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Abstract

The present paper proposes a new correlation for nucleate boiling consisting of heat flux, superheat, density of
nucleation sites, and a group of physical properties. The correlation is based on a model in which heat transfer
occurs primarily by heat conduction through the conduction layers formed under primary bubbles. Nucleation site
densities were calculated by combining the correlation with experimental data of ¢ — AT,. This procedure yielded a
semi-empirical correlation of the densities of nucleation sites that takes into account the effects of growth of
neighboring bubbles and changes in wettability with pressure. Combining these two correlations results in a
correlation that predicts boiling curves. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Heat transfer characteristics in nucleate boiling are
generally believed to be closely related to the nuclea-
tion site density of a heating surface. Mikic and Roh-
senow [2] proposed a method for predicting boiling
curves in which the concrete form of the general corre-
lation

Sq, AT, n, By) =0 (1)

was derived theoretically. A specific relation between n,
ATgy, physical properties, and surface characteristics
was assumed, thereby establishing a method for pre-
dicting boiling curves. However, the correlation has
not been verified using experimental data, and the pre-
dicted boiling curves are not always accurate.

* Corresponding author. Tel.: +81-11-706-6666; fax: +81-
11-706-7842.
E-mail address: saka@eng.hokudai.ac.jp (H. Sakashita).

Except at low heat fluxes, nucleate boiling forms
large vapor masses on a heating surface by the co-
alescence of bubbles, and a liquid macrolayer is
attached to the bottom of the vapor masses. The
critical heat flux (CHF) is determined by the dryout
of this macrolayer, as proposed by Haramura and
Katto [3]. Sakashita and Kumada [4] carried out
boiling experiments and confirmed that transition
boiling is also strongly related to the dryout process
of the liquid macrolayer. Experimental evidence
showing that the liquid macrolayer is formed by the
coalescence of bubbles has been presented in several
studies, including [5-7]. This indicates that the num-
ber and size of primary bubbles are important when
considering the mechanism of macrolayer formation
at lower pressures. At higher pressures, Sakashita
and Kumada [8] proposed a model of macrolayer
formation that is based on the boiling mechanism
deduced from bubble diameter and photographic
records obtained by Séméria [9]. In their model, the
macrolayer is formed by the coalescence of second-
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Nomenclature

A constant for boiling curves

A; time averaged area of conduction layer
formed under primary bubbles, m?

a thermal diffusivity, m?/s

By group of physical properties of liquid and
vapor

Cp specific heat, J/kg K

Cs constant related to surface characteristics

Cy, Cisnp constants related to surface characteristics
and boiling liquid

D diameter of circular heating surface or
horizontal cylinder, m

Dy bubble diameter at detachment, m

Dyr Dy, by Fritz, =0.0208 0{c/g(p, — p,)}"/*, m

Dpx Dy by Kocamustafaogullari and Ishii,

=0.0012 (Ap/p,)’°Dpr. m
f frequency of bubble detachment, s~!
g gravitational acceleration, m/s*
Hi, latent heat of evaporation, J/kg
m exponent of the boiling curve
Nja Jakob number, = p,CpAT g/ p, Hi,
N density of candidates for nucleation sites
(or density of cavities), m >

density of nucleation sites, m™>

n

P pressure, Pa

P, critical pressure, Pa

Pr Prandtl number

q heat flux, W/m?

qs nucleate boiling heat flux defined by
Mikic and Rohsenow,

= ¢ — gnc(1 — nnDZ), W/m?

Gne heat flux of natural convection, W/m?

R radius of primary bubbles, m

Ry radius of primary bubbles at detachment,
m

r* critical radius of cavity, m

s constant related to surface characteristics

Tsat saturation temperature, K

t time, s

u velocity of liquid, m/s

0 mean liquid velocity defined by Zuber [1],
= (4/m)Npan'?, m/s

o heat transfer coefficient, W/m?> K

ATgat superheat, K

Ap p — py» kg/m’

1) thickness of conduction layer averaged
over heating surface, m

Ol thickness of conduction layer formed
under primary bubble, m

0 contact angle between bubble and heating

surface, degrees

thermal conductivity, W/m K
viscosity, Pa s

kinematic viscosity, m?/s
density, kg/m®

surface tension, N/m

AT X TE >

subscript
1 liquid
v vapor

ary bubbles formed by the coalescence of primary
bubbles. The thickness of macrolayers at higher
pressures is not related to the size of the primary
bubbles, but rather to the coalesced, secondary
bubbles. Also in this case, nucleate boiling by pri-
mary bubbles prevails primarily in the thicker
macrolayer. In the coalesced bubble region at both
lower and higher pressures, the size of the primary
bubbles can be estimated from the relation nD[f =1,
which is the condition under which primary bubbles
fully cover a heating surface.

A correlation such as Eq. (1) relating ¢, ATy,
and n is therefore important in the study of nucle-
ate boiling. The present paper will discuss corre-
lation Eq. (1), referred to as the ‘correlation of
boiling heat transfer’, with respect to the nucleate
boiling heat transfer region.

Previously reported correlations were evaluated and
a new correlation is proposed for flat surfaces. As an
application of the correlation proposed herein, calcu-

lation of nucleation site densities from measured ¢ —
AT, data that were obtained for various liquids,
pressures, and heating surfaces was performed. The
obtained results lead to a semi-empirical correlation
consisting of n, ATy, the density of the candidates
for nucleation sites N, and a group of physical proper-
ties. By combining the two correlations, a correlation
that predicts boiling curves in nucleate boiling was de-
rived.

2. Correlation of boiling heat transfer in nucleate boiling

The present paper investigates saturated nucleate
boiling on flat plates in large pools in which the ther-
mal conductivity and heat capacity of the heating sur-
faces are sufficiently large to disregard the effects of
fluctuations and distribution of surface temperature on
the boiling.



H. Sakashita, T. Kumada | Int. J. Heat Mass Transfer 44 (2001) 673-682 675
Table 1
Correlation of boiling heat transfer in nucleate boiling
Author Correlation
Tien [10] q = ByATyn'? (c-1)
BH = 61.3PV?'33;L1 (C-z)
Hara [11] g = ByAT 2038 (c-3)
By = (C1C)4(4nCa/3) (01 Cuia)* (0, Hi) ' (c-4)
C = 5.5, C, = 0.056 m/s
Mikic and Rohsenow [2] G = q— (1 = nD2)qnc (c-5)
qo = BHATsatn (0'6)
By = 2(np,Cpln)"/*f 12D (c-7)
Dy = Ca(0/gAp)"*(p,Cor T/ p, Hig) (c-8)
Cy = 1.5 x 10~* (water), 4.65 x 10~* (otherliquid )
[ Dy =0.6(cghp/p?)"* (c-9)
Kurihara and Meyers [12] g = ByATgn'? (c-10)
By =364 P (p,/w)" (c-11)
Kocamustafaogullari and Ishii [13] q= B'HAT;t n®/ (c-12)
By = 1453(p,Cp/ py Hig) /> Pr %% {0.012(Ap/p,)"® D} =174 (c-13)

2.1. Published correlations

Published correlations of ¢, ATy, n, and a group of
physical properties are listed in Table 1. These corre-
lations are obtained for nucleate boiling on horizontal
upward facing flat plates in the isolated bubble region.

With the exception of the experiment by Barthau
[14], Table 2 shows the specifications of various exper-
iments where ¢, ATy, and n were measured for hori-
zontal upward facing flat plates of copper. Barthau’s
experiments were conducted using R114 on a horizon-
tal copper cylinder of 8 mm o.d. at pressures of 1.5,
1.91, and 2.47 bar and heat fluxes up to 7 x 10* W/m?.
Nucleation sites up to 5 x 107 sites/m” were success-

Table 2
Experimental conditions of ¢ — AT —n

fully measured by observing the vertical flank of the
cylinder. Among Barthau’s data, those measured at the
higher n region can be compared with the various cor-
relations, because the effect of surface orientation on
the heat transfer may be considered to be negligible, as
pointed out by Nishikawa et al. [20]. The lower limit
for n is, however, not clear from Barthau’s data, and
the data in the region n > 10* sites/m% in which the
heat transfer is affected only slightly by natural con-
vection, were compared with the correlations.

Fig. 1(a)—(e) shows data arranged by the published
correlations. The contact angle 0 included in Dy in
equation (c-13) by Kocamustafaogullari and Ishii [13]
is assumed to be a constant 50°. Equation (c-12) by

Author Surface Boiling region P (MPa) Liquid Symbol
Yamagata et al. [15] D = 100 mm, copper Isolated bubble 0.101 Water °
Kurihara and Myers [12] D = 20 mm, copper Isolated bubble 0.101 Water A
Acetone v
CCly ¢
n-Hexane A
CS, A
Gaertner [16] D = 2 in., copper Isolated bubble 0.101 Water O
Cornwell and Brown [17] D = 83 mm, copper Isolated bubble 0.101 Water \V4
Singh et al. [18] D = 32 mm, copper Isolated bubble 0.101 Water O
Nishikawa and Urakawa [19] D = 100 mm, copper Isolated bubble 0.101 ©)
0.068 Water O
0.041 AV
Iida and Kobayashi [7] D = 20 mm, copper Coalesced bubble 0.101 Water [ |
Barthau [14] D = 8 mm, copper Isolated bubble 0.15 g
Horizontal cylinder 0.19 R114 Qo
0.25 A




676 H. Sakashita, T. Kumada | Int. J. Heat Mass Transfer 44 (2001) 673—682

(0] o B A B A A ™
S ]
= ‘qw ]

%
wn -
Y- : . =R E
>R X - E
et o AT ]
o2] mg ]
= (a) Tien MW 1
Lol | | Ll Loy NIRRT
0.1
102 10° 10* 10° 108 107 10%
n(l/mz)
B (] i B ) B A B AL B
&
3 ]
o~ A (]} 2k
sy e e LaY %WA 1
2 Lt a4 |
< E
o=l ]
@/ 4
=4 ]

0.1 Lol Ll Ll Ll Lol Lo

102 10 10* 10° 10° 107 108
n(1/m?)

10 T Ty

(¢) Mikic and Rohsenowg

10° 10° 10 1
n(1/m?%)

: %
i : 0@%;
| | ol il TR
0.01
10% 103 104 0?

10 T

1 1nd

M

@/(By AT, ')

Lo

0,01 v
1

=
<
= %
g MY
= (e) Kocamstafaogullari et al.
Ll L1l Lannl Ll | Lo
0.1
10 10° 10* 10° 10° 107 108
n(1/m?)

() Present correlation 1
Ll sul R L [EIERTIT
0.1
10 10 104 10° , 10° 107 108
n (1/m°)

L L

Fig. 1. Plots of published data of nucleate boiling heat transfer. Symbols are described in Table 2. Plot using the correlation
by Tien [10] (a), Hara [11] (b), Mikic and Rohsenow [2] (c), Kurihara [12], (d), Kocamustafaogullari and Ishii [13] (e), and by the

present authors.

Kocamustafaogullari and Ishii fits all the data except
Cornwell and Brown’s [17] from the isolated to coa-
lesced bubble region. The original form of the Koca-
mustafaogullari and Ishii relation is

Nuy, = Const - Ret Pl (n - D)* 2)

where Nuy, is the Nusselt number defined as Nu, =
q/(ATyAm'?) and Dyx is the bubble diameter at
detachment used by Kocamustafaogullari and Ishii.
Re, is the Reynolds number defined as Re, =
i/(vin'/?). The dominant mechanism of heat transfer
in the model used to derive the correlation is therefore
liquid flow by bubble growth in a superheated liquid
layer. Kocamustafaogullari and Ishii, however, did not
explain the physical meaning or role of the dimension-
less quantity nDZ, (the ratio of the bubble diameter at

detachment to the average distance between two neigh-
boring bubble centers) in the heat transfer.

2.2. Proposed correlation

In nucleate boiling, the density of primary bubbles
increases with the heat flux. Primary bubbles fill the
heating surface above 20-30% of CHF and coalesce to
form coalesced bubbles that are much larger than the
primary bubbles. The coalesced bubbles (or coalesced
bubbles formed by further coalescence of the coalesced
bubbles) have a liquid macrolayer attached at the bot-
tom. Primary bubbles are created and detach or col-
lapse with very high frequency in the macrolayer.
When the effects of liquid agitation induced by bubble
motion on the heat transfer is small, the heat transfer
from the heating surface is mainly controlled by the
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heat conduction through the conduction layer that is
formed under the primary bubbles. If the diameters of
primary bubbles at coalescence and detachment or col-
lapse are nearly equal, then 7D = 1 may be assumed.

Using the time, spatially averaged thickness as oy
and the time averaged area of the conduction layer
formed under the primary bubbles as A;, and consider-
ing the relation nDE = 1, heat flux through these con-
duction layers can be expressed as

q= ) AihATw/d; = hATw/é. 3)

i=1

0, in Eq. (3) is the thickness of the conduction layer
averaged over the heating surface, and is given by

n
Si=1 /1% Ai/on. )
i=1

The heat transfer from the heating surface is
increased by liquid agitation that is caused by the
repeated nucleation, growth, detachment and collapse
of primary bubbles. There are four main forces govern-
ing the behavior of primary bubbles:

piuif, gRo(p — py). 0/ Ry, tn/ Ry (%)

these are inertia, buoyancy, surface tension, and the
viscous force per unit area at detachment or collapse,
respectively. At higher heat fluxes, at which there is a
macrolayer on the heating surface, the buoyancy is not
large because the diameter of the primary bubbles is
small enough so that any buoyancy acting on the
bubbles may be neglected.

The effect of liquid agitation by bubble growth is re-
lated to the ratio of inertia to viscous forces. The
Prandtl number of a liquid is also related to the effect
of liquid agitation by bubble growth, and this effect
can be expressed as a power function of the ratio of
piui to wuy/Ry and Pry as:

(u Ry /)" PrY. (©6)
The radius of a growing bubble may be expressed by
R = C - Ny (nayt)/? @)

where C is a constant. On the other hand, Labuntsov
et al. [21] proposed a relation for the bubble radius at
higher pressures as:

R = (2ﬁNJaa1t)1/2 (8)

where f§ is a constant. Eq. (8) agrees well with the ex-
perimental data for water presented by Labuntsov et
al. from 0.1 to 10 MPa. In the present model, u in a
relation (6) is assumed to be equal to the bubble

growth rate (dR/dtz) at detachment or collapse, and
substituting Eq. (7) and Eq. (8) into Eq. (6) gives

(1 Ry/v1)* Pr? = Const - N2 prb=« )

(uyRy/v1)* Prl = Const - N¢ prp= (10)

respectively. As both Egs. (9) and (10) contain Nj, and
Pry, and the exponents of Ny, and Pr are determined
empirically, either may be used to derive the same
form of the correlation for nucleate boiling heat trans-
fer. Eq. (10) is used here because Eq. (8) may give a
more accurate bubble growth rate at higher pressures.
The average thickness of the conduction layers formed
under the primary bubble is determined primarily by
the size and bottom shape of the primary bubbles,
which is related to the ratio of surface tension /Ry to
viscous force pu/ Ry as

(6/Rv)/(n/ Ry). (1)
Therefore, it is assumed that ¢, in Eq. (3) is given by
1= CRy[(a/Ry)/(uytn/ Ry)]". (12)

The total heat transfer from the heating surface may
be expressed by substituting Eq. (12) into Eq. (3) and
modifying the resulting equation with Eq. (10) to
obtain:

q = CUaATgi/ Ry)N§,Pr) ™ (1 Ny /o Ry ). (13)

Substituting the relation nDZ = 1 into Eq. (13) and
arranging yields

¢ = Ch(uar/o) Pri™ (0 Cot/pyHyg) " AT ' en 1 +P2,
(14)

The exponents a, b, and ¢, and the constant C in
Eq. (14) should be determined empirically from the ex-
perimental data in a coalesced bubble region. As
shown in Table 2, however, the available data, with
the exception of those presented by lida and Kobayasi,
are measured in the isolated bubble region. From the
isolated to coalesced bubble regions, the ¢ — AT, data
are arranged in a single boiling curve of the form ¢ =
AAT?, for most heating surfaces, except at heat fluxes
higher than the DNB point. This suggests that the cor-
relation relating ¢, AT, and n can also have the same
form in both regions. The present paper, therefore,
determined the exponents and the constant in Eq. (14)
using the data from both isolated and coalesced bubble
regions. Using the experimental data listed in Table 2,
the correlation for nucleate boiling heat transfer is
obtained as

q = ByAT L n’l* (15)
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where
By = 0.5k(o/man)*Pr (0 Cu/p i) . (16)

Fig. 1(e) and (f) show that equation (c-12) by Koca-
mustafaogullari and Ishii [13] and Eq. (15) by the pre-
sent authors result in good arrangement of the
experimental data. Equation (c-12) is, however, more
complicated and includes a dimensionless quantity of
uncertain physical meaning. The present paper there-
fore uses Eq. (15) as the correlation for nucleate boil-
ing heat transfer.

2.3. Validity of Eq. (15) at higher pressures

Séméria [9] took photographs of nucleate boiling of
water at high pressures and measured the diameters of
bubbles. In this section, the validity of Eq. (15) at very
high pressures is evaluated based on the measurements
of primary bubble diameters conducted by Sémeéria.

The diameter of primary bubbles at detachment is
only weakly related to the heat flux in an isolated
bubble region. The diameter of the primary bubble in
an isolated bubble region is only slightly different from
that at a slightly lower heat flux at which primary
bubbles cover the heating surface entirely. This allows
the bubble diameter to be calculated from » and
nDi=1, which may then be compared with the diam-
eters measured by Séméria. Fujita and Nishikawa [22]
measured ¢ — AT, for water up to 7.8 MPa

O Semeria

- —@— Prediction
(q=50W/cm?, nDy’=1) ©O \

Diameter of primary bubble (mm)

10-2_— \\8__
0.005: R | il O
1071 1 10 20

P (MPa)

Fig. 2. Measured diameter of primary bubbles by Séméria [9]
and predicted values.

(P/P.~0.36) and combining Eq. (15) with this data
yields a calculated diameter of primary bubbles.

In Séméria’s experiment, primary bubbles do not co-
alesce below a heat flux of 15 W/ecm?, which is lower
than the minimum heat flux, at which primary bubbles
cover the heating surfaces. The assumption that pri-
mary bubbles cover the heating surface at a heat flux
of 50 W/cm? results in the diameter shown in Fig. 2.
The predictions and measured data by Séméria agree
well, showing that Eq. (15) can be applied up to
P/P. =0.3.

3. Correlation for density of nucleation sites

Prediction of boiling curves using Eq. (15) requires a
correlation to be determined for density of nucleation
sites. However, the nucleation mechanism has not been
fully explained, and it is difficult to determine n theor-
etically. The data shown in Table 2 are not suitable for
evaluating n, because heating surfaces having different
characteristics were used in the different experiments.
Therefore, n must be obtained indirectly by combining
Eq. (15) with data of ¢ — AT .

A candidate for a nucleation site is generally ideal-
ized as a conic cavity having a mouth of radius r*.
This cavity is activated when it satisfies the criterion

V*ZzaTsal/(vangTsal)- (17)

The density of cavities (equal to the density of can-
didates for nucleation sites), N, having radii greater
than r* is approximately a power function of /* and N
may be expressed by

NG*) = Cs(1/r%)’ (18)

where Cs and s are constants that are determined by
surface characteristics.

The density of cavities N generally differs from the
density of nucleation sites n, because cavities that
satisfy (17) are not always activated due to the beha-
vior of neighboring bubbles and changes in wettability
with pressure. Here the growth rate of bubbles and
wettability are considered to be the main factors affect-
ing nucleation of cavities in determining the relation
between N and n.

If a bubble covers its neighboring cavities satisfying
the criterion (17), the bubble inhibits nucleation at the
neighboring cavities. Furthermore, if a dry spot at the
bottom of a bubble covers flooded cavities, it may
leave a residue of vapor in the cavities, causing nuclea-
tion of the flooded cavities when they come into con-
tact with boiling liquid. These effects on the nucleation
of cavities are closely related to the growth rate of
bubbles and the density of cavities. By assuming that
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the effects of the growth rate of bubbles and the den-
sity of cavities are expressed by a power function of
Ny, and r* respectively, these effects may be expressed
as N% -r*# and the function may be assumed to have
the same form for different liquids and pressures.

Rapid growth of bubbles produces fluctuations in
the temperature of the surrounding plate area, which
causes fluctuations in the number of cavities satisfying
(17). This effect is not considered in the present study,
because the discussion herein is limited to metal plates
having high thermal conductivity.

Wettability is also an important parameter with
respect to the nucleation of cavities. The contact angle
between the liquid and the solid surface is generally
used as a measure of wettability. The contact angle
between a liquid and the solid surface varies with the
physical properties of the liquid and the solid surface,
motion of boiling liquid, microstructure of cavities,

/N
oiz10® 107 10° 10° 10
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10° E 3
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0032 3
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[ v 039 1
10° L v 0.785 A
E A147 E
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and other factors. There are several theoretical studies
on the effects of contact angle on the nucleation of an
idealized cavity, but the effects on nucleation are not
easily quantified for real surfaces. Changes in wettabil-
ity result in changes in the nucleation criteria for cav-
ities, and it is assumed that a function of r*, i* can
express the effect of wettability on the nucleation of
cavities and that this function has the same form for
different liquids and pressures. Here, the absolute effect
of wettability can not be represented by a function of
r* only. Rather, the absolute effect of wettability is
affected by the surface materials and conditions. The
present method determines unknown constants via a
boiling curve for a specific pressure and assumes that
the absolute effect of a surface is included in the con-
stant and that the absolute effect does not change with
the pressure.

Based on the above considerations, » may be given

r*/(Npar)”*?
1013 10 107 10 10° 10*
g LR IURLLLLL IR LLLY "““é
Equzn) Fujitaetal |
1012 3 . Ethanol 5
101! :- _:
; Eq.(20) E
1010 ; ;
o~ 9 I i
g0
= [ PMPa) ]
108 - @ 0018 -
E O 0031 E
[ O 0057 ]
107 L ® 0.101 -
E A 01% E
[ A 049 1
106 L O 0981 4
F m1% 3
Fv 294
10° | V392 4
E O 49 3
A 588
104 Ll vl ol Ll
10 107 100 105 10*
r*/(Npar®)'°

Fig. 3. Comparison of Egs. (20) and (21) with n calculated from data for ¢ — AT, by Fujita and Nishikawa [22].
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Fig. 4. Comparison of Eq. (20) using n calculated from data for ¢ — AT, by Bier et al. [23].

by

n= CIS{N?ar*/}”(l/r*) ]A (19)
where Cjs and s are determined by a boiling curve at a
spesific pressure for a given liquid and heating surface.
In order to evaluate the validity of Eq. (19) and to
determine the unknown exponents o and f§+ 7y, n was
calculated by combining correlation (15) with exper-
imental data of ¢ — AT, for horizontal upward facing
flat surfaces. The data for ethanol and water presented
by Fujita and Nishikawa [22] and for R11 presented
by Bier et al. [23] with three heating surfaces of differ-
ent roughnesses (T3,T4,T5) were used. The calculated
values of n were found to correlate well with Eq. (19),
with the exponents o and 4y =3/10 for P/P.<0.2
as

(20)

n= [N 1)) prpe<0.
For P/P.=0.2, « and f + y had to be changed to 3/20
in order to correlate n well with Eq. (19). This may be
attributed to differences in the nucleation and/or heat
transfer mechanisms at P/P.<0.2 and P/P.=0.2.
There is, however, little theoretical or experimental

basis for a discussion of the causes. In the present
paper, the following correlation is proposed for practi-
cal use:

"= clshp{zvf/z"r“/zo(l /r*)} P/P.>0.2.

a

21)

A comparison of the calculated n with Egs. (20) and
(21) is shown in Figs. 3 and 4. The solid lines in the

2
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Fig. 5. Measured boiling curves and values predicted by Egs.

(22) and (23).
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Fig. 6. Measured boiling curves and values predicted by the
method of Mikic and Rohsenow [2].

figures are the theoretical results obtained using the
equations. The Cj; and s in Eq. (20) were determined
to fit the equation using the data presented by Fujita
and Nishikawa [22] at atmospheric pressure, and using
the data presented by Bier et al. [23] at the lowest
pressure for each surface. The Ciyp in Eq. (21) was
determined by equating Egs. (20) and (21) at P/P. =
0.2. Egs. (20) and (21) correlate the data well over the
whole range of pressures.

4. Prediction of boiling curves

Substituting Eqgs. (20) and (21) into Eq. (15) gives

I 26T c 3/10 m—4/3
g =By Cl* | e S AT,
2(;Tsal (vafg)
P/P.<0.2
(22)
and
3/20 m—4/3
38 | PyvHig | 20 Toup G
e e b
vaiIg
P/P.>0..
(23)

Here, By is given by Eq. (16) and m (=3s/8 + 4/3)
is the exponent of the boiling curves expressed by
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q=AAT?, and varies with surface characteristics.
One boiling curve at a specific pressure is required in
order to determine m and Cjs in Eq. (22) for a given
boiling liquid and heating surface; Cipp can be deter-
mined by equating Egs. (22) and (23) at P/P. = 0.2.
As shown in Egs. (22) and (23), m is one value for a
given heating surface, and the boiling curves that can
be predicted by the equations are of the form ¢ =
AAT?, for any pressure.

Fig. 5 shows a comparison of boiling curves pre-
dicted by Eq. (22) for P/P.<0.2 and Eq. (23) for
P/P.=0.2 using experimental results for horizontal
upward facing flat surfaces. The values of m are the
exponents of the boiling curves that are obtained by
fitting the curves through the reported data points for
q — ATgy. The constant Cjs was determined by the boil-
ing curve of each boiling liquid at atmospheric press-
ure or at the lowest pressure reported, when that at
atmospheric pressure was not reported. All results,
with the exception of those reported by Cichelli and
Bonilla [24], agree fairly well with the predictions.

As mentioned in the introduction, prediction of
nucleate boiling curves by combining the correlation of
boiling heat transfer with the correlation for n was first
attempted by Mikic and Rohsenow [2], who proposed
the correlation for n as
n=Cy(1/r) (24)
and combined this correlation with their correlation (c-
6), shown in Table 1. Fig. 6 shows the results predicted
by Mikic and Rohsenow. The data are scattered widely
and the method is not very accurate.

Rather than expressing boiling curves in the form
g = AAT", studies have often expressed boiling curves
using the heat transfer coefficient o and heat flux gq.
The boiling curves shown in Fig. 5 were recalculated
to account for this, and the results are in Fig. 7.

10? ——— e
I Fujitaetal[22]  Bieretal[23] ]

0 Water m=5

10°"

® RI1(T3) m=35

e O Ethanol m=5 A R11(T4) m=5
= . A Benzene m=5  ® R11(T5) m=6.5

3 10 F Nishikawa et al.[25] Cichelli et al [24] E
s E z R113 m=5 & Benzene m=3 3
e a 14 m=5 Rabenetal [26] 4
= 1 m=5 v Water m=3 o <
<

Eq.(22) |Eq.(23) |

107

| N
10°

bl P
10
P/P,

10!

10°

Fig. 7. Measured boiling curves and values predicted for o — ¢
by Egs. (22) and (23).
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5. Conclusions

A new correlation expressing nucleate boiling heat
transfer was derived for the coalesced bubble region.
The correlation results in a good arrangement of the
data of ¢, ATy, and n from the isolated to coalesced
bubble region. In addition, a semi-empirical correlation
for n was derived by assuming the effects of growth of
neighboring bubbles and changes in wettability with
pressure. The boiling curves that were predicted by
combining the two correlations agree well with the
data of various boiling conditions over a wide range of
pressures. More data will enable the proposed corre-
lation and method to be refined further.
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