
H E A T  T R A N S F E R  I N  N U C L E A T E  B O I L I N G  ( T H E O R Y )  

V . M .  B o r i s h a n s k i i  a n d  K . A .  Z h o k h o v  UDC 536,423.1 

F rom a joint solution of the equations descr ib ing  the individual e l emen ta ry  p r o c e s s e s  a s s o c i -  
ated with nucleate boiling a theore t ica l  fo rmula  is obtained (in c r i t e r i a l  form) for  the nuc lea te -  
boiling heat  t r an s f e r  coefficient  of nonmetal l ic  l iquids.  This  fo rmula  is compared  with the ex-  
pe r imen ta l  data on wa te r  boiling over  a b road  range  of p r e s s u r e s .  

Heat t r an s f e r  in nucleate boiling is a complex p r o c e s s  of heat  t r a n s m i s s i o n  f rom the heating sur face  
to the v a p o r - l i q u i d  in ter face ,  where  vapor  is produced. 

The ra te  of heat  t r a n s f e r  is a function of the physical  p r o p e r t i e s  of the heat  t r a n s f e r  agent,  the s a t -  
ura t ion  p r e s s u r e  (or temperature)~ and the heat  flux. Thus,  mos t  authors  p re sen t  the  exper imenta l  data in 
the empi r i ca l  form:  

a = Aqnp~, 

where  A is a coefficient  depending on the physical  p rope r t i e s  of the heat  t r a n s f e r  agent,  and q and Ps a re  
the heat  flux and sa tura t ion  p r e s s u r e ,  r e spec t ive ly .  Such re la t ions  a re  often given for  a very  b road  range  
of var ia t ion  of the p a r a m e t e r s  q and Ps [1]. 

This  impl ies  the exis tence  of only quanti tat ive changes (with va r i a t i on  of q and Ps), i . e . ,  a change in 
the number  of act ive  s i tes ,  bubble b reakof f  f requency,  breakoff  d i ame te r ,  e t c . ,  and the absence  of any 
quali tat ive changes in the boiling pa t te rn .  In this case for pu rposes  of a theore t ica l  heat  t r a n s f e r  inves t iga-  
t ion it would be poss ib le  to use the same model  over  the ent i re  range  of var ia t ion  of the p a r a m e t e r s .  

However ,  as exper iment  has  shown, in nucleate boiling quali tat ive as well  as quanti tat ive changes a re  
observed.  This has been espec ia l ly  well  demons t ra ted  by Gaer tner  [2], who made a photographic study of 
the p r o c e s s  of nucleate  pool boiling on a horizontal  sur face  at a tmospher i c  p r e s s u r e  over  the ent i re  range  
of var ia t ion  of the heat  flux f rom ze ro  to burnout.  

Several  h e a t - t r a n s f e r  regions  were  found to exis t  depending on the mode of vapor  generat ion:  

1) Natural  convection (q < 32,200 W/m2).  Total  absence  of act ive nucleation s i tes .  

2) Nucleate boiling - d i sc re t e  bubble region (q = 32,200-145,000 W/m2). 

3) Nucleate b o i l i n g -  t rans i t ion  region (q = 145,000-251,000 W / m ~ .  Coalescence  of d i sc re t e  bubbles 
into a vapor  s t ruc tu re ,  a "vapor  m u s h r o o m "  at tached to the heating su r face  by numerous  columnar  s t ems  
of vapor .  

4) Nucleate b o i l i n g -  vapor  mushroom region (q = 251,000-qb W/m2). 

Gaer tne r  makes  the fully just if ied conclusion that it is imposs ib le  to use a single model in analyzing 
the nucleate boiling p r o c e s s  o v e r  a b road  range  of var ia t ion  of the heat  flux. 

The t rans i t ion  f rom d i sc re te  bubbles to vapor  mush rooms  evidently r e p r e s e n t s  a sor t  of hydrodynamic  
c r i s i s  in vapor  r emova l .  When the amount of vapo r  genera ted  becomes  so g rea t  that it can no longer  be 
r emoved  f rom the heating sur face  in the fo rm of smal l  d i sc re t e  bubbles ,  the la t te r  coa lesce  into mushrooms,  
and vapor  r emova l  is r ea l i zed  in the fo rm of la rge  vapor  s t ruc tu res .  
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However,  vapor removal  may be so organized that this c r i s i s  does not develop even a th igh  heat 
loads.  In this case vapor generat ion will cor respond to the discrete  bubble type. For example, this p ic -  
ture  is observed in the case of surface boiling with condensation of the vapor bubbles. 

The discre te  bubble region also expands when the saturat ion p re s su re  is increased,  as a resul t  of the 
reduction in the specific volume of the vapor generated.  

Thus, nucleate boiling in the d iscre te  bubble region embraces  a broad range of the pa r ame te r s  of 
boiling liquids and is of considerable pract ica l  interest  in connection with the design of boi lers  and steam 
genera tors .  

We have therefore  undertaken a theoret ical  investigation of the boiling p rocess  in the discrete  bub- 
ble region in relat ion to the rate  of heat t r ans fe r  at the vapor-genera t ing  surface.  

To simplify the problem,  we will consider  a single cell on the heating surface of a rea  F, at the cen- 
t e r  of which an active site is located. 

The total amount of heat removed from the cell can be divided into two principal  components [3] : 

1) Heat removed by convection f romthe  surface wetted by the liquid, i . e . ,  f rom the entire surface of 
the cell F = 1/n. 

2) Heat removed from the par t  of the surface located within the vapor bubble, i . e . ,  f rom an a rea  
F" ~ 7rR20. This chiefly includes the heat expended on vapor generat ion at the heating surface and the non- 
s tat ionary heat t r ans fe r  associated with the sudden cooling of the wall by the liquid in the p rocess  of bub- 
ble growth and breakoff.  

Heat f rom the surface (outside the vapor bubble) is t ransmit ted  through the boundary layer  to the 
main mass  of liquid, f rom which it is t r ans fe r red  to the r is ing bubbles and the liquid surface.  The pr in -  
ciple thermal  res i s tance  is offered by the thermal  boundary layer  at the heating surface.  The thermal  
res i s tance  of the ma inmass  of liquid outside the boundary layer  is very  small  and may be neglected [4]. 

In this case the heat t r ans fe r  rate is chiefly determined by the motion of the liquid near the heating 
surface and its degree of turbulence. 

"The displacement of liquid by the growing vapor bubble, the breakoff  of the bubbles formed at the 
wall surface,  and their  replacement  by water  f rom the main bulk of the liquid leads to the very  intense 
per turbat ion of the boundary layer .  As distinct f rom convective heat t ransfer  without change in the state 
of aggregation,  when the boundary layer  direct ly adjacent to the heating surface is a lmost  stat ionary liquid, 
in boiling near  active s i tes  the liquid is actively mixed even at the heating surface itself" [5]. 

Since at any surface washed by a wetting liquid there is at least  a thin laminar film, even in the p r e s -  
ence of intense turbulent per turbat ion of the boundary layer ,  heat removal  f rom the surface will be real ized 
by both turbulent and molecular  heat conduction. If we neglect the propagation of heat in a direct ion pa ra l -  
lel to the heating surface,  then the heat flux removed from the surface 

q' = - -  (~ + ~'T) dt 
dZ-" (1) 

Assuming that  the mechanism of turbulent t r ans fe r  in the boundary layer  in nucleate boiling is ana-  
logous to the mechanism involved in convective heat t r ans fe r  without change in the state of aggregation, 
we adopt for solving Eq. (1) the t h r ee - l aye r  model of turbulent flow proposed by Karman.  The only differ" 
ence is that we neglect the thermal  res i s tance  of the main bulk of the liquid lying outside the boundary 
layer  and set it equal to zero .  In this case we take into account only the sum of the thermal  res i s tances  of 
the "viscous" and "intermediate"  l aye rs  of liquid at the heating surface.  

A method of solving an equation analogous to Eq. (1) is given in [6], so we mere ly  present  the final 
resul t :  

q, __ ~,A iv* 
~ ,  (Pr) ' (2) 
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where  

~ , ( P r ) =  1 In l + e P r ( ~ t ' r b - - 1 ) '  ~I--------L---~ (In l + b V 2 - l - b *  bt"2~ 
ez'P------~ 1 -FePr (x ' r h - -1 )  + 4 V 2 b  l _ b v ,  ffq_b ~ 4- 2arctg i - Z ~ /  " 

Here ,  b = 4efl1?IPr. 

Taking as the values  of the constant  coeff icients  [6] e = 1, fl = 0.032, • = 0.2, ~?I = 6, ~72 = 30, we 
can approx imate ly  wr i te  

1 
q~, (Pr) ~0"076Pr~ (3) 

In the range  of P r  number s  f rom 1 to 100 s impl i f ied equation (3) gives a r e su l t  co r r ec t  to within 8%. 

Substituting (3) in (2), we obtain 

q ' =  0.076 ~,Atv* proa " 
v (4) 

Here ,  v* is the dynamic veloci ty ,  which in this case  c h a r a c t e r i z e s  the intensi ty of turbulent  t r a n s f e r  in 
the boundary l aye r .  

In the case  of convective heat  t r a n s f e r  the dynamic veloci ty  is propor t ional  to the flow veloci ty  of the 
liquid at the boundary of the v iscous  l aye r .  The propor t ional i ty  fac tor  is equal to 1/r h.  In boiling, the in-  
tens i ty  of the pe r tu rba t ion  of the b o t m d a r y l a y e r  is  a function not only of the turbulent  f luctuations o c c u r -  
r ing in the main bulk of the liquid as a r e su l t  of its high ve loc i t ies ,  but chiefly depends on the o sc i l l a t i ons  
produced by the growth,  separa t ion ,  and v ibra t ion  of the bubbles on the heating sur face .  In this case ,  too, 
the dynamic  v i scos i ty  is c l ea r ly  propor t iona l  to the liquid velocity;  however ,  the propor t iona l i ty  fac tor  may 
h a v e  a value o ther  (higher) than i / ~  I. 

In t h e p r o e e s s  of nucleate boiling a bubble growing on the su r face  d i sp laces  the surroundingl iquid .  
This causes  nea r  the heating su r face  a complex motion of the liquid with a veloci ty  and di rec t ion that va ry  
with t ime .  However ,  i f  we neglect  f r ic t ion  of the liquid against  the heating sur face  and consider  the mo-  
tion of thel iquid in the cell  as  quas i - s t a t i ona ry  with a constant  source  a t  the act ive s i te ,  we can draw a 
cer ta in  analogy between the mot ion of the liquid during boiling and the motion of an a x i s y m m e t r i c  jet  in an 
infinite space  [7]. Then the veloci ty of the liquid at the heating sur face  

W = - - 4 . 0 . 2 1 ] / I ~  l 
p R~ 

Io = p VU; 

here ,  V is the volume of liquid displaced by the bubble during i ts  growth,  

4 R~ V=-K~ --~-; 

U is the mean flow veloci ty  of the displaced liquid normal  to the heating sur face ,  

dR 

Express ions  (7) and (8) have been wr i t ten  for a c i r cu la r  bubble with zero  contact  angle.  

The ra t e  of growth of a bubble on the heating su r face  [3] 

dR ~A t 
dx ~* rp"R 

where /3 ,  is a coefficient  equal to 6, whence the mean ra t e  of growth in t ime T O 

( d R )  Ro ~.At 
m-- - - 2 . 6 - -  

Xo r p" Ro 

Substituting(6) in (5), using (7), (8), and (10), we obtain 

W--~--16 ~.0.21.6 rp"R1 " 

(5) 

(6) 

(7) 

(s) 

(9) 

(10) 

(11) 
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The liquid veloci ty  W is the t i m e - a v e r a g e d  value and does not take the fluctuations into account.  The minus 
sign in Eq. (11) c h a r a c t e r i z e s  the d i rec t ion  of motion of thel iquid  (from the pe r iphe ry  toward the center);  
since we are  in te res ted  in the absolute  value,  and not in the d i rec t ion  of the veloci ty,  it will hencefor th  be 
omit ted.  

In tegra t ing (11) ove r  the su r face  of the cell  f rom ze ro  to R n and dividing by the a r e a  of the cell F 
= 7rR2n l / n ,  we obtain the mean flow veloci ty of the liquid at the heating su r face  

V ~  )~At ~At - - r p , ,  ' Wrn = 32 z~.0.21-6 rp..R~----~----9.7.6 zln. 

Denoting the propor t ional i ty  fac tor  re la t ing  the mean  veloci ty  of the liquid at the heating sur face  
and the dynamic veloci ty  in nucleate  boiling by 1 / % ,  we wri te  

1 6 XA t - -  
v* = W m = 9.7 ~ ~ n. (12) 

~lb ~lb rp" 

Substituting v* f rom (12) into (4) and mult iplying q '  by the a r e a  of the cell and TO, we find the amount 
of heat r emoved  f rom the sur face  of a single cell  by convective heat  t r a n s f e r  during the per iod  of bubble 
growth: 

Q, q,_To --0.74 6 XA__~t pro. 3 V n ~  _ ~ A t % .  (13) 
n ~b r p % 

Upon inc rease  in the sa tura t ion  p r e s s u r e ,  as  a r e su l t  of the inc reased  specif ic  g r a v i t y o f t h e v a p o r ,  
the ra te  of bubble growth and hence the convective component  of heat  r emova l  is reduced.  At the s ame  
t ime ,  owing to the inc rease  in the number  of act ive  s i tes  the amount of heat  going into bubble growth at the 
heating sur face  i n c r e a s e s .  

The amount of heat  absorbed  by a bubble during i ts  growth on the heating su r face  (at ze ro  contact  angle) 

Q(' = rp" 4 ~ R~. (14) 

F rom (10) there  follows 

rp"R~ = 2.6XA t To. (15) 

In [8] the p r e s e n t  au thors  examined the mutual influence of adjacent  s i tes  on the b reakof f  of a bubble 
f rom the heating sur face .  On the bas i s  of a potential  flow over  the bubble they de te rmined  the dynamic  
p r e s s u r e  of the liquid on the bubble and obtained a fo rmula  for  t heb reako f f  radius .  As follows f rom this 
fo rmula ,  at high p r e s s u r e s  the b reakof f  radius  tends to the cell  radius .  In rea l i ty ,  however ,  at high p r e s -  
su res  the b reakof f  radius  is approx imate ly  equal to half the cell  radius  [9], i . e . ,  

R 1 I 
o ~ -  Rn = 2 V~-d - �9 (16) 

Substituting (15) and (16) in (14), we obtain 

4 Q"= -~- 6 ~ ~.at%. (17) 

The total  amount  of heat  r em oved  f r o m  a single cell  is equal to the sum of i ts  components  (13) and (17) 

Q = Q' + r (I8) 

Dividing the total  amoun t  of heat  by the a r e a  of the cel l  and the total  t ime  of bubble nucleat ion and 
growth Tt, we obtain the mean  heat  flux r emoved  f r o m  the heating s u r f a c e  

q = Q  Ttn ( 3 +  0 " 7 4 _  ~A__t pro.3)6v/-n--n~At. ToTt (19) 
~lb) r p '% 

As a ru le ,  the ra t io  ~-0/'r t is l e s s  than unity and depends on the conditions of the boiling p r o c e s s .  The 
t imes  of nucleation and growth are  roughly the s ame  [10], so that T0/T t may be a s sumed  equal to 0.5. 

For  the number  of act ive s i tes  we use the fo rmu la  [11] 

( rp"At l3" 
n=625"10-1~L\  T~(~ / (20) 
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Fig. 1. Compar i son  of theory  with the exper imenta l  data  for  bo i l -  
ing wa te r  ((~, m 2*deg; Ps,  bar) :  a) according  to (19), q = 116,000 
W/m2; b) according  to (22), q = 116,000 W/m2; c) according to 
(22), q = 930,000 W/m2; d) exper imenta l  data  of [12]. 

Together  with (20) Eq. (19) gives the re la t ion  q = f(At), which can be used to de t e rmine  the heat  
t r a n s f e r  coefficient.  

In analyzing the quest ion of the heat  t r a n s f e r  r a t e  in boiling we have used the r e su l t s  of theore t ica l  
and exper imenta l  invest igat ions of the individual e l emen ta ry  p r o c e s s e s  assoc ia ted  with the nucleate boiling 
of nonmetal l ic  liquids: bubble nucleat ion (number of act ive s i tes) ,  bubble growth on heat ing sur face  (growth 
ra te ) ,  b reakof f  of bubbles f rom the heating sur face  (breakoff  radius) ,  heat  t r a n s f e r  in the boundary l aye r ,  
etc.  

F rom a joint solution of the equations descr ib ing  the e l emen ta ry  p r o c e s s e s  we obtained Eq. (19) 
which, with (20), can be  used to de te rmine  the heat  t r a n s f e r  accompanying the nucleate  boiling of non- 
meta l l i c  l iquids over  a broad  range  of the p a r a m e t e r s  of the boiling liquids in the d i sc re te  bubble region.  

Equation (197 was obtained by summing  the individual components  of heat  r e m o v a l  f rom the heating 
surface:  the heat  r emoved  by convect ion and the heat  supplied to the growing bubbles .  

As the calculat ions show, as a ru le ,  in the region of low p r e s s u r e s  and smal l  heat  f luxes heat  r e -  
moval  depends chiefly on convection, while at high p r e s s u r e s  the heat  is a lmos t  complete ly  expended on 
~apor genera t ion at the heating sur face ,  i . e . ,  on the growth of vapor  bubbles.  

In Fig. 1 we have plot ted the graph of ~/q0.? = f(1 ~) on the bas i s  of calculat ions made in a cco rd -  
anee with Eq. (19) at q = 116,000 W / m  2. In the calculat ions we a s sumed  that ~?b = ~h = 6. A compar i son  of 
the r e su l t s  with the exper imen ta l  data for water  [12] (see Fig. 1) r evea l s  a d i sc repancy  between theory  and 
exper iment .  At low p r e s s u r e s  th e t heo re t i ca lhea t  t r an s f e r  coeff icients  a r e  too low, at high p r e s s u r e s  too 
high. The explanation is probably  as follows. At low p r e s s u r e s ,  where convection p redomina te s ,  only the 
averaged  motion of the liquid near  the heating sur face ,  not the pulsat ions due to bubble growth and b r e a k -  
off, was  taken into account.  These  pulsat ions can be approximate ly  allowed for  by introducing a higher 
propor t iona l i ty  factor .  Good ag reemen t  is obtained at ~?b = 1. In the h i g h - p r e s s u r e  reg ion  the values ob- 
tained for  the amount of heat  expended on vapor  genera t ion at the heating surface  a re  too high. This  is 
evidently because  Eqs. (9) and (20) for the bubble growth ra t e  and the number  of act ive  s i tes  give unreal  
(too high) values  in this region.  Thus,  it is des i rab le  to introduce a reducing fac tor  of 0.3 into the f i r s t  
t e r m  of Eq. (19). 

With allowance for  the above and Eq. (207, Eq. (19) now becomes  

q =  1~-1.85 r~tp"v Pr~ 5"32"10-7 ~ '~  k T ~ - ~  ] ~,At. (21) 
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Equation (21) is in s a t i s f ac to ry  a g r e e m e n t  with exper iment ,  but it is  not convenient  for  calculat ing 
the heat  t r a n s f e r  coefficient;  we t h e r e f o r e  p r e sen t  the following formula ,  obtained on the ba s i s  of a so lu-  
t ion of Eq. (21) and m o r e  convenient for  calculat ion purposes :  

3 /"  3 . - -  

Nu, ----- 0.003 (Pe, Kt,) ~ " l /  1 Jr 260 ---~-r (22) 
~ /  ~ kf, Pr 

The r e s u l t s  of calcula t ions  based  on Eq. (22) at q = 116,000 W / m  2 and q = 930,000 W / m  2 a re  p resen ted  
in Fig.  1. Good a g r e e m e n t  with expe r imen t  is  observed .  
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S imi la r i ty  c r i t e r i a :  

L 

N O T A T I O N  

a coordinate;  
the momentum flux through je t  c r o s s  section; 

radius  of bubble growing on heating surface;  
b reakof f  radius;  
cell  radius;  
va r iab le  radius  in cell; 
t ime;  
bubble growth t ime  to b reakof f  point; 
total  nucleat ion and growth t ime;  
dynamic v i scos i ty  of liquid; 
w a l l - l i q u i d  t e m p e r a t u r e  difference;  
heat  flux to heating wall; 
heat  flux r emoved  f r o m  su r f ace  by convection; 
number  of act ive  s i tes ;  
specif ic  g rav i ty  of vapor;  
speci f ic  g r av i t y  of liquid; 
la tent  heat  of vapor iza t ion;  
t he rma l  conductivity of liquid; 
specif ic  heat  of liquid; 
sur face  tension; 
k inemat ic  v i scos i ty  of liquid; 
density of liquid; 
densi ty of vapor;  
d imens ion less  dis tance f r o m  wall .  

= = __qcp = ~cp . 
Nu,  -~-  ; Pe, r p'-~- ; Pr = - ~ - - ,  

l 

Kt-- Ts~c~ ~ ;  I(t, = Kt L 

is a coefficient  with d imension of length, L = 1 m. 
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