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A fractal analysis of subcooled flow boiling heat transfer
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Abstract

A fractal model for the subcooled flow boiling heat transfer is proposed in this paper. The analytical expressions for the
subcooled flow boiling heat transfer are derived based on the fractal distribution of nucleation sites on boiling surfaces.
The proposed fractal model for the subcooled flow boiling heat transfer is found to be a function of wall superheat, liquid
subcooling, bulk velocity of fluid (or Reynolds number), fractal dimension, the minimum and maximum active cavity size,
the contact angle and physical properties of fluid. No additional/new empirical constant is introduced, and the proposed
model contains less empirical constants than the conventional models. The proposed model takes into account all the pos-
sible mechanisms for subcooled flow boiling heat transfer. The model predictions are compared with the existing experi-
mental data, and fair agreement between the model predictions and experimental data is found for different bulk flow rates.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The subcooled flow boiling is widely applied in engineering and technology. In the development of modern
cooling systems such as internal combustion engines, power engineering, nuclear reactors and microproces-
sors, the increasing output of specific power combined with a most compact space and weight saving design
leads to high thermal loads on heating surfaces. For such devices, a high coolant power is to be required with
limitations on the available surface area and the mass flux of liquid coolant as well as the acceptable wall tem-
perature, and a controlled operating mode to the boiling regime is desirable.

In subcooled flow boiling heat transfer it is generally recognized that there are three main mechanisms con-
tributing to the wall heat flux (qW): single-phase heat transfer (qsp), micro-layer evaporation (qev), and the
0301-9322/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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sensible heat of fluid that occupies the volume evacuated by a departing bubble (qb). Thus the wall heat flux
can be expressed as
qW ¼ qsp þ qev þ qb ð1Þ
Bowring (1962) obtained the relation between qev and qb as
e ¼ qb=qev ð2Þ
The evaporation heat flux (qev) was given by
qev ¼ qGhLV bfN a ð3Þ
where Vb is the volume of single bubble at departure, f is the bubble departure frequency, Na is the number of
active sites per unit area of heated surfaces, hL is latent heat of evaporation of liquid, and qG is the vapor den-
sity. The ratio e is found empirically, which was given by the following expression:
e ¼ 1þ 3:2
qcpDT sub

qGhL

1� 105 Pa 6 p 6 9:5� 105 Pa ð4aÞ

e ¼ 2:3 9:5� 105 Pa 6 p 6 50� 105 Pa ð4bÞ
e ¼ 2:6 p P 50� 105 Pa ð4cÞ
where p is pressure, q is the liquid density, cp is specific heat at constant pressure, DTsub is the subcooling
(TS � TL) of liquid, and TS is the saturation temperature of liquid, TL is the bulk temperature of liquid.

The single-phase heat transfer (qsp) is given by Mikic and Rohsenow (1969) as
qsp ¼ ð1� KN apD2
bÞhðT W � T LÞ ð5Þ
where K is the proportional constant for bubble diameter of influence, which is taken to be 1.8 by Judd and
Hwang (1976), Db is bubble departure diameter, TW is the wall temperature, and h is the single-phase heat
transfer coefficient for forced convection, which can be calculated using the Dittus–Boelter equation (1930)
h ¼ 0:023Re0:8Pr0:4 kL

D

� �
ð6Þ
where D is the inner diameter of flow channel, kL is thermal conductivity of liquid, Pr is the Prandtl number of
fluid defined by Pr = m/a, Re is the Reynolds number defined by Re = uD/m, and m is kinematic viscosity of
fluid, a is thermal diffusivity of fluid, u is the bulk velocity of fluid.

As discussed by Basu et al. (2002, 2005a,b), a quantitative prediction of subcooled flow boiling heat flux
from a superheated wall based on Eqs. (1)–(6) requires the knowledge of several additional empirical constants
because each of the quantities Db (or Vb), f and Na contains several empirical constants, which usually have no
physical meanings. On the other hand, the calculation of subcooled flow boiling heat transfer so far lacks the
consensus as to which set of empirical constants is to be used since different authors used different correlations.
Until now no united mechanistic model is available because boiling is a very complex and elusive process.
From the earlier literature review of the available models for prediction of wall heat flux in flow boiling, it
is evident that in most cases not all the mechanisms have been taken into account. Some studies ignored
the contribution of heat transfer due to liquid circulation caused by bubbles disrupting the boundary layer
and only considered qsp and qev as the sum of the wall heat flux. The models by Larsen and Tong (1969),
Ahmad (1970), Hancox and Nicol (1971), Maroti (1977), Lahey (1978), Chatoorgoon et al. (1992), Zeitoun
(1994) fall into the above category. Most of them do not calculate qev directly, but indirectly by knowing
qW and calculating qsp. In most studies some models were developed as a part of the modeling for void frac-
tion, the independent validation of qW partitioning has never been carried out though the overall model val-
idation for void fraction prediction has been justified. Since most of these correlations were developed at high
pressures and high velocity conditions, at low pressures the comparison on the above models with experimen-
tal data shows great discrepancies.

From the above brief review it is seen that a mechanistic model has not yet been developed, in which every
component of wall heat flux should be determined independently. The modeling should be such that the
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empirical relations used represent the physical process of subcooled flow boiling phenomena. In this paper, we
attempt to develop a mechanistic model for subcooled flow boiling based on the fractal characteristics of sizes
of active cavities on heated surfaces, and on the available relations that the volume of single bubble at depar-
ture and the bubble release frequency are related to active sizes.

2. Fractal characters of nucleation sites on boiling surfaces for subcooled flow boiling

This work is devoted to deriving a subcooled flow boiling model based on the fractal distribution of nucle-
ation sites Na on heated surfaces. We consider the active cavities formed on the heated surface are analogous
to pores in porous media. Yu and Cheng (2002a) found that the cumulative number (N) of pores in porous
media with the diameter greater than and equal to a particular value, Ds, obeys the following fractal scaling
law:
Fig. 1.
DTsub
NðDL P DsÞ ¼ ðDs;max=DsÞdf with Ds;min 6 Ds 6 Ds;max ð7aÞ

where Ds,max is the maximum diameter of pores in porous media, Ds,min is the minimum diameter of pores in
porous media, Ds is the diameter of a pore, and df is the fractal dimension. If active cavities formed on the
heated surface are analogous to pores in pores media, the cumulative number of active cavities with diameters
greater than and equal to Dc can also be described by Eq. (7a) with N and Ds replaced by Na and Dc respec-
tively, i.e.,
N aðDL P DcÞ ¼ ðDc;max=DcÞdf with Dc;min 6 Dc 6 Dc;max ð7bÞ

where Dc is the diameter of a active cavity, Dc,max and Dc,min are respectively the maximum and minimum
diameters of active cavity. The total number of nucleation sites (Na,tot) per unit area from the minimum active
cavity to the maximum active cavity can be obtained from Eq. (7b) as
N a;tot ¼
Dc;max

Dc;min

� �df

ð8Þ
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(a) An image photograph (Chang et al., 2002) of active nucleation sites (white spots in the figure) at G = 2000 kg/m2 s, / = 38�,
= 42.7�, and DTW = 29 �C, and (b) determination of fractal dimension of nucleation sites from (a) by the box-counting method.
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Fig. 2. (a) An image photograph (Chang et al., 2002) of active nucleation sites (white spots in the figure) at G = 2000 kg/m2 s, / = 38�,
DTsub = 43.1 �C, and DTW = 29 �C, and (b) determination of fractal dimension of nucleation sites from (a) by the box-counting method.
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The minimum active cavity radius Rmin and the maximum active cavity radius Rmax are given by Hsu (1962)
for nucleation site distribution:
Rmin ¼
d

C1

1� hS

hW

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� hS

hW

� �2

� 4fC3

dhW

s2
4

3
5 ð9aÞ

Rmax ¼
d

C1

1� hS

hW

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� hS

hW

� �2

� 4fC3

dhW

s2
4

3
5 ð9bÞ
For subcooled flow boiling, hW = TW � TL = TW � TS + TS � TL = DTW + DTsub, hS = TS � TL = DTsub,
and DTW is wall superheat (TW � TS). So the minimum active cavity radius Rmin and the maximum active cav-
ity radius Rmax can be predicted from Eq. (9) for subcooled flow boiling as
Rmin ¼
d

C1

1� DT sub

DT W þ DT sub

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� DT sub

DT W þ DT sub

� �2

� 4fC3

dðDT W þ DT subÞ

s2
4

3
5 ð10aÞ

Rmax ¼
d

C1

1� DT sub

DT W þ DT sub

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� DT sub

DT W þ DT sub

� �2

� 4fC3

dðDT W þ DT subÞ

s2
4

3
5 ð10bÞ
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Fig. 3. (a) An image photograph (Chang et al., 2002) of active nucleation sites (white spots in the figure) at G = 2000 kg/m2 s, / = 38�,
DTsub = 41.6 �C, and DTW = 29 �C, and (b) determination of fractal dimension of nucleation sites from (a) by the box-counting method.
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where f ¼ 2rT S

qGhL
, C1 ¼ ð1þcos /Þ

sin / and C3 = 1 + cos/, with / being the contact angle of the fluid and the heater

material, and r is surface tension of fluid. d is the thermal boundary layer thickness which can be usually ex-
pressed as
d ¼ kL

h
ð11Þ
where h is the single-phase heat transfer coefficient for forced convection, which is calculated by Eq. (6).
For a boiling system, the fractal dimension df of nucleation sites is given by Yu and Cheng (2002b) as
d f ¼
ln 1

2

Dc;max

Dc;min

� �2
� �

ln Dc;max

Dc;min

ð12Þ
where Dc;max is the averaged value over all the maximum active cavities as
Dc;max ¼
1

ðT W � T SÞ

Z T W

T S

Dc;maxðT WÞdT W ¼
1

DT W

Xm

j¼1

Dc;maxðT WjÞdT W ¼
1

m

Xm

j¼1

Dc;maxðT WjÞ ð13Þ
where m = DTW/dTW, and a constant dTW is assumed. In the above equation, T W j ¼ T S þ jðdT WÞ with j = 1,
2, . . . ,m. For example, if we choose dTW = 0.2 �C then m = 5 for DTW = 1 �C, and m = 50 for DTW = 10 �C.



Table 1
A comparison on the fractal dimensions between the present model predictions by Eq. (12) and the Box-counting method applied to the
experimental data by Chang et al. (2002) at pressure p = 1.13 · 105 Pa and mass flux G = 2000 (kg/m2 s)

Case no. qW (MW/m2) DTsub (�C) Method and model predictions df

1 6.1 42.7 Box-counting method for Fig. 1a 1.81
Prediction by Eq. (12) 1.84

2 5.8 43.1 Box-counting method for Fig. 2a 1.79
Prediction by Eq. (12) 1.79

3 7.0 41.6 Box-counting method for Fig. 3a 1.80
Prediction by Eq. (12) 1.81
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Fig. 4. Fractal dimension versus the bulk velocity of liquid at p = 1.013 · 105 Pa, TS = 100 �C, DTsub = 10 �C, DTW = 25 �C, and / = 38�.
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Fig. 5. Fractal dimension versus subcooling at p = 1.013 · 105 Pa, TS = 100 �C, DTW = 20 �C, u = 0.1 m/s and / = 38�.
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Figs. 1a, 2a and 3a are three photo images from the reference by Chang et al. (2002) for nucleation sites in
subcooled flow boiling experiments. A vertical, one-side heated rectangular channel was used as test section.
The experimental conditions were the following: p = 1.13 · 105 Pa, G = 2000 kg/m2 s (mass flux),
TS = 103 �C, DTsub = 42.7 �C, and qW = 6.1 MW/m2 for Fig. 1a; TS = 103 �C, DTsub = 43.1 �C, and
qW = 5.8 MW/m2 for Fig. 2a; TS = 103 �C, DTsub = 41.6 �C, and qW = 7.0 MW/m2 for Fig. 3a. A linear rela-
tionship on the log–log coordinate can be obtained as shown in Figs. 1b, 2b and 3b after the box-counting
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method (Feder, 1988) was applied to the image photos. A comparison on the fractal dimensions between the
present model predictions by Eq. (12) and the box-counting method applied to the image photos is summa-
rized in Table 1. It can be seen from Table 1 that the error are about 1.7% (Fig. 1a), 0.1% (Fig. 2a) and 0.6%
(Fig. 3a). This confirms that the nucleation sites follow the fractal scaling law given by Eq. (7).

Fig. 4 is a plot of the fractal dimension (df) versus the bulk velocity (u) of liquid at p = 1.013 · 105 Pa,
TS = 100 �C, DTW = 25 �C, DTsub = 10 �C, and / = 38�. Fig. 4 shows that the fractal dimension decreases
as the bulk velocity of liquid increases. This is expected because the high bulk velocity may cause the reduction
of the total number of nucleate sites and thus reduces the fractal dimension.

Fig. 5 is a plot of the fractal dimension (df) versus subcooling (DTsub) at p = 1.013 · 105 Pa, TS = 100 �C,
DTW = 20 �C, u = 0.1 m/s and / = 38�. The figure denotes that the smaller the DTsub, the larger the fractal
dimension df. This can be explained that the smaller subcooling (DTsub) means that the bulk temperature
of liquid is close to the saturation temperature of liquid, leading to the more nucleate sites and thus higher
fractal dimension.

Fig. 6 shows a comparison on the Na,tot values versus DTW for three different contact angles at
p = 1.013 · 105 Pa, TS = 100 �C, DTsub = 2 �C and u = 0.01 m/s. It can be seen from Fig. 6 that the active
nucleation site density increases with DTW. An increase in either DTW or / results in an increase in Na,tot. This
can be explained that the high wall superheat or the large contact angel causes the increase of nucleate sites,
leading to the more bubbles on heated surfaces.
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Fig. 6. A comparison of Na,tot for different contact angles at p = 1.013 · 105 Pa, TS = 100 �C, DTsub = 2 �C and u = 0.01 m/s.
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Fig. 7. A comparison of Na,tot for different bulk velocities of liquid at p = 1.013 · 105 Pa, TS = 100 �C, DTsub = 0 �C, and / = 90�.
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Fig. 8. A comparison of Na,tot for different liquid subcoolings at p = 1.013 · 105 Pa, TS = 100 �C, u = 0.01 m/s, and / = 85�.
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Fig. 7 compares the total nucleate sites Na,tot versus DTW for three different bulk velocities of liquid at
p = 1.013 · 105 Pa, TS = 100 �C, DTsub = 0 �C, and / = 90�. It is again seen that the total number of nucleate
sites decreases with the increase of bulk velocity, but increases linearly with the increase of DTW. This is con-
sistent with physical phenomena. Fig. 8 compares the Na,tot values at three different values of DTsub at
p = 1.013 · 105 Pa, TS = 100 �C, u = 0.01 m/s, and / = 85�. It can be seen that a decrease in DTsub results
in an increase in Na,tot. This indicates that the more nucleate sites are activated and become bubbles on heated
surfaces at smaller DTsub, which is consistent with physical phenomena.

3. Fractal model for subcooled flow boiling

In the following, a fractal model for subcooled flow boiling is derived based on the fact that the nucleation
site size distribution follows the fractal power law given by Eq. (7b). The number of active cavities of sizes
lying between Dc and Dc + dDc can be obtained from Eq. (7b) as
�dN a ¼ d f Ddf
c;maxD�ðdfþ1Þ

c dDc ð14Þ
where dDc > 0 and �dNa > 0. Eq. (14) indicates that the nucleation site number decreases with the increase of
diameter of active cavity.

Conventionally, Na in Eq. (3) is related to the active cavity diameter or heat flux by a variety of correlations
with several empirical constants. However, no generally accepted model for Na has been available so far. This
work attempts to modify Eq. (3) and derive a fractal model for heat flux from evaporation (qev). Since the size
distribution of nucleation sizes is found to be fractal, a fractal model for heat flux from evaporation (qev) from
the minimum site Dc,min to the maximum site Dc,max can be obtained by modifying Eq. (3) as
qev ¼
Z

dqev ¼
Z Dc;max

Dc;min

qGhLV bf ð�dN aÞ ð15Þ
where f is the bubble release frequency and Vb is the volume of single bubble at departure. Both f and Vb are
also related to the nucleation site size Dc and will be discussed later, and (�dNa) is given by Eq. (14). Eq. (15)
indicates that the heat flux from evaporation (qev) depends on the active site sizes, the bubble departure fre-
quency f as well as the volume Vb of single bubble at departure. The higher the number of active sites, the
higher the heat flux qev; the higher the bubble departure frequency f, the higher the heat flux qev; and the larger
the volume Vb of single bubble at departure, the higher the heat flux qev. These are expected and are consistent
with the practical situations. Eq. (15) can be integrated if the bubble departure diameter f and the volume Vb

of single bubble at departure are expressed in terms of Dc. The volume Vb of single bubble at departure is
given by Van der Geld (1996) as
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V b ¼
pD3

c

Eo
ð16aÞ
where Eo is Eotvos number, which is given by Mori and Baines (2001) as
Eo ¼ gðq� qGÞD2
c

r
ð16bÞ
where g is gravitational acceleration. If Eq. (16b) is substituted into Eq. (16a), the volume Vb of single bubble
at departure can be obtained from Eq. (16a) as
V b ¼
pr

gðq� qGÞ
Dc ð17Þ
It is evident that volume Vb of a single bubble at departure is proportional to the active cavity Dc and fluid
properties. Eq. (17) denotes that the larger the active cavity Dc, the larger the volume Vb of single bubble at
departure. This can be explained that the larger the active cavity Dc means the larger bubble diameter at
departure, leading to the larger volume Vb of a single bubble at departure.

We note that the bubble departure frequency, f, is usually expressed as
f ¼ 1

tw þ tg

ð18Þ
where tw is the bubble waiting time, tg is the bubble growth time. In pure liquids, Van Stralen et al. (1975)
assumed that the waiting time is related to the growth time by
tw ¼ 3tg ð19Þ
Han and Griffith (1965) obtained the analytical expression for the bubble waiting time, tw, which is related to
the cavity size (Dc = 2Rc) by
tw ¼
9

4pa
ðT W � T LÞRc

T W � T S½1þ ð2r=RcqGhLÞ�

� �2

ð20Þ
where Rc is the cavity radius. On a copper surface, Wang and Dhir (1993) measured Rc = 1.1–27.7 lm at 1 atm
pressure. A rough estimation of the term 2r/RcqGhL gives 0.1–0.01 for Rc = 1.0–10 lm. So in Eq. (20) the term
2r/RcqGhL can be neglected for the simplicity of integration, since TW � TL = DTsub + DTW and
TW � TS = DTW for subooled flow boiling, and Eq. (20) can be further reduced to
tw ¼
9

4pa
ðT W � T LÞDc

2ðT W � T SÞ

� �2

¼ 9D2
cðDT W þ DT subÞ2

16paðDT WÞ2
ð21Þ
Eq. (21) indicates that the larger the active cavity or the higher subcooling, the longer the waiting time. This is
consistent with the physical phenomena. Substituting Eqs. (21) and (19) into Eq. (18), we can see that the bub-
ble departure frequency, f, is related to the sizes of active cavities as
f ¼ 4paðDT WÞ2

3ðDT W þ DT subÞ2
D�2

c ð22Þ
From Eqs. (17) and (22) we see that both the volume Vb of single bubble at departure and the bubble depar-
ture frequency f are related to the sizes of active cavities. So Eq. (15) can now be integrated to give
qev ¼
Z Dc;max

Dc;min

qGhLV bf ð�dN aÞ

¼
Z Dc;max

Dc;min

4p2

3
qGhLa

r
gðq� qGÞ

DT W

DT W þ DT sub

� �2

D�1
c d fDdf

c;maxD�ðdfþ1Þ
c dDc

¼ cev

d f

d f þ 1

DT W

DT W þ DT sub

� �2

Ddf
c;maxD�df�1

c;min � D�1
c;max

h i
ð23aÞ
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where Cev ¼ 4p2qGhLra
3gðq�qGÞ

, which is independent of cavity sizes. Eq. (23a) denotes that the heat flux from evapora-

tion is a function of wall superheat, liquid subcooling, bulk velocity of fluid (or Reynolds number) and fractal
dimension, the minimum and maximum active cavity size, the contact angle and physical properties of fluid,
and no additional/new empirical constant is introduced in this model. It is expected that Eq. (23a) has less
empirical constants than the conventional models, and every parameter in Eq. (23a) has clear physical mean-
ing. Eq. (23a) shows that the heat flux from evaporation can be determined independently, but indirectly by
knowing qW and calculating qsp in the conventional models.

With the aid of Eqs. (8) and (23a) can be rewritten as
qev ¼ cev

d f

d f þ 1

DT W

DT W þ DT sub

� �2

D�1
c;max ðN a;totÞ1þ1=df � 1

h i
ð23bÞ
which indicates that the heat flux from evaporation is proportional to the total number of nucleation sites per
unit area and inversely proportional to the maximum diameter of nucleation site. Since Na,tot� 1, Eq. (23b)
can be further reduced to
qev ¼ cev

d f

d f þ 1

DT W

DT W þ DT sub

� �2

D�1
c;maxN 1þ1=df

a;tot ð23cÞ
Yu and Cheng (2002b) compared the pore sizes in porous media to the sizes of nucleation sites and
obtained the following expression:
w ¼ Dc;min

Dc;max

� �d�df

ð24Þ
where w is volumetric (or area) fraction, and d = 2 in the two-dimensional space for heated surfaces. Eq. (24)
can be applied to describe the volume (area) fraction of nucleation sites (see the white spots in Figs. 1a, 2a and
3a). Due to TW � TL = DTsub + DTW, a fractal model for single-phase heat flux (qsp) can be obtained by mod-
ifying Eq. (5) as
qsp ¼ ð1� KwÞhðT W � T LÞ ¼ 1� K
Dc;min

Dc;max

� �2�df

" #
hðDT sub þ DT WÞ

¼ 1� KðN a;totÞ1�2=df

h i
hðDT sub þ DT WÞ ð25Þ
Eq. (25) denotes that the single-phase heat flux (qsp) is a function of wall superheat, liquid subcooling, bulk
velocity of fluid (or Reynolds number), fractal dimension, the minimum and maximum active cavity sizes,
the contact angle and the single-phase heat transfer coefficient. Eq. (25) shows that the single-phase heat flux
can be computed independently, but indirectly by knowing qW in the conventional models.

Inserting Eqs. (23) and (25) into Eq. (1), we obtain a fractal model for the wall heat flux as
qW ¼ qsp þ qev þ qb ¼ qsp þ ð1þ eÞqev

¼ 1� K
Dc;min

Dc;max

� �2�df

" #
hðDT sub þ DT WÞ þ ð1þ eÞcev

� d f

d f þ 1

DT W

DT W þ DT sub

� �2

Ddf
c;maxD�df�1

c;min � D�1
c;max

h i

¼ 1� KðN a;totÞ1�2=df

h i
hðDT sub þ DT WÞ þ ð1þ eÞcev

d f

d f þ 1

DT W

DT W þ DT sub

� �2

D�1
c;maxN 1þ1=df

a;tot ð26Þ
where Dc,min and Dc,max are given by Eq. (10) h is given by Eq. (6), e is determined by Eq. (4) according to

different pressures, df is obtained from Eq. (12), Na,tot is calculated by Eq. (8), Cev ¼ 4p2qGhLra
3gðq�qGÞ

is independent

of cavity sizes. Eq. (26) depicts that the wall heat flux is a function of wall superheat, fluid subcooling, bulk
velocity of fluid (or Reynolds number), fractal dimension, the total number of nucleation sites, the minimum
and maximum active cavity sizes, the contact angle and physical properties of fluid, and no additional/new
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Fig. 9. A comparison between the model prediction and experimental data (McAdams, 1954) from the subcooled flow boiling at
p = 4.13 · 105 Pa, G = 1104 kg/m2 s, DTsub = 27.8 �C and / = 38�.
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empirical constant is introduced in this model. It is expected that Eq. (26) has less empirical constants than
conventional models, and every parameter in Eq. (26) has clear physical meaning. This fractal model has taken
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Fig. 10. (a) A comparison between the present model predictions and the experimental data (Morozov, 1969) at p = 31 · 105 Pa,
G = 819 kg/m2 s, DTsub = 0 �C and / = 38�, and (b) a comparison between the present model predictions and the experimental data
(Morozov, 1969) at p = 41.4 · 105 Pa, G = 795 kg/m2 s, DTsub = 0 �C and / = 38�.
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into account all the possible mechanisms and included qsp, qb and qev. But in conventional models some studies
ignored the contribution by qb. In this model, qev, qb and qsp are calculated directly and may be applicable at
low pressures and low bulk flow rates, whereas most of conventional models are applicable only at high pres-
sures and high velocities.
4. Comparison with heat flux data for subcooled flow boiling

Fig. 9 compares the model predictions with the experimental data by McAdams (1954), who conducted the
subcooled flow boiling experiments on a stainless steel surface at pressure p = 4.13 · 105 Pa, G = 1104 kg/
m2 s, DTsub = 27.8 �C and / = 38�. It is seen that fair agreement is observed between the model predictions
and the experimental data. The solid line in Fig. 9 represents the predictions by the present fractal model with
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Fig. 11. A comparison between the present model predictions and the experimental data (Basu et al., 2005b) at p = 1.03 · 105 Pa,
G = 346 kg/m2 s, DTsub = 7.4 �C, / = 30� and / = 31�, respectively.

Table 2
A comparison between the present model predictions and the experimental data (Basu et al., 2002) at P = 1.03 · 105, / = 90� and
G = 346 kg/m2 s

Comparisons DTsub (�C) DTW (�C) qW (W/cm2)

Experimental data 10.2–12.9 9.2–23.5 16.0–94.4
Model predictions 10.2–12.9 14–22 15.5–106
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the value of df computed from Eq. (12). The maximal error may reach 40%, when the wall superheat is in the
range of 17.3 �C 6 DTW 6 28 �C, see Fig. 9.

Morozov (1969) also conducted experiments on a stainless steel surface at 31 · 105–41 · 105 Pa for water
boiling. In the literature since the contact angle was not given, the contact angle of 38� was used, which is
a typical value for water boiling on a stainless steel surface. Fig. 10a shows a comparison between the model
predictions and experimental data at p = 31 · 105 Pa. The maximal error may reach 43% when the wall super-
heat is in the range of 15.5 �C 6 DTW 6 22 �C, see Fig. 10a. While Fig. 10b shows a comparison at
p = 41.4 · 105 Pa. Fair agreement is also observed between the experimental and predicted values from
Fig. 10b. The maximal error may reach 15% when the wall superheat is in the range of
17.8 �C 6 DTW 6 22.3 �C, see Fig. 10b.

Fig. 11a and b compare our model predictions with Basu et al. (2005b)’s experimental data on the vertical
Copper plate at pressure p = 1.03 · 105 Pa, G = 346 kg/m2 s, DTsub = 7.4 �C, / = 30� and / = 31�, respec-
tively. It is seen that fair agreement between the model predictions and the experimental data is again found.
The maximal error may reach 28% when the wall superheat is in the range of 11.7 �C 6 DTW 6 25 �C, see
Fig. 11a. While The maximal error may reach 29% when the wall superheat is in the range of
11.8 �C 6 DTW 6 25.3 �C, see Fig. 11b.

Table 2 summarizes that the comparison between the present model predictions and experimental data by
Basu et al. (2002). It is seen from Table 2 that good agreement between our model predictions and the exper-
imental data is found.

5. Summary and conclusion

A fractal model for the subcooled flow boiling is derived based on the fractal distribution of active nucle-
ation sites on boiling surfaces. The proposed model is expressed as a function of wall superheat, liquid sub-
cooling, bulk velocity of fluid (or Reynolds number), fractal dimension, the minimum and maximum active
cavity sizes, the contact angle and physical properties of fluid. No additional/new empirical constant is intro-
duced, and the proposed model contains less empirical constants than the conventional models. The present
fractal model takes into account all the possible mechanisms for subcooled flow boiling heat transfer. The pre-
dicted wall heat flux based on the proposed fractal model has been shown in fair agreement with experiment
data. The validity of the present fractal model is thus verified.
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