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CORRELATION OF NUCLEATE BOILING HEAT TRANSFER
BASED ON BUBBLE POPULATION DENSITY
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Dcpartment of Mechanical Engineering. Kyushu University, Hakozaki. Higashiku, Fukuoka, Japan

(Received 28 April 1976)

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.

NOMENCLATURE P, constant defined by equation (25);

a, constant in cquation (20); Pr, Prandtl number;

A, area of heating surface; q, heat flux of heating surface;

b, constant in equation (21); R, representative length of heating surface

B, constant in equation (8); (radius of heating surface in case of

Cps specific heat of liquid; horizontal circular plate);

C, constant in equation (48); s, exponent in equation (8);

C,,  constant defined by equation (6); T, temperature of liquid;

Ce. constant defined by equation (19); T., temperature of heating surface;

C,,  constant in equation (13); T., temperature of bulk liquid;

C, constant defined by equation (5); T*, constant in equation (26);

Css. surface factor in equation (66); u, constant defined by equation (16);

d,, diameter of a bubble just leaving the heating U., average rising velocity of a bubble;
surface (diameter of a sphere with the same V,, volume of a bubble just leaving the heating
volume): surface;

d,. diameter of a bubble just arriving at the free X, exponent in equation (13);
liquid surface (diameter of sphere with the X, nondimensional variable defined by
same volume); equation (46);

£ frequency of bubble formation; » exponent in equation (13), or normal distance

Sor pressure factor defined by equation (74); from heating surface;

Lo nucleation factor defined by equation (50); Y, nondimensional variable defined by

g, acceleration due to gravity; equation (28);

Gr,  Grashof number; z, exponent defined by equation (17).

H,, effective stirring length of bubbles;

k, exponemhdeﬁned 'by equation (10): Greek symbols

K',., constant in eguatxon (7): . o heat-transfer coefficient;

ﬁu: ;?;I?Idm defined by equation (11): %, calculated heat-transfer coefficient by

L, lalém heat of evaporation: equations (67) or (68);

m. exponent in equation (7); 2y,  measured heat-transfer coefficient;

M.  constant in equation (14): %, heal-transfer. coefficient for the fresh and

n constant in equation (48); smooth heating surface with f; = 1;

N, number of bubble formation sites; B. coefficient of thermal expansion;

N:A, bubble population density: ’ o, thickness ofth.ermaI boundary layer;

Nu,  Nusselt number, xR/A, : AT, temperature .dlﬂ?-?rCIIOB between heating

p. pressure: surface and liquid, T, — T, ;

Pe. critical pressure: AT,, temperature .diﬂ'erenoe between fresh and

P.. atmospheric pressure: ) smooth heating surface and liquid;

o - AL, thermal conductivity of liquid;

* Professor of Mechanical Engineering, Faculty of Engin- He, viscosity of!iquid;

cering, Kyushu University. Ve, kinematic viscosity of liquid;
tAssociate Professor. P, density of liquid;
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IR density of vapor:

a. surface tension of liquid;

b, constant defined by equation (29):

7- product of the diameter of a bubbile just

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

L INTRODUCTION

THE ADVENT of high power density system gave a
great impetus to research in boiling heat transfer.
Although great cfforts to clarify the boiling phenomena
have becn made, and many equations have been pro-
posed for correlating experimental data of nucleate
boiling heat transfer, the results have not been entirely
satisfactory. This 15 due to the complexity and the
irreproducibility of boiling phenomena. Because the
high heat-flux densitics in nucleate boiling are
attributed to bubbles which induce locally a strong
agitation of the liquid near the heating surface. most
of the correlations have been formulated 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 carlier a correlating equation for heat
transfer in nucleate boiling based on 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 ¢ should
be cxpressed by two parameters: the temperature
differencc AT between surface and liquid; and the
number of nucleation sites N. Then an empirical
relation between AT, N and ¢ was cstablished. Because
available data up to that time were of low 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 many
cempirical relations of the individual elementary pro-
cesses of nucleate boiling. These relations have been
mostly obtained at atmospheric pressure. Thercfore,
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 proposed carlier 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 lower-heat-flux region. So a new definition of the
nucleation factor will be given in this paper so that it
may be applied consistently for the whole region of
nucleate boiling.

This paper aims to dertve the general correlating
equation of heat transfer to be upplicable for the whole
region of nucleate boiling.

2. ANALOGY BETWEEN NUCLEATE BOILING
AND FREE CONVECTION

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 buoyancy force due to
the change of density of liquid itself us in problems of
pure free convection. and the liquid stirring foree of
rising bubbles. The latter 1s caused by the apparent
change in density of fluid duc to the rising bubbles
contained in it; its effect is confined to the range of
the effective stirring length of bubbles above the heating
surface [1]. These two driving forces. W, and W}, are

expressed in the units of static head as follows.

W= | Br-T0dy ()
‘.l)
W .‘”-' N g 2
= - vdy 2
A PR H R

where: & is the thickness of thermal boundary layer:
f is the coefficient of thermal expansion of liquid: f 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: N4 is the
bubble population density: F(y) is the volume of a
rising bubble at a point v: U(y) is the rising velocity
of a bubble at a point v: H, 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{y) is a function representing
the difference in intensity of the liquid stirring effect
duc to the position of rising bubbles. and whose
limiting values should be as follows: F(0)=1 and
F(H,)=0.

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 follows:

W=ChTaT10+Cpm : R (’ He (3
Gr = (gR*]C, W
CRULTL G (Y ) o
where
C, = :(: {_—TI_’, dy. np=y:0 (5)

and, d, and V, are the diameter and the volume of a
bubble just leaving the heating surface respectively:
¢ is the acceleration due to gravity: R and T, 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 v, 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 W; 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.

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, y 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 1 g [do\
A = Lp, d?)f(d.,)
where d, is the diameter of a bubble just arriving at
the free liquid surface; L is the latent heat of evap-

(12)

Nu = K(Gr- Pr)™. (7) oration: and p, is the density of vapor.
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FiG. I. Relation among heat flux ¢, 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 «°4 = const.
between heat-transfer coefficient %, and thickness of
thermal boundary layer 6, in nucleate boiling [3-6].
the following nondimensional equation holds

0 aR
Nut—=B., Nu=— 8)
R AL
where s and B are constants, whose values are different
according to whether the flow in the boundary layer
is laminar or turbulent; and 4, is the thermal con-
ductivity of liquid.

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

is obtained.

HL N k
Nu = K*(Pr l—dffq‘% RZ.UL") 9
where
m
k= 1—57;’ (10)
. Cpm ¥
K*EK““W(g%). (1)
t

and Pr is the Prandtl number of liquid. Equation (9)
is the fundamental equation of nucleate boiling heat
transfer including the bubble population density.
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(2) It has been experimentally confirmed that the
heat flux g is not a single-valued function of the tem-
perature difference AT but that it depends on the num-
ber of nucleation sites N [3,7]. Therefore, the ex-
pression for heat flux ¢ 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. The two-parameter
cxpression for heat flux may therefore be written as
follows.

PoX

N
AT=C4A)¢ (13)

where C, is a constant, which is different according to
the kind of liquid. Numerical values of x, y and C, 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 [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 ¢ vs AT have seemingly disappeared in
Fig. 1.
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(3) From cquations (9). (12) and (13). the following
equations are derived.

,d“ 3 ,:\_' g
=M "
(41‘, ) (_4 ) R (14)
\ : 6 (]R u 1l
=f-— . 15
A (nl_,p, Md3f ) 3
where
k-1
u= : (16)
-y
k4 x+y-1 17
o= . R }
6
M= (Cq(x)"”_”( -----)(dr?,/')'“"““'“_"': (18)
nlp,
L g H\ «
Cx=/2 . K*{ Pr- e 9
vy ( . R/) (19)

and Cg 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.

o 12
:1,,=¢c[- o J (20)
g(ﬂl,_pr]
_ 14
Un = b| P1L -—9‘-1 210)
[

where ¢ and p, arc 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 i times as much energy
as those of distilled water at their departure from heat-

ing surface. Hence

T LV P

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

S =1y (23)

then the product of the departure diameter of a bubble
and the frequency of bubble formation. 7, may be
expressed as follows.
r=d,f = Pdip.L:
P = yodipesLs.

{24)
{25)

ys 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
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experimentally related to bubble Reynolds number
Und, vi.as expressed by the following equation,

H. .,
= 1%

R Wt vp)

126}
where T* is a proportionality constant. The result 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 (15). {20,
(21). (24) and (26) into equation {9). the general corre-
lating equation of heat transfer in nucleate boiling is
finally derived as follows:

Y = K*pXHn 27
where
Y= aR 2y (28)
6] t1-2) 'I‘* k
mE{n""”uhil . 29
S I):(l~:) <'pl’12.!/ (1= _ .
S ETRCE e B

and ¢, is the isobaric specific heat of liquid.

3.2. Evaluation of various constants
There now follows the estimation of various con-
stants and exponents in the correlating cquation (27).
(1) If it is assumed the temperature in the boundary
layer may be expressed by the following equation

I

(31
T.-T. '

= {l-n"

then

!
(1—n)rdyp =1 {32)

=
Jo
(2) As it is difficult to evaluate accurately the valuc
of C,. the results estimated from the photographic
records of Jakob [13] are employed: these run as
follows.

P VT
R I T (33
V (ir) ’
tu)y o, v
=214 ). (34
U "( H..,) )

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).

Fiyy=1—-y H.. (35)

By using these relations. (', can be evaluated as follows.
Ty U dy
S Fiyy o =

R 0.123.
| S TS R

Ch=14 (36)
(3) With respect to the relation (13) between . AT
and N/A, the following result obtained by Nishikawa
[3] is applicable when the flow in the boundary layer

1s laminar.
X= -4 oy T

2 2 (17)
C, = 00412[K(m?/W)**(1'm?)! °].
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For turbulent flow in the boundary layer, it is reason-
able to use the result given by Zuber [7].

x=-% y=4%

C, = 0.0987[K(m?/W)*5(1/m?)!*].
Although the values x and y are common to any kinds
of liquid, the value of C, is relevant to the distilled
water at atmospheric pressure. To evaluate M, these
values are substituted into equation (18).

(4) With respect to the relation, as expressed by
equation (8), between heat-transfer coefficient « and
thickness of thermal boundary layer 8, the following
values of exponent and constant are obtained on the
basis of the experimental results shown in Fig. 2.

=1, B=13.22
turbulent flow region: s=1/2, B =0.292.

(38)

(39
(40)

The data of x and § for three kinds of liquid obtained
by Lippert-Dougall [ 5] are shown in Fig. 2. Lippert-
Dougall adopted the thickness of the equivalent con-
duction layer as 8. The data for water obtained earlier
by one of the authors [3] are also plotted in Fig. 2.

laminar flow region:

‘\
v
10° o
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© Water
Lippert-Dougall
& Water
102 4 O Methanol
: ¥ Freon-113 3
—T—F7 Nu=1652 - Nye3.228
B i Nz
2 5 102 2 5

8/IR
F1G. 2. Relation between heat-transfer coefficient x. and
thickness of thermal boundary layer & in nucleate boiling.

The authors adopted the conventional thickness of the
thermal boundary layer as §. 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 *I” 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 = 462823

(! (41)
TAMEP i oLy,

Table 1. Values of constants and exponents

Laminar Turbulent
K 0.56 0.13
m 3 3
s 1 4
B 322 0.292
m
- ! :
1 —sm
X -4 —4
¥ § 3
k-1
u=  -— 0 b
[—y
k+x+y—1
= -4 -1
-y
_ 142 3 5
T l+z—k
K* 0.328 0.108
(1] 14.08 23.89
M 805m~!(=M;) 10504m~ (=M,
1.00 W 1.00W

turbulent flow region:
Y =358%X%%;

2 12
P :
p/)l._.‘_}__) 4R.

Na (42)
~\M?P A oLp,

3.3. Expression of heat transfer in unified form

When one of the authors derived earlier the corre-
lating equation [1], the following experimental values
were used invariably, putting no distinction between
two regions of the laminar and turbulent flows.

P=1976W, M=900m"" (43)

The experimental value of d,, = 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 M, 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 the correlating equation (41)
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 X is
different between two regions. As this discrimination
1s 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:

(44)
(45)

laminar flow region: Y = 6.24X23;
turbulent flow region: Y = 0.66R™ 25X %%
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where
: Loopig ',
X = e gR?* - 46)
M-P s, 0lp.

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

Y, =471 x 10°R*:  (Rinm). (47)

Since the units of M, and M, arc respectively m '
1

and m™*? while unit of M in cquation (43) is m .
the numerical constant in equation (45) becomes dimen-
sional as it has been given the unit of m?* by using
X instead of X.
4. EFFECT OF SURFACE CONDITION
ON HEAT TRANSFER

4.1. Definition of nucleation fuctor

Since the correlating equations (44) and (45) arc
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.
The difference in the nucleation ability of the surface
comes out as 4 difference in the bubble population
density. and it causes a change in the proportionality
constant C of the boiling characteristic curve.

g = CATT (48)

where the exponent n becomes as follows from the
comparison of two equations (27) and (48)
1+:

= 49
1+:-—k aid

n

Hence the nucleation factor f: may be defined by the
following equation.
x=C,fAT)" !
g=C,f" AT

{50
{51
where C, is a proportionality constant for f- = 1 (that
is, for the fresh and smooth surface), which varies
according to the kind of liquid. Therefore f; is a func-
tion of the nucleation ability of surface alone. From
cquation (50)

oy = (‘,f'"(_/.;tl)("“”" - (’} n‘jiq)ktl‘:p. (52)

Consequently

" — ‘1’-23)I1'1Il b _ (L\7\A1)"'" D (53)

where suffix “s™ refers to the values for the heating
surface with f. = 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 f- X instead of X in equations (44) and (45).
as given below:

laminar flow region:

Y =624(£X)3  Y<Y (54)
turbulent flow region:
Y=066R (£ X)) Y=Y (55)
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A few examples of comparison between the carlier
experimental data at atmospheric pressure and the
calculated results by equations (44) and (451, are shown
in Fig. 3(a) as g vs AT [15 17]. Solid curves express
equations (44) and (45). Since carlier experiments were
not necessarily carried out under the condition of the
fresh and smooth surface. broken curves express equa-
tions (54) and (55), where the nucleation factor for cach
experiment is accounted for. The slope of the boiling
characteristic curve has been considered as constant in
the whole range of heat flux and a fixed exponent n
in the expression of ¢ — CAT” has been used usually.
As clearly seen from Fig. 3(a). however. it seems more
reasonable to divide the whole region of nucleate
boiling into two regions of the laminar and turbulent
Hows. and to adopt the different values of exponent n
tor cach region {n — 3 for the laminar flow region and
# = 5 for the turbulent flow region).

The available experimental results [12,15 22] up to
the higher heat flux region at atmospheric pressure
are plotted in Fig. 3(b} by taking Y as the ordinate
and / X as the abscissa. The values of nucleation
factor estimated for cach experiment are shown in
Table 2. 1t is seen from Fig. 3(b) that the experimental
points lic close to the curves given by the correlating
equation (54) or (55).

4.2. Physical meaning of nucleation fuctor
From equation (13), the following equation is ob-
tained.

x=C,(NA) gt 156)

By climinating ¢ from equations (52) and (56) and by
using the relation of equations (17) and (49), the follow-
ing cquation may be obtained.

y:(‘: \(‘:‘\‘k\b\,.':kll BRYEN 4)k (<7’

On the other hand. equation (9) may be written as
follows by expressing collectively such variables as are
constant for the specified liquid by Cy.

A*L= (\K(!\V'/”kK:;RM_I 158)

where

KH—_'(I,%X. 1%9)

From relations (16). (17).(49).(32) and (56). the relation
between f: and Ky is obtained.

,‘= (‘;(_A(l-_\)(‘!)k-:-l)k(‘ql (- I.K}‘;”_'”R'w A. 160)

Well. heat-transfer coefficient x in the nucleate boil-
ing depends on bubble population density N:A. and
x increases with the increase of N.A4. Two ways to
increase N: A4 for the specitied liquid are considered.

(1) Increase of heat flux

(i) Increasc of nucleation ability.

In the case of (i) heat flux will be raised keeping the
surface condition constant. that is f. = constant. By
putting /. = constant in equation (57).
A
2o (V)

(61
4 ’
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Table 2. Data in Fig. 3(b) and values of nucleation factor f: (HW, HT and HP are horizontal wire. tube and
plate respectively: Dia. and Rad. are in m)

Key

Q

=]~} [-3.1: ] Bhe

| ZaRvd

8 000 & ¢

Heating

Observer Liquid surface
Addoms Water HW
e Water HT
} BIorlxshanskn Ethanol HT
et dl. Ethanol HT
. . Water HP
} g;crﬁfll:_ Benzene HP
n-Heptane HP
Water HT
} g{r{:l%:r o Methanol HT
& Carbon tetrachloride HT
Water HP
} Gaertner Water HP
Water HP
Jakob-Linke Water HP
Kurihara Water HP
Water HP
} Nishikawa Water HP
Ethanol HP
Raben ez al. Water HP

Representative
length of
heating surface

Dia. = 6.096 x 10~*

Dia. = 694 x 1073
Dia. = 694 x 1073
Dia. =499 x 1073
Rad. = 4.763 x 1072

Rad. = 4.763 x 1072
Rad. =4.763 x 102

Dia. = 3.81 x 1072
Dia. = 381 x 1072
Dia. = 3.81 x 10" 2

Rad. =254 x 1072
Rad. =254 x 10 2
Rad. =254 x 102

Rad. =50 x 1072
Rad. =254 x 1072

Rad. =70 x 1072
Rad. =50 x 102
Rad. = 50 x 1072

Rad. = 1.886 x 102

059

1.00
1.86
1.32

1.56
1.30
1.40

3.38
395
382

1.00
0.72
0.70

1.00
1.50

0.83
0.89
1.27

1.70
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In the case of (i) the nucleation factor f will be
increased under the constant heat flux. Hence. from
cquation (56)

(62)

Namely. in the cases of (i) and (ii). there will be noticed
difference in the increase rate of x when N4 has
increased. As known from cquation (60), there is a
close relation between f and Ky, In the case of (i), f
1s constant and Ky remains unchanged even if ¢ is in-
creased. On the other hand. in the case of (ii). f increases
with the increase of N 4 and at the same time Ky
decreases, because the exponent x.(1—y) of equation
(60) is negative as scen from Table 1. Thereby the
stirring effect of liquid becomes smaller and x does not
increase as much as in the case of (i).

The relattons 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 (60).

N i .
1( 1 ) d, RV M= Ot (63)

’_(llx_(\'— 1) — (‘;“kll _\‘)(‘(k -z Ilk(‘l - Hy.\ ll—lexu_'k (64)
R o q 4 .

Since k=173, x=—16, y=2:3 and u =0 for the
laminar flow region. cquations (63) and (64) become

as follows.
N
{4)

fdy = CR2C, 100, 7y 12

13

(1” 23 _ ('KZl 3

As y 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.
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FiG. 4. Relation between nucleation factor f:. and diameter
of a bubble departing from heating surface d,.
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Physical meaning of nucleation factor will he ex-
plained as follows. From equation (56},

Hence

From equation {53)

[ =[N AN A ] b (635)
W
laminar flow region: x = —}. n=3 . - - !
"
turbulent flow region: x = —f. n - § . - .\'nl = 1.
n—

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

4.3. Compuarison of surface fuctor and nucleation fuctor

The surface factor C,; 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,, is defined by the
following equation.

(‘,,AT . q a 12y
- = ( NP J Prr (66)
L tL L glpL—py)

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 (', and f: 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 C,, and f., 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. s0 as to
clarify the difference in both factors under the same
surface condition. As a whole. . changes from 0.8
to 2.3, corresponding to the change of C,, 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 f- may be more reason-
able as the nucleation factor specifying the condition
of heating surface in nucleate boiling. Nucleation
factor f 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. EFFECT OF PRESSURE ON HEAT TRANSFER

5.1. Definition and evaluation of pressure fuctor

As seen in Fig. 3(b), the experimental data of nucleate
boiling heat transfer for various kinds of liquids at
atmospheric pressure have been correlated well by
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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 10’ T

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,
the 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 f, as the pressure
correction term of the correlating equations and to
insert f,X in place of X. Finally, the correlating
equations for heat transfer in nucleate boiling are
expressed as follows.

Y = 6.24(f. 1, X)*:
Y = 0.66R™25(f£.f, X)*;

s

Yy, (67)
Y>¥. (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

q wim?

FIG. 7(a). Heat-transfer coefficient x in nucleate boiling vs

heat flux ¢.
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-
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F1G. 7(b). Correlation of heat-transfer data at various
pressures shown in Fig. 7(a).
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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 coefficient in nucleate boiling of
certain liquids on certain heating surfaces over the
wide range of pressure. One of the results is given in
Fig. 7(a) as a plot of heat-transfer coefficient » vs heat
flux ¢. Most data in this experiment fall in the relatively
high heat flux region where the correlating equation
{68) is to be applied, and they satisfy the relation of
%« ¢* % at each pressure. The nucleation factor f s
considered to be constant irrespective of pressure,
because the same surface condition was kept in cach
run throughout this experiment. Expressing collectively
the independent terms on pressure for the specified
liquid by (™*. cquation (68) becomes as follows.

Y = R X (69)

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

Yoop = C* 1, X0 F {70)
Yop, = C*( 1, X' % (71

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

)(J]_" =( l72)

_ an
Yo.p, ’

fp. !

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). Yo.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 by other authors [20 22. 37. 38]. is given in

NiIsHIKAWA and Yast NoBU Funms

Fig. 8. where p. denotes the critical pressure and where
p. 15 selected as p 100 for the sake of convenience.
It is evident from the foregoing figure that the data
points lic on a single curve. irrdspective of the kind of
liquid over the entire range of pressure. only excluding
the discrepancy near the critical pressure in the data
by Borishanskii et ol [207. If the change of Yo.p Yo.p,
with p p, s represented by the curve shown in the
figure, the following expression with ¢ as a numecrical
constant 15 obtamned under consideration of the

relation (72).
, - [ 3
pee(M) i) [

By climinating f, and C on condition that the pressure
factor at atmospheric pressure p, is unity. ie. f, = 1.
the generalized expression of pressure factor at the
pressure in question becomes ultimately as follows.

173)

. qp ST 3(p.p)?
Ip = ( p ) : {74)

L+ 3(pypa®

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

_/p=(\,’:\v)m 1+3(,’:‘)$

Furthermore, at the pressure lower than p,.: 10 for these
hiquids, equation {75) is simplified as

(75

[T

h=l, )

5.2. Correlation of heat transfer

The formulas for heat transfer in nucleate boiling
are finally expressed by equations (67), (68) and (74)
in which the nucleation factor f. and the pressure
factor f, are included respectively so that the effect of
heating surface condition and the effect of pressure

(76)
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F1G. 9. Correlation of heat transfer in nucleate boiling; present authors’ measurements.

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—f; f, X coordinates. The values of nucleation
factor are given in this figure. The results by other
investigators [21,22.37] are compared in Fig. 10,
plotted in the a2y —x, coordinates, where a,, denotes
the measured heat-transfer coefficient and x. 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 a,, 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 + 309 accuracy. Such an agreement confirms
the validity of the proposed correlating equations for
heat transfer in nucleate boiling.
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FiG. 10. Comparison between the measured and the calculated heat-transfer coefficients in nucleate boiling.
F1G. 10(a). Measurements by Cichelli and Bonilla.
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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 =624(1: [, X)*?  Y<Y,
Y = 0.66R™2°(f.f,X)**:. Y2V,

K ANEYASU NISHIKAWA and Yast NoBU F Uy

- x‘R : Y e l7 . f,,pf,.l/ ' :(le N
‘1 M=P s, 6lp,
P=1976W: M =900m '

p _( ) )“'- 1+ 3p.p)’
PoAp ) 143, p”

Y, = 471 x 10°R* (R in m).

The validity of these formulas has been confirmed by
using the experimental results for a number of liquids.
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EQUATION DE L'EBULLITION NUCLEEE ET TRANSFERT THERMIQUE
TENANT COMPTE DU FACTEUR DE NUCLEATION

Résumé En tenant compte du fait que le facteur principal dans I'ébullition nucléée est 'agitation du
liquide par les bulles générées, on établit I'équation générale du transfert thermique a partir d’une analogie
entre I'ébullition en réservoir et la convection libre. On fait 'analyse théorique du mécanisme élémentaire
particulier au phénoméne d’¢bullition et on utilise une expression a deux paramétres dans laquelle le
degré de surchauffe est représenté non seulement par Je flux thermique mais aussi par la densité de
population des bulles. De plus, le facteur de nucléation et le facteur de pression sont introduits dans
les équations finales et on obtient une bonne coincidence entre ces équations et les données expérimentales
relatives a I'¢bullition nucléée de nombreux liquides.

EINE KORRELATIONSGLEICHUNG FUR DEN WARMEUBERGANG BEIM
BLASENSIEDEN UNTER BERUCKSICHTIGUNG DES KEIMBILDUNGSFAKTORS

Zusammenfassung- Unter dem Gesichtspunkt, daB die wesentliche treibende Kraft fiir die Konvektion
beim Blasensieden die durch die entstehenden Dampfblasen bewirkte Rihrwirkung in der Flussigkeit ist,
wurde eine allgemeine Korrelationsgleichung fiir den Warmeiibergang beim Blasensieden auf der Grund-
lage der Analogie zwischen dem Behaltersieden 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 Uberhitzung nicht
allein vom Warmestrom, sondern auch von der Keimstellendichte abhangig dargestellt wird. Desweiteren
wurde der Keimbildungsfaktor und der Druckfaktor in die endgiiltigen Gleichungen eingefiihrt. Die mit
diesen Gleichungen ermittelten Werte stimmen gut mit den vorhandenen experimentellen Werten fiir das
Blasensieden verschiedener Fliissigkeiten bei verschiedenen Driicken iiberein.

KOPPEJALUNOHHOE YPABHEHHUE 1A TEINJIOOBMEHA
IMPHU MY3bIPLKOBOM KHUINEHWH, YYHUTBIBAIOUEE ®AKTOP OBPA3OBAHHUA
LIEHTPOB I1Y3LIPLKOB

AmBoramas — Hcxoos H3 NpeaNoiOKEeHHs, YTO OCHOBHOA NMPHYHHOH KOHBCKTHBHOTO NBFDKCHUA OPH
My3bIPLKOBOM KHIIEHHH ABJSETCA CMELUEHHE TeHEpUPYEMbIX TNy3bIDHKOB H Ha OCHOBE AHANOTHHM
MEXIY KHNeHHem B GobiioM o0beMe M cBOGOAHON KOHBEeKLHEH, moiryyeHo OGoGlIeHHOe ypas-
HeHHe Teruioo6MeHa NpH Ny3bIPLKOBOM KHMEHHH. YPaBHEHHE MONYYEHO B pely/lbTaTe TeOpeTH-
YECKOro aHaJIM3a /1IEMEATAPHOrO MpoLecca, ONMMCHIBAIOLLEIO KANEHHE, B 3TOM ciiydae ACMOb3yeTca
BbIpaXeHHe 1A IBYX NapaMeTpoB, B KOTOPOM CTeleHb NMeperpesa ONpelesisieTca He TOMBbKO TEmwIo-
BbIM [MOTOKOM, HO TakXke H IIOTHOCTBIO pacnpeleseHus ny3sipekos. KpoMe Toro, pe3ynbTApYIOnmEe
06061eHHbIe YpaBHEHHS YYHTLIBAIOT OOpa30BaHHE LIEHTPOB My3bIpbKOB H IaBieHHe. IlonyueHo
XOpOLLece COOTBETCTBHE MeEXAY IJAHHBIMH YPABHEHHAMM H HMCIOLIMMHECA JKCOCPHMCHTAILHbLIMA
AaHHBIMH 1O MY3bLIPLKOBOMY KHIICHHIO Pa3HbIX KHAKOCTEN NIPH PA3/IHYHBIX NABIICHHNX.



