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CORRELATION OF NUCLEATE BOILING HEAT TRANSFER 
BASED ON BUBBLE POPULATION DENSITY 
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Abstract A general correlating equation of heat transfer in nucleate boiling is derived, based on the 
assumption that the main driving force for convection in nucleate boiling is the stirring action of the 
generated bubbles and by means of analogy between pool boiling and free convection. In the theoretical 
analysis, the degree of superheating is represented not only by the heat flux but also by the bubble 
population density. Furthermore. the nucleation factor and the pressure factor are introduced into the 
final correlating equations. Good coincidence has been attained between these equations and the 

available experimental data in nucleate boiling of various liquids at various pressures. 

N O M E N C L A T U R E  

a, constant in equation (20); 
A, area of heating surface; 
b, constant in equation (21); 
B, constant in equation (8); 
cp, specific heat of liquid; 
C, constant in equation (48); 
Co, constant defined by equation (6); 
Ck, constant defined by equation (19); 
Cq, constant in equation (13); 
C,, constant defined by equation (5); 
C~ I, surface factor in equation (66); 
do, diameter of a bubble just leaving the heating 

surface (diameter of a sphere with the same 
volume): 

d,, diameter of a bubble just arriving at the free 
liquid surface (diameter of sphere with the 
same volume): 

f,  frequency of bubble formation; 
fp, pressure factor defined by equation (74); 
./~, nucleation factor defined by equation (50); 
,q, acceleration due to gravity; 
Gr, Grashof number; 
He, effective stirring length of bubbles; 
k, exponent defined by equation (I0): 
K, constant in equation (7); 
K*, constant defined by equation (11); 
K~, d~7; 
L, latent heat of evaporation: 
m. exponent in equation (7); 
M, constant in equation (14): 
n, constant in equation (48): 
N, number of bubble formation sites; 
N/A, bubble population density; 
Nu, Nusselt number, ~R,').t.; 
p. pressure; 
Pc, critical pressure: 
p~, atmospheric pressure. 
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P, constant defined by equation (25); 
Pr, Prandtl number; 
q, heat flux of heating surface; 
R, representative length of heating surface 

(radius of heating surface in case of 
horizontal circular plate); 

s, exponent in equation (8); 
7", temperature of liquid; 
Tw, temperature of heating surface; 
T~, temperature of bulk liquid; 
T*, constant in equation (26); 
u, constant defined by equation (16); 
U,,, average rising velocity of a bubble; 
Vo, volume of a bubble just leaving the heating 

surface; 
x. exponent in equation (13); 
X, nondimensional variable defined by 

equation (46); 
y, exponent in equation (I 3), or normal distance 

from heating surface; 
Y, nondimensional variable defined by 

equation (28); 
z, exponent defined by equation (17). 

Greek symbols 

~, heat-transfer coefficient; 
~c, calculated heat-transfer coefficient by 

equations (67) or (68); 
~ ,  measured heat-transfer coefficient; 
~ ,  heat-transfer coefficient for the fresh and 

smooth heating surface withJi = 1 ; 
fl, coefficient of thermal expansion; 
6, thickness of thermal boundary layer; 
AT, temperature difference between heating 

surface and liquid, Tw - T.;  
AT.,, temperature difference between fresh and 

smooth heating surface and liquid; 
2L, thermal conductivity of liquid; 
,UL, viscosity of liquid; 
vL. kinematic viscosity of liquid; 
Pt., density of liquid; 
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p,. density of vapor: 
a. st, rface tension of liquid: 
O. constant defined by' equation 129): 
Z. product of the diameter of a bubble just 

leaving the heating surface and the frequency' 
of bubble formation, d,,.f. 

I. I N T R O I ) t  ( ' T I O N  

THE ADVFNT of high power density system gave a 
great impetus to research in boiling heat transfer. 
Although great efforts to clarify the boiling phenomena 
have been made, and man}' equations have been pro- 
posed for correlating experimental data of nucleate 
boiling heat transfer, the results have not been entirely 
satisfactory'. This is due to the complexity and the 
irreproducibility of boiling phenomena. Because the 
high heat-flux densities in nucleate boiling are 
attributed to bubbles which induce locally' a strong 
agitation of the liquid near the heating surface, most 
of the correlations hax.e been fornaulated on the basis 
of the bubble-agitation model. 

On the assumption that the driving force for con- 
vective currents in nucleate boiling is mainly the liquid 
stirring action of generated bubbles, one of the authors 
[1] derived earlier a correlating equation for heat 
transfer in nucleate boiling based cm the similarity 
between boiling and free convection. From the recog- 
nition that the difference in nucleation characteristics 
of heating surface must appear phenomenally as the 
difference in number of nucleation sites in that case, 
it was pointed out that the boiling heat flux q should 
be expressed by t t 'o  parameters: the temperature 
difference ,57 between surface and liquid; and the 
number of nucleation sites N. Then an empirical 
relation between AT, N and q was established. Because 
a~ailable data up to that time were of lot '  heat flux. 
however, the correlating equation obtained was in- 
tended mainly, for the case where the flow in the 
boundary layer is laminar. 

Recently data for higher heat fluxes have been 
obtained: so a general equation of heat transfer for 
the whole region of heat flux in nucleate boiling can 
be derived, applicable to both laminar and turbulent 
flow. In this derivation, it is necessary to use man)' 
empirical relations of the individual elementary pro- 
cesses of nucleate boiling. These relations have been 
mostly obtained at atmospheric pressure. Therefore. 
the pressure factor will be introduced into the corre- 
lating equations as the pressure-correction term. 

It is well known that the heat-transfer coefficient in 
nucleate boiling depends strongly on the condition of 
the heating surface: this fact makes it very difficult to 
correlate heat transfer in nucleate boiling. One of the 
authors [1] had proposcd earlier the "'foamability'" 
factor, in order to express the surface characteristics 
in relation to the proposed correlation. However, the 
foamability was defined mainly by reference to data in 
the Iot'er-hcat-flux region. So a new detinition of the 
nucleation factor will bc given in this paper so that it 
may be applied consistently, for the whole region of 
nt, clcatc boiling. 

This paper aims to derix.e the general correlating 
equation of heat transfer to he applicable for the t.holc 
region of nucleate boiling 

2. A N A I . O G Y  B E T W E E N  N t  ( ' I .EATE B O I L I N ( ,  
A N D  F R E E  C O N V E ( " I I O N  

Consider the case of pool nucleate boiling of a 
saturated liquid. In nucleate boiling, there are two 
kinds of driving forces conceivable as the cause of con- 
vection current. They are the bt,oyancy force due to 
the change of density of liquM itself as in problems of 
pure free convection, and the liquid stirring force of 
rising bubbles. The latter is caused by the apparent 
change in density of fluid due to the rising bubbles 
contained in it; its ettect is contined to the range of 
the effective stirring length of bubbles above the heating 
surface [1]. These two driving forces. ~1{ and lt~,. are 
expressed in the units of static head as follows. 

I,~,i = [ fl( T--- I', I dr  t I I 

I H.. N l,{ rl 
14,; = 1' " /-{v)dr 12l 

• . 4  ~ _ ( , . ~  " " 

where: 6 is the thickness of thermal boundary' layer: 
fi is the coefficient of thermal expansion of l iqu id : /  is 
the frequency of bubble formation: y is the normal 
distance from heating surface: T and T, are the local 
and the bulk temperature respectively: N.A is the 
bubble population density: V{yl is the volume of a 
rising bubble at a point y: U{yl is thc rising velocity 
of a bubble at a point y: /-t,. is the effective stirring 
length of bubbles, that is the distance from the heating 
surface to the point where the liquid stirring effect of 
bubbles disappears: and F{3'I is a function representing 
the difference in intensity of the liquid stirring effect 
due to the position of rising bubbles, and whose 
limiting values should be as follows: F{0)= I and 
F{It,) = O. 

Since these two convective driving forces act simul- 
taneously in nucleate boiling, the total driving force 
for convective current is obtained as their sum. The 
total driving force W and its nondimensional quantity, 
i.e. Grashof number Gr can be expressed as foilots:  

:\' • d ,~  • / • H , ,  { 3 )  W = (',fl(T~.-7; )d + (),T..4 U,, 

G r  = (yRa.:vz  c ,~JIH '" 

C'~Tt f,.~ H,, ~IR" R3gfl(Tw- T~ ) + d 2 / Z (41 
,.~-. (~- / t.',. ,5 ,.,2. 

where 

f t  T - T ,  (" ~ o 7/-~.._.}7, d~l. ~1 ---Y."'I (5) 

i '" '  VlV) U,,, dv 
c~ -=- a.l,,I ~i, u i T  F!.,.I g ~61 

and, do and ~ are the diameter and the volume of a 
bubble just leaving the heating surface respectively: 
.q is the acceleration due to gravity: R and 7~, are the 
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representative length and the temperature of the heat- 
ing surface respectively: U,, is the average rising 
velocity of a bubble; and vL is the kinematic viscosity 
of liquid. The most important factor affecting heat 
transfer in nucleate boiling is the stirring action of 
bubbles; for it has already been proved that IV,, can 
be neglected in comparison with W~ [2]. Therefore the 
first term on the RHS of equation (4) will be neglected 
hereafter. 

As it is difficult to obtain directly the correlating 
equation of heat transfer in nucleate boiling, it is con- 
ceivable that with the rule of heat transfer in free 
convection indicated by the following equation (7), an 
equation which uses the Grashof number in equation 
(4) instead of the Grashof number in equation (7), is 
applicable to heat transfer in nucleate boiling. 

Nu = K(Gr" Pry". 17) 

3. DERIVATION OF GENERAL CORRELATING 
EQUATION OF HEAT TRANSFER 

3.1. Formulation of elementary processes 
In order to apply equation (9) to heat transfer in 

the nucleate boiling of liquids with different physical 
properties, it is necessary to know experimentally the 
values of H~, do, Z and U,,, which are properties of 
the liquid, besides N.A. 

(1) If the heat flux from surface is assumed to be 
ultimately carried away to the vapor space by bubbles. 
the following relation holds. 

N 6 l . q  /d ,~ 3 
A- = ~'Lp,, d3f\djl--~ l (12) 

where d. is the diameter of a bubble just arriving at 
the free liquid surface; L is the latent heat of evap- 
oration: and p. is the density of vapor. 

10 

e '  I • I ~ e  ~ r 
.' ..~L-4-_ k 1-¢-q-7-~ _ ~ - - - -  

3102 3 10 3 3 lO t. 3 
N I A rr f  2 

FiG. I. Relation among heat flux q. bubble population density N.'A. and temperature difference AT 
between heating surface and liquid. 

On the other hand, as it has been shown experi- 
mentally that there exists the relation of : :5 = const. 
between heat-transfer coefficient ~, and thickness of 
thermal boundary layer 6, in nucleate boiling [3-6] ,  
the following nondimensional equation holds 

6 ~R 
Nu'--  = B. Nu - - -  (8) 

R 2L 

where s and B are constants, whose values are different 
according to whether the flow in the boundary layer 
is laminar or turbulent; and 2t. is the thermal con- 
ductivity of liquid. 

From equations (7), (4) and (8), the following equation 
is obtained. 

Nu = K*(\ Pr .NA d'2, .gHY.vt. R2 "~'~f  (9) 

where 

m 
k - . . . . . . .  ; (10) 

I - -  sm 

K* =- Kl"'- '='( Cbn'l~ ( l l )  

and Pr is the Prandtl number of liquid. Equation (9) 
is the fundamental equation of nucleate boiling heat 
transfer including the bubble population density. 

(2) It has been experimentally confirmed that the 
heat flux q is not a single-valued function of the tem- 
perature difference AT but that it depends on the num- 
ber of nucleation sites N I-3,7]. Therefore, the ex- 
pression for heat flux q in term of AT and N is 
considered. In order to generalize this relation to the 
whole region of nucleate boiling, it is reasonable to 
take the bubble population density N/A, irrespective 
of the size of heating surface, rather than to use the 
number of nucleation sites N itself. Thc two-parameter 
expression for heat flux may therefore be written as 
follows. 

, ,3,  

where Cq is a constant, which is different according to 
the kind of liquid. Numerical values of x, y and Cq are 
different also, depending on the flow condition in the 
boundary layer, whether it is laminar or turbulent. An 
example of the author's experimental results 1-8] on the 
level of lower heat flux on the roughened horizontal 
surfaces with artificial grooves is shown in Fig. 1 after 
the expression by equation (13). In Fig. 1, h,, represents 
the average depth of groove as the measure of rough- 
ness. The data which are scattered due to roughness 
in plotting of q vs AT have seemingly disappeared in 
Fig. 1. 
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(31 From equations (9). I12) and (13). the following 
equations are derived. 

(,',, < ,,4, 
, d, ,  ,,/ 

N = (  6 qR " / l ' l ' : l  
{15) 

A 

where 

3 k -  1 
u - : (161 

I - y  

k + x +  v -  1 
z - . . . . . . . .  "- ....... " (17) 

I - v  

M = (CqCx)  ' 1 1 - ' '  .... (do3I v).. (181 
\ nLp, .  I " 

Cx = )q. K * Pr.  Um v2. " R-, ( 191 

and CK is a constant which depends on the kind of 
liquid: and M is considered as a constant independent 
of physical properties of liquid [ 1 ]. 

(4) In the field of heat transfer in nucleate boiling, 
d, and U,, may be given experimentally by the follow- 
ing equations. 

d,, = a . . . .  ~ ..... ] 1 " (20) 
L.q ~',. - l ) ,  ) J 

b .-- t~,.l l'~ U= = a,#(p, (21 ) 
P [  . 

where a and l)t are the surface tension and the density 
of liquid respectively. Numerical values of constants 
a and b are given empirically as a = 1.04 by Fritz [9] 
and as b = 1.18 by Peebles Garber  [10]. 

(5) If distilled water, boiling on a fresh and smooth 
surface at atmospheric pressure, is taken up as the 
standard, and if its relevant values are distinguished by 
addition of suffix "s". then the bubbles for arbitrary' 
liquid are considered to require ~, times as much energy' 
as those of distilled water at their departure from heat- 

ing surface. Hence 

(",,)"( ,', 
(22) 

=\-d;  .... \ , , , , / \ L , .  

On the other hand, if the frequency of bubble formation 
varies with the following relation according to Jakob's 
study [11]. 

f = 1~,.~ (23) 

then the product of the departure diameter of a bubble 
and the frequency of bubble formation. 7., may be 
expressed as follows. 

Z - d o . / =  P,d~,p,.L; (24) 

P -~ Z~do~p,:~L~. 125) 

/.~ is constant and has the absolute value of 0.111 m/s 
according to the author's study [3]. 

(6) The effective stirring length of bubbles H,. seems 
to bear a value peculiar to each liquid, which is 

K ' , ' , I  ~ .xs t ,  NI%IIIKAV,,"~ a n d  YASL N()Bt ] ' l  I I 1 \  

experimentally related to bubble Reynolds number 
(' , ,d,,  vL. as expressed b', the follo~.ing equation. 

II,. 
= I*1U, , ,d , ,  vl! 126l 

R 

where T* is a proportionalit~ constanl. The resuh of 
T* = 1100 has been obtained from the author's experi- 
ment made on certain kinds of liquid [12]. 

By substitution of the relation of equations q 15l. 120l. 
121). {24) and {26) into equation (9). the general corre- 
lating equation of heat transfer m nucleate boiling is 
finally derived as lbllo~vs: 

y =: K.O.{.~ ,1- :, 1271 
where 

}" -- xR.,:.t.: 128) 

16' " " :) I * ]  k 
(1)= n l , l . : ) a h e j  : 129) 

[ 21 
f (  = p : l l  , : ,  CppL.q 1" q R  , ,-3,1-:) (30) 

i,~J' 1 .( 1 * ' : ) ) . 1  aLp, .  

and cp is the isobaric specific heat of liquid 

3.2. Eva lua t ion  o j v a r i o u s  ('onstunt.s 

There now follows the estimation of various con- 
stants and exponents in the correlating equation (27l. 

(1) If it is assumed the temperature in the boundary 
layer may be expressed by the following equation 

l -  T ,  
= (I --plle (31) 

T , , - T ,  

then 
"1 

( "  = c~ (1 -~l l2dq = .~. t321 

(2) As it is difficult to evaluate accurately the value 
of Cb, the results estimated from the photographic 
records of Jakob [13] are cmplo.',ed: these run as 
follows. 

l.'(vl = 14- 2( ) ]2 03) 

. . . . .  ~ .  2 

U.,  = 3 1 +  l,.. " 1341 

Furthermore, the following relation has been obtained 
from author's experiments on air injection over the 
heating surface in free convection, where the position 
of the injection nozzle was variable [ 14]. 

k(.v) = I - y  tt, . .  135) 

By using these relations. ('h can be evaluated as folkw,s. 

L 
. o  )'~, L : ( v )  " 

{3) With respect to the relation (13) between q. AT 
and N / A ,  the following result obtained by Nishikawa 
[3] is applicable when the flow in the boundary layer 
is laminar. 

(37) 
C,~ = 0.0412[K(m2/W) ' 3(1 "m2) 1 *']. 
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For turbulent flow in the boundary layer, it is reason- 
able to use the result given by Zuber [7]. 

x= -L y=~, 
Cq = 0.0987[K(m2:W)3's(1/mt)l's]. (38) K 0.56 

Although the values x and y are common to any kinds 7 ¼1 
of liquid, the value of Cq is relevant to the distilled B 3.22 
water at atmospheric pressure. To evaluate M, these m 
values are substituted into equation (18). k = i-sm ~ 

(4) With respect to the relation, as expressed by 
equation (8), between heat-transfer coefficient ~t and x - ~  y 
thickness of thermal boundary layer 6, the following 3k-1 
values of exponent and constant are obtained on the u - 0 
basis of the experimental results shown in Fig. 2. 1 -3  

k + x + y - I  
laminar flow region: s = 1, B = 3.22 (39) z = I - y  - 3  

turbulent flow region: s = 1/2, B = 0.292. (40) I +z 
n 3 

The data of ~ and ,5 for three kinds of liquid obtained I+  z - k  
by Lippert-Dougall [5] are shown in Fig. 2. Lippert- K* 0.328 
Dougall adopted the thickness of the equivalent con- ~ 14.08 

M 805 m - 1 ( ~_ Mr) duction layer as 3. The data for water obtained earlier p 1.00 W 
by one of the authors [3] are also plotted in Fig. 2. 

Table 1. Values of constants and exponents 

Laminar Turbulent 

0.13 

0.292 

237 

0.105 
23.89 

10504m -3:2 { ~ M,) 
1.00 W 

10 3 _ _  __x 
i 

• < 2°,,,_:: 

O Woter 

Li l~ t  I- I~lgtlll 0 

A Water ] 
10 2 a Methanol I I 1 

• Freon-113 I 

I I r  No,., 
5 10 -2 Z 

81R 
F](;. 2. Relation between heat-transfer coefficient ~t. and 
thickness of thermal boundary layer fi in nucleate boiling. 

The authors adopted the conventional thickness of the 
thermal boundary layer as 6. Since the definition of 6 
is different between them, the results by Lippert- 
Dougall are used only to verify the appropriateness of 
the relation by equation (8). In this paper, the evalu- 
ation of exponent s and constant B is carried out by 
using the thickness of thermal boundary layer adopted 
by the authors. 

The constants and exponents evaluated with use of 
the above relations are summarized in Table 1, where 
the suffix "l" or "t" is used to distinguish quantities 
which differ between the regions of the laminar and 
turbulent flows. The correlating equation of heat trans- 
fer becomes as follows. 

laminar flow region: 

Y = 4.62)~2:3; 

1,'2 l, Cpp~,q ) qR3.,2 (41) 
2 - h~P 2LaL/h./ 

turbulent flow region: 

Y = 3 .58 .~ '4 ,5;  

1 2 t,2 cppL._q I '  
"~ =- M~P 2LtrLp,./ qR. 

(42) 

3.3. Expression of heat transfer in unified Jbrm 
When one of the authors derived earlier the corre- 

lating equation [ l] ,  the following experimental values 
were used invariably, putting no distinction between 
two regions of the laminar and turbulent flows. 

P = 1.976 I4, M = 900 m-  l (43) 

The experimental value of do., = 0.00363 m obtained by 
one of the authors [3] was taken in the evaluation 
of P. Since this value loses consistency with equation 
(20), here the value calculated from equation (20) is 
used for the evaluation of P in Table 1. As Mi and 
M, in equations (41) and (42) are different in the 
numerical value and in the dimension between the 
laminar and turbulent flow regions, they are calculated 
from equation (18) separately for both of the laminar 
and turbulent flow regions. 

Before comparing either t he correlating equation (4 l) 
or (42) with experimental results, it is necessary to 
make sure which region the data points fall in, laminar 
or turbulent region, because the content of ,~ is 
different between two regions. As this discrimination 
is difficult in practice, however, it is convenient to use 
commonly the numerical values given by equation (43) 
as P and M, regardless of the regions of the laminar 
and turbulent flows. Then the correlating equation of 
heat transfer in nucleate boiling may be put in the 
unified form of expression as follows: 

laminar flow region: Y = 6.24X2:3; (44) 

turbulent flow region: Y = 0.66R-2'sX 4;~ (45) 
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where 

l 1 cpp~,,q I 2 X = , / . ........ q R  "~2 t46) 
M - f  /.t. erLp,. 

and the transition point from the laminar to the tur- 
bulent flow region is given as follows. 

}i = 4.71 x 10SR2: IR in rnl. 1471 

Since the units of ,'tit and .'fit are respectively m 
and m -  3 z while unit of M in equation (43) is m ~, 
the numerical constant in equation (45) becomes dimen- 
sional as it has been given the unit of m z s by using 
X instead of 2. 

4. EFFECI" OF" S t R F A C E  CONDITION 
ON HI:AT TRANSFER 

4.1. De l in i t i on  ol  n u c l e a t i o n . l i w t o r  
Since the correlating equations t44) and {45) are 

derived for the combination of a fresh and smooth 
surface and a pure liquid, it is necessary to take account 
of the nucleation ability of the surface when the corre- 
lating equations are applied to heat transfer from the 
heating surfaces with different surface characteristics. 
Thc differencc in the nucleation ability of the surface 
comes out as a difl'erence in the bubble popuhttion 
densit3, and it causes a change in the proportionality 
constant C of the boiling characteristic curve. 

q = ('A'I'" 148) 

where the exponent n becomes as follows from the 
comparison of two equations (27) and (48) 

l + -  
n . . . . . . . .  1491 

l + : - k  

Hence the nucleation factor t} may be defined by the 
following equation. 

:c = (',,( I :A' I ' I"  I 150) 

q = (',,.1~" 1AT~ 151) 

where Co is a proportionality constant for]i  = 1 (thal 
is. for the fresh and smooth surface), which ",'aries 
according to the kind of liquid. Therefore.li is a func- 
tion of the nucleation ability of surface alone. From 
equation (50) 

:~ = C 2 " ( l i q )  ' " - '~  .... (:,I "1 liq) k ' ' ~ : '  (52) 

Consequently 

li = (:c.=~)""" 1,= (A7~...A-I-InV, 1, (53) 

where suffix "s'" refers to the values for the heating 
surface with./.. = 1. 

The correlating equation of heat transfer in nucleate 
boiling, in which the nucleation characteristic of heat- 
ing surface is taken into account, may be obtained 
by using.li X instead of X in equations (44) and (45). 
as given below: 

laminar flow region: 

Y = 6.24{.1~ X)2 3: Y~< l~ (54l 

turbulent flow region: 

Y=O.66R 2 Sll:Xl.~s: Y>/ g. 1551 

K.XNi ", XSl NISIIIK3, ~,t,-~, ilnd *l"-\sI \(.q,il [1 I l i a  

,\ few examples of comparison between the earlier 
experimental data at atmospheric pressure and the 
calcuhttcd rcsuhs by equations {441 and (451. arc shox~ n 
ill Fig. 3(.:11 as q ~.s AT [15 17]. Solid curxcs express 
equations (441 and 1451. Since earlier experiment,,, x~crc 
not necessaril.,, carried out under the condition of the 
fresh and smooth surface, broken curves express eqm,- 
tions 1541 and {551. where the nucleation factor for each 
experiment is accounted R~r. The slope of the boiling 
characteristic cur~e has been considered as constanl in 
the whole range of heat f lux and a fixed exponent n 
in thc expression of q - CA'/"  has been used u~,uall). 
As clearly seen from Fig. 31a). however, it seems more 
reasonable to dixide the ulaole region of nt, cleale 
boiling into two regions of the laminar and turbt, lent 
Ilox~s. and to adopt the different ',alues of exponent n 
!or each region In - 3 for the laminar ltov; region and 
n = 5 for the turbulent flov, regionl. 

The available experimental results [12. 15 22] up to 
the higher heat flux region at atmospheric pressure 
are plotted in Fig. 31b) b3 taking I, as the ordinate 
and Ii X as the abscissa. The values of nucleation 
factor estimated for each experiment are shown in 
Table 2. It is seen from Fig. 3(bl that the experimental 
points lic close to the curxes given by the correlating 
equation 154) or 1551. 

4.2. P h y s i c a l  meanin,q o/  n u c h ' a t i o n . l a c t o r  

From equation (13), the following equation is ob- 
tained. 

3¢ = Cq I ( N , ' t }  ,q l  , 156) 

By eliminating q from equations (52) and (56) and by 
using the relation of equations ( 17} and (49}, the follow- 
ing equation may be obtained. 

:,:= ( q  ( , ,  .: N .4) ~. (57) 

On the other hand, equation t9) may be written as 
follows by expressing collectively such variables as are 
constant for the specified liquid b v ('k. 

:~ = CK(NA)kK~R 3 t - I  158) 

where 

K u  = dT, Z. i59) 

From relations (16). { 17), {49). (52) and (56). the relation 
between.li and K,~ is obtained. 

I : = ( ' } .  tl'-'. C , , ~ - - ' - " k  (tl"-"Ka"-"'R""~q • . I60) 

Well. heat-transfer coefficient :c in the nucleate boil- 
ing depends on bubble population density N. .A .  and 
:¢ increases with the increase of N. .A .  Two ways to 
increase N..A for the specified liquid are considered. 

(i) Increase of heat flux 
[ii) Increase of nucleation ability. 

In the case of (i). heat flux will be raised keeping the 
surface condition constant, that is .I~ = constant. B) 
putting 11 = constant in equation 157L 

~" k 
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Tab le  2. D a t a  in Fig. 3(b) and  values  of nuc lea t ion  factor Ji (HW, HT and H P  are hor izon ta l  wire, tube  and 
plate  respect ively:  Dia. and  Rad. are in m) 

Representa t ive  
Hea t ing  length of 

Key Obse rve r  Liquid  surface hea t ing  surface Ji 

A d d o m s  Wate r  H W  Dia. = 6.096 × 10 -4 0.59 

t Wate r  HT  Dia. = 6.94 x 10 -3 1.00 Bor ishanski i  
~- E thano l  HT Dia. = 6.94 x 10-3 1.86 

et al. Ethanol  HT Dia. = 4.99 x 10-3 1.32 

• ~ Ciche l l i -  Wa te r  H P  Rad. = 4.763 x 10 -2 1.56 
x ; Benzene H P  Rad. = 4.763 × 10- 2 1.30 ® Bonil la  

n -Hep tane  H P  Rad. = 4.763 × 10 -2 1.40 

~, C r y d e r -  Wa te r  HT Dia. = 3.81 x 10 -2 3.38 
~ M e t h a n o l  HT Dia. = 3.81 x 10 -z  3.95 

q] F ina lbo rgo  C a r b o n  te t rachlor ide  HT Dia. = 3.81 × I 0  2 3.82 

t> ) Wate r  H P  Rad. = 2.54 x 10 -z  1.00 
'~ ~ G a e r t n e r  Wate r  H P  Rad. = 2.54 x 10 2 0.72 
• Wa te r  H P  Rad. = 2.54 x 10- 2 0.70 

J a k o b - L i n k e  Wate r  H P  Rad. = 5.0 x 10 -2 1.00 

-o K u r i h a r a  Wate r  H P  Rad. = 2.54 x 10-2 1.50 

-o ) Wate r  H P  Rad. = 7.0 × 10 -2 0.83 
o- / N i s h i k a w a  Wate r  H P  Rad. = 5.0 x 10- 2 0.89 
O E thano l  H P  Rad. = 5.0 x 10 -2 1.27 

tp Raben  et al. Water  H P  Rad. = 1.886 x 10- z 1.70 
239 
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In the case of (ii). the nucleation factor 11 will be 
incrcased under the constant heat flux. Hence. from 
c q u a t i o n  [561 

~. c 162) 
A 

Namely. in the cases of(i) and (ii), there will be noticed 
difference in the increase rate of :~ when N A has 
increascd. As known from cquation (60), there is a 

close relation bctwecn/~ and Kn. In the case of (i). L 
is constant and KB remains unchanged men if q is in- 
crcased On the othcr hand. in the case of(ii). I~ increascs 
with the increase of N .4 and at the same time K, 
decreases, becausc the exponcnt x..(l - y )  of equation 
160) is negative as seen from Table 1. Thereby the 
stirring effect of liquid bccomcs smaller and ~ does not 
increase as much as in the casc of (i). 

Thc relations mentioned above are traced in Fig. 4 
by using the experimental results obtained earlier by 
the author in the lower heat flux region [8]. From 
equations (58) and 160), 

( N )  ~ = ( K Z  (63) ~" . ,.1 d o  2k  R I ,~k • , J, 

t:d "~ ' ' - ' '= (;,"" "'C, ~- :  "~C',l ' "  " z " " - " ' g ~ " " < ( 6 4 )  

Since k = 1.."3, x = - !6 ,  y = 2..3 and u = 0 for the 
laminar flow region, equations (63) and (64) become 
as R)llows. 

( : \ ' /  1 3  

:~ 4 /  d,, 23 =C,~zI-~ 

.l)l,, = ('~ 32C,, t ~,(-q 3 Z 1.2 

As X is considered to be constant, the LHS of the 
above equations ought to be constant. The validity of 
these relations is verified from Fig. 4. 

2.5 250 
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I-I(i. 4. Relation between nucleation factor.fl, and diameter 
of a bubble departing from heating surface d,,. 

Hence 

Ph)sical meaning of nucleation factor will bc ex- 
plained as follows. From equation 1561. 

1 N ' q' 
( ",, ..I 

3(, : { ¢11 
('q \ .4 

From equation (53) 

L =  [(N.A).(N..A),]- '" '"  " 

laminar tlow region: x = -,~. n = 3 . . 

turbulent flow r e g i o n . \ = - } ,  n -  5 . .  - = l .  
n - I  

Consequently, the nucleation factor is expressed by the 
fourth root of the ratio of bubble population density 
on a surface in question to that on the fresh and smooth 
surface, irrespective of the laminar or turbulent flow 
region. 

4.3. Comparison qf surJace./actor and nucleation ]Uctor 
The surface factor Cq  proposed by Rohsenow [23] 

is well known as the factor describing the condition 
of heating surface in nucleate boiling. Hence various 
investigations about it [23, 25] have been done based 
on many experimental results. C~ t is defined by the 
following equation. '}' 

t . y  J--" F ....... ...... l "  - L  = ('~U,,.L L;,V,,-v,.U v,-' (66) 

Although the exponent s has the constant value of 0.33, 
the exponent r varies between 0.8 and 2.0 and it is 
usually taken as 1.7. Figure 5 shows the relation 
between C , / a n d / i  evaluated for various combinations 
of the boiling liquid and the heating surface by many' 
investigators [3, 12, 13, 15-22, 26-36]. There exists a 
close relation between ('~j and ]:, and both of them 
are considered to be good enough for representing 
the nucleation ability of heating surface for the specified 
liquid. But the results obtained from the data judged 
to be measured on the comparatively fresh and smooth 

surface are picked up and shown in Fig. 6, st) as to 
clarify the difference in both factors under the same 
surface condition. As a whole, ./i changes from 0.8 
to 2.3, corresponding to the change of C', i from 0.0018 
to 0.023 and data points show the tendency to fall on 
the different curves according to the kind of liquid. 
These facts seem to imply that l:: may, be more reason- 
able as the nucleation factor specifying the condition 
of heating surface in nucleate boiling. Nucleation 
factor .]i is just like as emissivity in radiation heat 
transfer and it will be important in future to find out 
the unified rule on f after accumulation of more data 
for various surface conditions. 

5. F F F E ( ' T  O F  PRE.%'~L'RE O N  H E A l "  I ' R A N S F E R  

5.1. Dqfinition and ecaluation ql pressure Jactor 
As seen in Fig. 31b), the experimental data of nucleate 

boiling heat transfer h>r various kinds of liquids tit 
atmospheric pressure hax.c been correlated ~ell by 

165) 

I 
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means of the correlating equation (54) or (55). How- 
ever, when these formulas are applied to correlate the 
data at various pressures, i.e. above or below the 
atmospheric pressure, the experimental points slip up 
in parallel with the straight lines of the formula of 
equation (54) or (55) making the pressure a parameter, 
as seen in Fig. 7(b), where Y is plotted against X for 
the data presented in Fig. 7(a). Such discrepancy in 
the experimental data may be mainly caused by using 
the empirical relations on the individual elementary 
processes of nucleate boiling obtained under the atmos- 
pheric condition. The validity of those relations was 
not verified over the wide range of pressure because 
of the scarcity of data. On this account, for example, 
thc factor concerning the rate of growth of bubble M, 
which had been treated as a constant, may actually 
become a function of pressure. Therefore, it is reason- 
able to introduce the pressure factor J~, as the pressure 
correction term of the correlating equations and to 
insert f pX  in place of X. Finally, the correlating 
equations for heat transfer in nucleate boiling are 
expressed as follows. 

Y = 6.24(.f;fpX)2'3; Y ~< Y, (67) 

Y = 0.66R-2'5(fzJpX)4S; Y >1 Yr. (68) 

Evaluation of the pressure factor will require a task 
to measure the effect of pressure on heat transfer in 
nucleate boiling over the wide range of pressure apart 
from the effect of heating surface condition. For this 
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FIG. 7(a). Heat-transfer coefficient ct in nucleate boiling vs 
heat flux q. 

- / - -  

'° ; - - m - Y :  

o-- 

,L_J_M- 
I. 10-1 X 100 

I /  
~o/___ 

V- 

__I ._ . . . . .L_ 
4 
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purpose it is important to keep the surface condition 
constant during a series of experimental pressures. 
Taking special care of this point, the authors measured 
the heat-transfer coellicient m nucleatc boiling of 
certain liquids on certain heating svrfaces over lhc 
wide range of pressure. One of the results is given m 
Fig. 7(a) as a plot of heat-transfer coefficient ~ vs heat 
llux q. Most data in this experiment fall in the relativel.,, 
high heat flux region where the correlating equation 
168) is to be applied, and the) satisfy the rclation of 
x /: qa s at each pressure. The nucleation factor Ii is 
ccmsidered to be constant irrespective of presst, re, 
because the same surface condition v, as kept in each 
run throughout this experiment. Expressing collectively 
the independent terms on pressure lor the specitied 
liquid by ('*, equation (68) becomes as follows. 

1 = ("1 I e .,k" 1"~ 5 1691 

Putting pressure factors at the pressure in question p 
and at the chosen reference pressure p,,. as I,, and lp.. 
respectively, and expressing two values of Y at these 
pressures, corresponding to X,, which is the arbitrarily 
fixed value of X. as ~b,p and Yo, po respectively, then 
the following equations are obtained from equation (69). 

Yn,p = ('*l leX,,} a 5 i70) 

}o.p,, = ('*(le,..¥,,) a s 171i 

By eliminating C* and X,, from the above equations. 

(72) 
}'~.l',, \ I,,,./ 

From a plot of ~ vs X for the data from the runs of 
experiment for each combination of the liquid and the 
heating surface as illustrated in Fig. 7(b). ~b.p is 
easily determined at each pressure. A plot of Yo.p Yo.p,, 
vs the reduced pressure p p,. which is evaluated in this 
way from the data by the present authors as well as 
those b~ other authors r20 22, 37, 38]. is given in 

j ~  ' ~ \ 1  "~ V- ; I  ~ ' ~ I S t t l K  ~,',~, ,", : . l n d  " t " ' \ s (  X t ) I H  l " l  .111 '~ 

Fig  8. where p~ denotes the critical pressure and where 
p,, is selected as p,..I(X) for the sake of convenience. 
It is exidcnt froln the foregoing figure that the data 
points lie on a single ct, r,.e. irr&pecti~e of the kind of 
liquid over the entire range of pressure, only excluding 
the discrepancy, near the critical pressure in the data 
b~ Borishanskii eta/ .  [_21)]. If thc change of )b./, )b.p,, 
x~ith p p, is represented h~ the curve shm~n m the 
figure, the following expression with ( as at numerical 
ctmstant is obtained under consideration tff the 
relation (72). 

( ) ,~  3 ] 

lp = t - (P)  '+3(pP) . 173) 
¢ . . . .  t , ,  

By eliminating lp,, and (-" on condition that the pressure 
factor at atmospheric pressure p~ is unity, i.e. I~,, = 1. 
the generalized expression of pressure factor at the 
pressure in question becomes ultimately as follows. 

( P I"'" 1~3(pP') '~  
1~, (74) 

,, ' , *  3 u , , p , ; "  X 

For the liquids whose critical pressures exceed about 
10 bar, equation (74)is approximated by 

o ": p 3 ] 
/p=(~' )  l+3 (p , ) . ]  ,75) 

, / % ,  

Furthermore, at the pressure lower than p,.. 10 for these 
liquids, equation (75) is simplified as 

= (761 
P • s 

5.2. Correlation o/heat  tran.~l~'r 
The formulas for heat transfer in nucleate boiling 

are finally expressed by equations (67), (68) and (74) 
in which the nucleation factor/~ and the pressure 
factor./~, are included respectively so that the effect of 
heating surface condition and the effect of pressure 
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may be accounted for. The result of comparison made 
between these formulas and the experimental data is 
shown in Fig. 9 and Fig. 10. The experimental results 
by the present authors are compared in Fig. 9, plotted 
in the Y-JiJpX coordinates. The values of nucleation 
factor are given in this figure. The results by other 
investigators 1-21,22,37] are compared in Fig. 10, 
plotted in the ~ - z ,  coordinates, where ~.~ denotes 
the measured heat-transfer coefficient and %. the calcu- 

lated coefficient from the formula (67) or (68). Though 
the nucleation factor is assumed to be constant for 
each run of experiments in calculating c%, this assump- 
tion seems to be reasonable from Fig. 10. All the data 
points by the present authors and by other authors 
are correlated well by the formulas (67), (68) and (74) 
within +30,% accuracy. Such an agreement confirms 
the validity of the proposed correlating equations for 
heat transfer in nucleate boiling. 
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6. CONCLUSIONS 

The general correlating equation of heat transfer in 
nucleate boiling is derived on the basis of the similarity 
between free convection and nucleate boiling and it 
has been confirmed that the relation between heat 
flux and heat-transfer coefficient is different with respect 
to the flow condition in the boundary layer. 

In relation to the correlating equation derived here, 
a new nucleation factor has been introduced in order 
to describe the condition of heating surface. This 
nucleation factor can be used consistently through the 
whole region of heat flux in nucleate boiling. 

In addition to the nucleation factor, the pressure 
factor is introduced in the correlating equation as the 
pressure correction term. Final correlating equations 
are as follows. 

Y = 6.24(J~J~,X)2.3; Y ~< ~ 

Y = 0.66R-2"s(f:J~,X)'~5: Y >1 Y, 

y - -  : . \ : :  
;.i. . %12P J't hi.y,  

P = 1.976W: ,%.t = 9 0 0 m  ' 

] ; , = ( p  ) ° - 1 + 3 ( p . p , ) '  

. p , .  I + 3 1 p ,  p,I > 

); 4.71 × I (#R 2 :IR in m). 

T h e  validi ty of  thcsc  fo rmulas  has  bccn con t i rmcd  by 

us ing  the  expe r imen ta l  resul ts  for a n u m b e r  of  l iquids.  
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EQUATION DE L'EBULLITION NUCLEEE ET TRANSFERT THERMIQUE 
TENANT COMPTE DU FACTEUR DE NUCLEATION 

Resume En tenant compte du fait que le facteur principal dans l'6bullition nuclide est l'agitation du 
liquide par les bulles g~n6r~es, on 6tablit I'~quation gen~rale du transfert thermique/~ partir d'une analogie 
entre 1'6bullition en r6servoir et la convection libre. On fait l'analyse th6orique du m6canisme 616mentaJre 
particulier au ph~nom6ne d'6bullition et on utilise une expression fi deux param~tres dans laquelle le 
degr6 de surchauffe est represent6 non seulement par le flux thermique mais aussi par la densit6 de 
population des bulles. De plus, le facteur de nucl~tion et le facteur de pression sont introduits darts 
les 6quations finales et on obtient une bonne coincidence entre ces ~quations et les donn~es experimentales 

relatives fi l'6bullition nucl6~e de nombreux liquides. 

EINE KORRELATIONSGLEICHUNG Fl~R DEN W,~.RMEOBERGANG BEIM 
BLASENSIEDEN UNTER BER()CKSICHTIGUNG DES KEIMBILDUNGSFAKTORS 

Zusammenf*s~ung- Unter dem Gesichtspunkt, dab die wesenfliche treibende Kraft ffir die Konvektion 
beim Blasensieden die durch die entstehenden Dampfblasen bewirkte Rfihrwirkung in der Flfissigkeit ist, 
wurde eine allgemeine Korrelationsgleicbung f/Jr den W/irme/ibergang beim Blasensieden auf der Grund- 
lage der Analogie zwischen dem Beh~iltersieden und der freien Konvektion abgeleitet. Die Ableitung 
erfolgte mit Hilfe einer theoretischen Untersuchung des grundlegenden Mechanismus des Siedevorganges; 
dabei wurde ein zweiparametriger Ausdruck verwendet, in welchem der Grad der ~berhitzung nicht 
allein vom W/irmestrom, sondern aucb yon der Keimstellendichte abh//ngig dargestellt wird. Desweiteren 
wurde der Keimbildungsfaktor und der Druckfaktor in die endgfiltigen Gleichungen eingef/ihrt. Die mit 
diesen Gleichungen ermittelten Werte stimmen gut mit den vorhandenen experimentellen Werten fiir das 

Blasensieden verschiedener Flfissigkeiten bei verschiedenen Drficken fiberein. 

KOPPE./LqLI, l d O H H O E  Y P A B H E H I d E  ZU'I~ T E H S I O O f i M E H A  
l-lPH l-lY3blPbKOBOM KHHEHHH, YqHT'blBAIOIHEE ~AKTOP O E P A 3 O B A H H , q  

UEHTPOB F I Y 3 b l P b K O B  

Al~O1Pall~f - -  HCXO,Z]~I H3 II[~IIOJIOXeHHff, qTO OCHOBHO~ HpHtillHO~ KOHBCK'rHBHOFO ~BRXeltH,q npH 
ny3blpbKOBOM KHHeHHH gBJlgeTCg cMemOHHe reHepHpyeMblX ny3blpbKOB H Ha OCHO~ a u a ~ o r v m  
M¢~CJ1y KHI1eHHeM B 6OJlbmOM O6~¢Me H CBO6OJ1HOR KomaegHHeg, IIO.rlyqeHO O606meHHOC y p a s -  
HcHHe TerLqOO6MeHa npH l~y3blpbgOBOM KHneHHH. YpanHeHHe IIO/lyqeHO B pc3yJlbTaT¢ Teop~"~I11 - 
qeCKO[O aHa/iH3a 3:leMeHTapHoro npOLleCca, omicblaalotHero r, HneuHe. B 3TOM C,rlyqa¢ HCI1OJII~3yeTcg 
Bbipa~eHHe ~qfl llByX napaMeTpoB, B KOTOpOM CTeneHb neperpeBa OrlpC~ICdl~eTCg He TOYlI, KO TeIIJIO- 
BblM HOTOKOM, HO Tar>re H I1YlOTHOCTblO pacnpe~e~eHus  ny3HpbKoB. KpoMe Toro ,  pe3yJlbTHpyloml~e 
o 6 o 6 m e m v u e  ypanHeHH~l yqHTbIBalOT o6pa3oaaHHe UeHTpOB rly3blpbKoB H ~ a s ~ e s x e .  I'loJlytleHo 
xopoi.Llee COOTBeTCTBHe MeX, c~y ~aHH~MH ypasHeHHm~g H HMe~OUmMXCM 3 K c n e p m ~ e a ' r a m s ~  

~aHHblMH nO ny3Mp~rOaOMy rHneHmo pa3nbxx ~ I K o c T e R  npH p a 3 ~ m ~ x  / Ia~eH~L~ .  


