in which the bubble-boi l ing p r o c e s s  is  the p r i m a r y  influence on the heat  t r a n s f e r  
intensi ty,  the dependence of the heat  t r a n s f e r  coeff icient  on the c i rcula t ion  ra te  w 0 and the channel d i ame te r  
i s  maintained.  In the p a p e r s  cons idered  above,  i t  was shown that in this case  ne i ther  w 0 nor  d should have 
an influence on the quant i ty  of heat  t r ansmi t t ed .  

An a t t empt  to take into account  the combined influence of the two-phase  flow motion and the bubble-  
boiling p r o c e s s  on the quantity of heat  t r ansmi t t ed  was a lso  made by Chea [4]. By e m p i r i c a l  means  he 
obtained the values  of the two d imens ion les s  functions (Fig. 11): 

F - - f  ands : h X,~-- ' 

which take into account  the var ia t ion  of the heat  t r a n s f e r  due to boiling and to forced  convection. Chen 
p roposed  a re la t ion,  r ep re sen t ab l e  symbol ica l ly  as  follows: 

a = aboilS ~- C~convF. 

Tong, in analyzing the fo rmula  (25), concluded that i t  could be r ecommended  for  calcula t ions  of heat  
t r a n s f e r  in two-phase  flows, since it  impl ies ,  when Xtt  = coas t ,  that the contr ibution of convection to the 
ove ra l l  heat  t r a n s f e r  does not depend on the in tens i ty  of boiling. 

In the s u r v e y  we have p r e s e n t e d  23 re la t ionships ,  r e commended  by var ious  au thors  fo r  calculat ing 

*An analogous pr inc ip le  of addition of ef fec ts ,  
connection with re la t ion (12), p roposed  by W. 
bubble-boi l ing and the fluid flow motion. 

along with i t s  d rawbacks ,  was examined in detai l  above in 
M. Rohseaow for  taking into account  the joint  influence of 
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0,t 0Z o,J 
Fig.  12. I l lus t ra t ion  of the absence  of an expl ic i t  e f -  
f e c t  of vapo r  content  on the heat  t r a n s f e r ,  keeping the 
mix ture  ve loc i ty  constant.  F o r  the data 1) the va lues  
of the t r ip le  of p a r a m e t e r s  (Wmix, P, q) a r e  (95, 11, 
300" 103); fo r  the data 2) they a r e  (60, 19, 300" 103); 
fo r  the data 3) they a r e  (15, 19, 300.  103). The units 
of the p a r a m e t e r s  Wmi x, p, and q a re ,  r e spec t ive ly ,  
m / s e e ,  k g / c m  2, and k c a l / m  2- h. 

the heat  t r a n s f e r  for  two-phase  flows in tubes and ducts.  With r e g a r d  to the re la t ions  (1)-(20), not al l  of 
them a re  un iversa l  re la t ions ;  they can be used with confidence only in r e s t r i c t e d  in te rva l s  and under spec i -  
f ied conditions. 

Fo r  zones in which the heat  t r a n s f e r  in tens i ty  is  de te rmined  by phys ica l  p r o p e r t i e s ,  namely ,  the heat  
flow q, the p r e s s u r e  p, the c i rcu la t ion  ra te  w0, and does not depend on the vapor  flow motion,  the mos t  e f -  
fect ive calculat ional  fo rmula ,  in our  opinion, is given by the re la t ion  (15), although even for  i t  specif ic  
boundar ies  of appl icabi l i ty  have not been defined. 

Relat ion (15) cannot be used to calculate  the heat  t r a n s f e r  for  high ve loc i ty  two-phase  flows. F o r  the 
conditions cons idered  here  the two-phase  flow motion i s  found to have a substant ia l  influence on the hea t  
t r ans f e r ;  m o r e o v e r ,  as  follows f r o m  [30, 32, 34, et  all,  i t s  in tensi ty  can turn out to be many  t imes  higher  
than the va lues  obtained in calculat ing the heat  t r a n s f e r  coeff icient  f r o m  fo rmu la  (15). In [30, 32, 34], in 
calcula t ing the heat  t r a n s f e r  in high ve loc i ty  two-phase  f lows i t  is  p roposed  that  re la t ions  of the type (20) be 
used. They  a re  sui table fo r  calculat ion of the heat  t r a n s f e r  coeff icient  in a zone where the heat  t r a n s f e r  
in tens i ty  i s  de te rmined  sole ly  by the two-phase  flow motion and i s  independent of bubble-boil ing.  However,  
the boundar ies  of this zone, which depend on the re la t ionsh ips  among the fundamental  defining p a r a m e t e r s ,  
namely ,  w0, q, P, and x, have not as  yet  been c l e a r l y  defined. 

As fo r  the f o r m u l a s  (22)-(25), which a re  of a un iversa l  na ture ,  they suffer ,  as  noted above, f r o m  a 
number  of v e r y  substant ia l  f laws,  so that  the i r  use can lead to significant e r r o r s .  

The absence  of a s imple  and re l iab le  re la t ionship  fo r  calculat ing the heat  t r a n s f e r  coeff ic ient  for  
two-phase  s t e a m - - w a t e r  f low in ducts ove r  a range  of p a r a m e t e r  va r ia t ion  f r o m  x = 0 to the onset  of a 
c r i s i s  has occas ioned  the n e c e s s i t y  of wri t ing an appropr ia t e  paper ;  this was accompl i shed  over  a per iod  
of y e a r s  a t  the L I. Polzunov Cent ra l  Control  Technology Ins t i t u t e .  

According  to the data in [45-47], the heat  t r a n s f e r  coeff icient  for  a two-phase  flow in ducts is  a func-  
tion of 

a) the heat  t r a n s f e r  in tens i ty  a r i s ing  f r o m  the turbul izat ion of the wall  boundary  Layer by vapo r  bubble.~ 
which f o r m  during boiling; 

b) the heat  t r a n s f e r  in tens i ty  due to the turbulent  exchange a r i s ing  during the fo rced  motion of the two- 
phase  flow. 

The e f fec t  of the f i r s t  f ac to r  on the hea t  t r a n s f e r  can be taken into account  through a sepa ra t e  t h e r -  
m a l  loading. The extent  of the influence of the second f ac to r  depends on the total  ~veight outflow ra te  of 
the two-phase  flow (on the c i rcu la t ion  ra te)  and on the vapor  core  ve loc i ty  (for a d i spe r sed  annular  flow 
reg ime) .  

In [45-47] i t  was shown (Fig. 12) that  in a region in which the heat  t r a n s f e r  i s  affected by the motion 
of a high ve loc i ty  s t e a m - - w a t e r  flow the combined influence of the t he rma l  c a r r i e r  outflow ra te  (circuLation 
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Fig.  13. Heat t r a n s f e r  coeff ic ient  a 
v e r s u s  the mix ture  ve loc i ty  Wmi x and 
the t he rma l  loading q (see [40]). Units  
of p, q, and Wmi x a r e ,  r e spec t ive ly ,  
k g / c m  2, k c a l / m 2 - h ,  and m / s e c .  Here  
p = 19, and the va lues  of q fo r  the Data 
1, 2, and 3 a r e ,  r e spec t ive ly ,  300.103, 
500- 103, and 1200.103. 

ra te)  and the vapor  content on the heat  t r a n s f e r  in tens i ty  
i s  bes t  taken into account  by the reduced  ve loc i ty  of the 
two-phase  mixture ,  Wmix, where Wmi x = w0 (1 + (7'--~/" 
/T")x); as  x ~ 0, Wmix -~ w0; as  x ~ 1, Wmix -~ w". 

The expe r imen ta l  data  obtained in [45-47] (see Fig. 
13) enable us to make the following conclusions.  

1. In a region where the two-phase flow ve loci ty ha s a 
sma l l  influence on the heat  t r ans f e r ,  an i nc r ea se  in the 
t h e r m a l  loading leads  to a significant  i nc rease  in the heat  
t r a n s f e r  coefficient.  Under  these conditions the r e l a t ion :  
ship obtained for  conditions of boiling in a la rge  volume 
a re  valid.  

2. The influence of the p r e s s u r e  on the heat  t r a n s f e r  
coeff icient  in a region of developed boiling for  the forced 
motion of a two-phase  flow in tubes may  be e x p r e s s e d  by 
the same  re la t ionship  as  that  used fo r  boiling in a la rge  
volume.  

3. In a region of high veloci t ies  of a two-phase  flow ( W m i  x > 100 m / s e c )  the t he rma l  loading effect  
is  c o m p a r a t i v e l y  smal l  and the heat  t r a n s f e r  in tens i ty  i s  de te rmined  by the forced  convection, which de-  
pends on the mix ture  flow veloc i ty  Wmi x- 

4. There  ex i s t s  a t rans i t ion  region where the influence on the heat  t r a n s f e r  i s  due both to bubble-  
boiling, whose in tens i ty  for  p = coas t  depends on the t he rma l  flow q, and to the two-phase  flow motion. 
The s m a l l e r  the t h e r m a l  flow q, the e a r l i e r  the influence of the two-phase flow motion mani fes t s  i t se l f  
on the heat  t r a n s f e r  and the s t r onge r  this influence. 

Noting the nature  of the influence of the fundamental  p a r a m e t e r s  on the heat  t r a n s f e r  intensi ty,  the 
authors  of [45-47] used a method fo r  genera l iz ing  the expe r imen ta l  data ,analogous to that employed  by S. S. 
Katateladze in der iv ing  the re la t ion  (15). Fo r  this an additional t e r m  ~K was introduced,  which takes  into 
account  the intensifying ef fec t  of the vapor  core  veloci ty  on the heat  t r ans fe r .  

With this taken into account,  the calculat ional  re la t ionship,  suitable fo r  de te rmin ing  the heat  t r a n s f e r  
coeff icient  in an a r b i t r a r y  region of mutual  influence of the p a r a m e t e r s  q, w 0, x, and p, a s s u m e s  the follow- 
ing fo rm:  

o r  

, r - 7 \  ~ . v . /  t ~ k  # ' 

where a K is  the value of the heat  t r a n s f e r  coeff icient  calcula ted f r o m  S. S. Kuta te ladze ' s  formuLa (15). 

! I According to the data of [45-47], the ra t io  ( ~ k / a i . v  can be r e p r e s e n t e d  as  a function of the d imen-  
s ion less  grouping WmixT'r /q ,  which should be r ega rded  as  the ra t io  of a quanti ty p ropor t iona l  to the weight 
veloci ty  in the f i lm (Wmix~/') to the weight ve loc i ty  of the vapor  genera ted  in the Hquid l aye r  at  the wall. 

In this case ,  accord ing  to [47], the equation (27) a s s u m e s  the f o r m  

{Z / [ y , .  3 

a k , q ,' \ G~k-k / " 

A noticeable effect  of the two-phase  flow ve loc i ty  on the heat  t r a n s f e r  begins  to mani fes t  i t se l f  for  a 
value of the grouping 

4 

\ ~ k - k  / > 5 - 1 0 t  

ot = a k ,  and the heat  t r a n s f e r  coeff icient  can be calcuLated f r o m  the F o r  s m a l l e r  values  of this grouping, 
much s i m p l e r  fo rmula  (15). 
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Fig. 14. Heat  t r a n s f e r  fo r  two-phase  flow in tubes and 
ducts [461. ~/(~k = ~f(1 + 7- 10 -~ (WmixrT'/q)3/e(O~'l�9 v 
/~t02 ' ) .  The data shown a re  the following: t)  Tube, 
d = S m m  ( p = 5 t o 3 1 a t m ,  q = 3 0 0 � 9  to 1200 �9 103 
k c a l / m  2,h) [46]; 2) Tube, d =  1 2 m m  ( p = 5 t o 3 1 a t m ,  
q = 300- 103 to 1200. l0  s k c a l / m  2. h) [45]; 3) Tube, 
d =  1 8 r a m  (p and q as  in l and 2) [45]; 4) Bundle, 
dequi v = 5.46 m m  (p = 11 to 31 a tm,  q as  in 1) [46]; 5) 
Tube, d = 32 m m  (p = 31.4 a tm,  q = 100 �9 103 to 450 
�9 103 k c a l / m 2 . h )  [17]; 6) Annular  pa s sage ,  dequi v = 5 
.75; 3 . 8 7 m m  ( p = 5 0 a t m ,  q = 3 0 0 . 1 0 3  to 7402103 
k c a l / m  2-h) [18]; 7) Tube, d =  5; 6 . g r a m  ( p = 2 t o  7 
a tm ,  q = 200- 103 to 1100" 103 k c a l / m  2" h [48]; 8) Tube, 
d = 13.75 m m  (p = 20 to 80 a tm,  q = 70.103 k c a l / m  2-h) 
[49]; 9) Tube, d =  6 r a m  (p= 6 a t m ,  q = 7 0 0 - 1 0 3  kcal  
/ m 2-h )  [50]; 10) Tube, d =  10 m m  (p = 32 to 100 a tm,  
q = 190.103 to 340. l0  s k c a l / m  2. h) [16]; 11) Annular  
pa s sage ,  deauiv = 0.5; 1; 1.5 m m  (p = 48 a tm,  q = 390 

2 �9 103 to 1500.103 k c a l / m  *h) [16]; 12) Tube, d = 4 m m  
(p = 3 to 9 a tm,  q = 1600.103 to 4800,103 k c a l / m  2.h) 
[26]; 13) Tube, d =  8 m m  (p= 1 7 0 a t m ,  q = 2 0 0 - 1 0 3  
to 800.103 k c a l / m  2. h) [28]; 14) Bundle, dequi v = 9.47 
(p = 50; 100 a tm,  q = 500- 103 to 800 .10  ~ k c a l / m ,  h) 
[181. 

A compar i son  of the re la t ion  (28) with the expe r imen ta l  data for  heat  t r a n s f e r  with forced  motion of a 
two-phase  s t e a m - - w a t e r  flow in tubes and ducts (Fig. 14) shows that the expe r imen ta l  points  agree  en t i r e ly  
sa t i s f ac to r i ly  with the calcula t ional  re la t ion  (28). The re la t ion  (28) is  valid for  s u b - c r i s i s  heat  t r a n s f e r  
r e g i m e s  and has  been conf i rmed  by expe r imen ta l  data in the following r anges  of the p a r a m e t e r s :  p = 2.105 
to 170.105 N/m2; q = 0.8.105 to 6" 10 ~ W/m2; Wmi x = 1 to 300 m / s e c .  F r o m  an ana lys i s  of the 
re la t ion  (28) it  i s  evident  that i t  s a t i s f i e s  the specif ic  t rans i t ions  with r e s p e c t  to the c i rcula t ion  ra te  w 0, 
the specif ic  heat  flow q, the mix tu re  ve loc i ty  Wmi x, and is  devoid of the basic  defects  inheren t  in the 23 
calculat ional  f o r m u l a s  cons idered  above. 
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