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A fractal model for critical heat flux in pool boiling ✩
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Abstract

In this paper, a fractal model for the high heat flux nucleate boiling region and for the critical heat flux (CHF) is proposed. The expression
for the critical heat flux (CHF) is derived based on the fractal distribution of nucleation sites on boiling surfaces. The proposed fractal model for
CHF is found to be a function of wall superheat, the contact angle and physical properties of fluid. The relation between CHF and the number of
active nucleation sites is obtained from the fractal distribution of active nucleation sites on boiling surfaces. The contact angle and the physical
properties of fluid have the important effects on CHF. The predicted CHF from a boiling surface based on the proposed fractal model is compared
with the existing experimental data. An excellent agreement between the proposed model predictions and experimental data is found.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The mechanisms of CHF have been hotly debated in the
past decades. The strong interest is due to practical applica-
tions since it is desirable to design an efficient heat exchanger or
boiler to operate at as high heat flux as possible with optimum
heat transfer rates without risk of physical burnout. There are
many empirical correlations and models for CHF in the litera-
ture, with each applicable to a restricted range of experimental
conditions. From a mechanistic viewpoint, although the influ-
ences of some parameters such as heater geometry, roughness
of surfaces and contact angle etc. have extensively been dis-
cussed, an overall mechanistic description is still unavailable.
In addition, each model/correlation has its disadvantages be-
cause of the limitations of experiment conditions. So, searching
a comprehensive theory and unified model becomes a challeng-
ing task.

The CHF point is called the burnout point, at which the in-
creased heat flux produced by a rise in temperature is offset by
the increased resistance of the vapor blanket around the heater.
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Then, the temperature difference is low while the heat flux is
very high. Heat transfer rates in this range are very high. How-
ever, it is very dangerous to run equipment near CHF. If heat
flux q is raised beyond the upper limit, such a system will suf-
fer a sudden and damaging increase of temperature.

The mechanism of CHF was one of the most controversial
subjects for heat transfer in pool boiling in the past, and a va-
riety of correlations and models for CHF were proposed. This
paper focuses on the high heat flux nucleate boiling region and
attempts to develop a fractal model for CHF. In the next sec-
tion a brief review on the available models regarding CHF is
addressed.

2. Some CHF models

Addoms [1] proposed that the buoyancy and thermal diffu-
sivity of fluid were the controlling parameters for CHF, and he
applied the dimensional analysis method and obtained the fol-
lowing correlation:

qCHF

ρghfg
= c0

(
gkf

ρf cpf

)1/3

(1)

where c0 is a coefficient determined by the value of (ρf −
ρg)/ρf .
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Nomenclature

Cpf specific heat . . . . . . . . . . . . . . . . . . . . . . . . J kg−1 K−1

D diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Db bubble departure diameter . . . . . . . . . . . . . . . . . . . . m
Ds spot diameter on surface . . . . . . . . . . . . . . . . . . . . . m
df fractal dimension
g gravity acceleration . . . . . . . . . . . . . . . . . . . . . . m s−2

hfg latent heat of vaporization . . . . . . . . . . . . . . . J kg−1

kf thermal conductivity . . . . . . . . . . . . . . . W m−1 K−1

Na active nucleation site density . . . . . . . . . . . . . . . m−2

Na,tot total number of nucleation sites
N̄ average density of active nucleation . . . . . . . . m−2

q heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W m−2

qCHF critical heat flux . . . . . . . . . . . . . . . . . . . . . . . . W m−2

R radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦C
Ts saturation temperature . . . . . . . . . . . . . . . . . . . . . . . K
T∞ bulk temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
�T wall superheat (Tw − Ts) . . . . . . . . . . . . . . . . . . . . ◦C
tw bubble waiting time . . . . . . . . . . . . . . . . . . . . . . . . . . s
tg bubble growth time. . . . . . . . . . . . . . . . . . . . . . . . . . . s

Greek symbols

αf thermal diffusivity . . . . . . . . . . . . . . . . . . . . . . m2 s−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

φ contact angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦
γ volumetric thermal expansion coefficient . . . . K−1

νf kinematic viscosity . . . . . . . . . . . . . . . . . . . . . m2 s−1

σ surface tension . . . . . . . . . . . . . . . . . . . . . . . . . N m−2

δ thermal layer thickness . . . . . . . . . . . . . . . . . . . . . . m
θs D-value of (Ts − T∞) . . . . . . . . . . . . . . . . . . . . . . ◦C
θw D-value of (TW − T∞) . . . . . . . . . . . . . . . . . . . . . . ◦C

Subscripts

b bubble
c cavity
f liquid phase
g gas phase
max maximum
min minimum
nc natural convection
s saturation condition
tot total
w wall
Kutateladze [2] also applied the dimensional analysis of
CHF based on the flooding mechanism and obtained the fol-
lowing relationship for the coefficient c as

c = qCHF

ρ
1/2
g hfg[gσ(ρf − ρg)]1/4

(2)

He suggested that c was equal to 0.131 on the basic data from
configurations other than infinite flat plates. The experimental
data indicated that c was in the range of 0.13–0.16 for various
liquids on wire and plate surfaces.

The bubble interference model was used by several re-
searchers [3–5], and this model assumes that bubbles are im-
peded to be removed from the heating surfaces when heat flux
reaches the CHF. This case is described by motion speed of
bubbles. Based on energy balance, the latent heat flux of evapo-
ration is entrapped by bubbles, which is the CHF when motion
speed of bubbles reaches a critical value. The CHF is expressed
as [5]

qCHF = 1

2

(
π

6

)5/6

(0.0119φ)1/2hfgρ
1/2
g

[
2gσ(ρf − ρg)

]1/4 (3)

The coefficient c in Eq. (2) can be obtained by substituting
Eq. (3) into Eq. (2). The coefficient c was found to be in the
range of 0.17–0.24 if contact angles φ in the range of 46–60◦.

Zuber and Westwater [6] proposed the hydrodynamic insta-
bility model, which was expressed as

0.15 >
qCHF

h ρ

[
ρ2

g

σg(ρ − ρ )

]1/4

> 0.12 (4)

fg g f g
This CHF model is controlled by instability in the vapor–liquid
interface of the vapor jets emanating from the heater surface
during nucleate boiling. The onset of instability leads to break-
down in the process of vapor removal from the heater sur-
face, eventually leading to complete vapor blanketing of the
surface. In a power-controlled system, this causes the surface
temperature to increase dramatically, whereas in a temperature-
controlled system, this may cause a slight reduction in the heat
flux. Kutateladze’s model Eq. (2) was proved by Zuber, and this
was Zuber’s theoretical contribution.

The macrolayer dryout model was derived by Haramura and
Katto [7] according to experimental observations and theoreti-
cal analysis. They proposed that the CHF occurs when the heat
flux is sufficiently high to evaporate the macrolayer completely
before liquid re-supply of the evaporating macrolayer. Thus the
macrolayer was believed to be important to the process of boil-
ing and possibly the CHF. The CHF can be expressed as [7]

qCHF = tev

tbg
qn (5)

where tev is the average time of macrolayer dryout, tbg is the
re-supply time corresponding to the mushroom bubble’s life-
time for simple geometries such as a horizontal flat plate, and
qn is the heat flux of macrolayer dryout for pool boiling. But
the qCHF given by Eq. (5) is lower than that from actual mea-
surements.

Ha and No [8] derived a dry-spot model for CHF in pool
boiling according to the Poisson distribution of active nucle-
ation sites. The correlation is
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q = qbNa

(
1 − P(n � nc)

)
(6a)

P(n) = e−NaA(NaA)n

n! (6b)

P(0) = e−NaA (6c)

qb = qnb

Na

(6d)

where qb is heat transferred by a single bubble site, qnb is nucle-
ate boiling heat flux, P(n) is Poisson distribution, n is number
of active nucleation sites, nc is critical active site number which
is 5, A is a shell area, Na is the density of active nucleation sites,
which will be discussed in Section 3 (see Eq. (15)).

Zhao et al. [9] derived a theoretical prediction for fully de-
veloped nucleate boiling based on a dynamic microlayer model
in pool boiling. The correlation is expressed as

qCHF = 4.5 × 104d−0.44 (7a)

where d is the diameter of individual bubble at the end of initial
growth. In order to determine d , Zhao et al. [9] applied Gaertner
and Westwater’s correlations [10]:

q = 117.1N
2/3
a (7b)

d = 17.8q−0.75 (7c)

Zuber et al. [11] pointed out that the formula of the CHF
was derived which was the same as Eq. (2) from one of the
following mechanisms:

(a) The accumulation and coalescence of vapor bubbles occur
on wall surfaces and vapor stems interfere each other.

(b) Vapor phase of upward movement results in instability and
split of liquid.

(c) Vapor phase of upward movement results in suspension or
split of the micro liquid drop.

However, most of above theories have own disadvantage.
The bubble interference model [3–5] was based on analysis
of isolated bubble. However, it is well known that the accu-
mulation and coalescence of bubbles cannot be neglected in
CHF. The hydrodynamic instability model for CHF proposed
by Zuber and Westwater [6] is determined by fluid mechanism
strictly, which is a controversial problem and is independent of
the state of surfaces. The macrolayer dryout model by Hara-
mura and Katto [7] was derived according to experimental ob-
servation and theoretical analysis for mushroom vapor bubbles,
but the macrolayer never is dry-out. So many researchers are
suspicious of the theoretical foundation of the macrolayer dry-
out model. So far the mechanism of the CHF has been one of
the most controversial subjects for heat transfer in pool boiling.
There is no an available mechanistic description for the CHF.
Although there are many correlations of CHF in the literature,
each is applicable to a restricted range of experimental condi-
tions.
3. Some correlations for predicting active nucleation site
density

The density of active sites on heater surfaces is affected by
the interaction of several parameters such as heater and liquid
sides, distributions of cavities on heater surfaces and liquid–
solid contact angles. At the same time, the transport properties
of the heater affect the thermal interaction among the cavities,
causing activation and deactivation of individual cavities. It has
been shown that the density or number Na of active nucleate
sites on heated surfaces has the great effect on boiling heat
transfer. Several studies have been performed on Na , which
give the functional dependence of Na on q and �T . Here some
notable studies are discussed in this field. Mikic and Rohsenow
[12] might be the first to relate the active nucleation site den-
sity to the sizes of cavities present on the heated surfaces and
expressed the functional dependence of active nucleation site
density on cavity for commercial surfaces as

Na ∼
[
Dc,max

Dc

]m

(8a)

where Dc,max is the diameter of the largest cavity present on
surfaces, m is an empirical constant (= 6.5) and Dc is given by

Dc = 4σTS

ρghfg�T
(8b)

Bier et al. [13], on the other hand, expressed Na as a func-
tional of cavity size from heat transfer data. The expression is
given by

lnNa = ln(Nmax)

[
1 −

(
Dc

Dc,max

)m]
(9)

where Nmax is the value corresponding to Dc = 0. The value of
the exponent m was found to depend on the surface preparation
procedure.

Cornwell and Brown [14] made a systematic study on ac-
tive nucleation site density of water boiling at 1.013 bars on a
copper surface, with surface condition varying from smooth to
rough, and related the dependence of active site density on wall
superheat as

Na ∼ �T 4.5 (10a)

They justified their observed functional dependence on wall su-
perheat by assuming that only conical cavities exist on surfaces
and that vapor needs to be trapped in cavities before any nucle-
ation could occur. They also related the cavity size to the total
number of cavities presenting on the surface from the cavity
size data obtained by using an electron microscope, and Na,tot
is expressed as

Na,tot ∼ 1

D2
c

(10b)

Yang and Kim [15] made the first attempt to quantitatively
predict the active nucleation sites from knowledge of the size
and cone angle distribution of cavities that are actually present
on the surface. Using a scanning electron microscope and a
differential inference contrast microscope, they established the
dependence of the nucleation site density on the characteristic
of a boiling surface with the aid of statistical analysis approach.



B. Xiao, B. Yu / International Journal of Thermal Sciences 46 (2007) 426–433 429
The size distribution was found to fit a Poisson distribution
while a normal distribution was used for cone half angle β .
They used Bankoff’s [16] criteria to determine which cavities
will trap gas. This condition is given by φ > 2β . By combin-
ing the probability distribution functions and this criterion, they
related Na to the average N̄ on the surface as

Na = N̄

Rmax∫
Rmin

λe−λr dr

φ/2∫
0

1√
2πs

exp

[
− (β − β̄)2

2s

]
dβ (11)

where β̄ is the mean value of cone half angle, and λ and s are
statistical parameters. These parameters are dependent upon the
surface preparation procedure and the material of surface.

Kocamustafaogullari and Ishii [17] developed a relation for
active nucleation site density in pool boiling. Their correlation
expressed active nucleation site density as a function of dimen-
sionless minimum cavity size and density ratio. The correlation
for system pressures from 1.0 to 198.0 bars is

N∗
a = f (ρ∗)r∗−4.4

c (12)

where N∗
a = NaD

2
d , r∗

c = 2rc/Dd , rc = 2σTs/ρf hfg�T , ρ∗ =
(ρf − ρg)/ρg , Dd = 0.0012(�ρ/ρg)

0.9DdF , f (ρ) = 2.157 ×
10−7ρ∗−3.2(1 + 0.0049ρ∗)4.13 is density function, and DdF is
the Fritz diameter given as DdF = 0.0208φ[σ/g(ρf − ρg)]1/2.

Jakob [18] first reported the relationship between Na and q .
However, his observations were limited to the cases of low heat
flux because at high heat flux bubbles at neighboring sites start
to merge; the merge of bubbles obscures the determination of
the sites that are active underneath a large bubble. Gaertner and
Westwater [10] employed a novel technique in which nickel
salts were dissolved in water and the heater surface acted as
one of the electrodes. By counting the numbers of holes in the
deposited layer, they found the functional dependence of active
nucleation site density on wall heat flux to be

Na ∼ q2.1 (13)

Paul and Abdel-Khalik [19] conducted their experiments on
the pool boiling of saturated water at 1 atm along an electrically
heated horizontal platinum wire. Using high-speed photogra-
phy, they measured active nucleation site density and bubble
departure diameter up to 70%. They found that the active nu-
cleation site density of Na can be represented by the linear
relationship with the boiling heat flux as follows:

Na = 1.207 × 10−3q + 15.74 (14)

Wang and Dhir [20] might be the first to perform a system-
atic study of the effect of contact angle on the density of active
nucleation sites. The correlated cavity size Dc was related to
the wall superheat for nucleation as given by Eq. (8b). It was
found that there was a strong influence of wettability on active
nucleation site density. For surfaces with 18◦ � φ � 90◦, they
correlated Na with Dc as

Na = 5.0 × 105(1 − cosφ)D−6
c (15)

It is clear that so far the available models for Na and q are
usually correlated with several empirical constants which have
no physical meanings, and the mechanisms behind these con-
stants are still not clear until now. Therefore, a complete mech-
anistic description for Na and q is desirable from a mechanistic
viewpoint. The next section will focus on the description of Na

based on the fractal distribution of nucleation sites present on
heat surfaces.

4. Fractal analysis of nucleation sites on a boiling surface
for CHF

This work is devoted to deriving a CHF model based on the
fractal distribution of nucleation sites Na on heat surfaces. We
consider the active cavities formed on the heated surface to be
analogous to pores in porous media. Yu and Cheng [21] found
that the cumulative number of pores in porous media with the
diameter greater than and equal to a particular value, Ds , obeys
the following fractal scaling law

N(DL � Ds) = (Ds,max/Ds)
df

with Ds,min � Ds � Ds,max (16a)

where Ds,max is the maximum diameter of pores in porous me-
dia, Ds is the diameter of a pore, and df is the area fractal di-
mension. If active cavities formed on surface are considered as
pores in porous media, the cumulative number of active cavities
with diameters greater than and equal to Dc is also described by
Eq. (16a) with N and Ds replaced by Na and Dc respectively,
i.e.,

Na(DL � Dc) = (Dc,max/Dc)
df

with Dc,min � Dc � Dc,max (16b)

Eq. (16b) also implies that cavities acting as bubble emitting
centers actually are statistically self-similar. The total number
of nucleation sites from the minimum active cavity to the max-
imum active cavity can be obtained from Eq. (16b) as

Na,tot =
(

Dc,max

Dc,min

)df

(17)

The minimum active cavity radius Rmin and the maximum
active cavity radius Rmax could be predicted by Hsu’s model
[22]:

Rmin = δ

C1

[
1 − θs

θw

−
√(

1 − θs

θw

)2

− 4ζC3

δθw

]
(18a)

Rmax = δ

C1

[
1 − θs

θw

+
√(

1 − θs

θw

)2

− 4ζC3

δθw

]
(18b)

where ζ = 2σTs

ρghfg
, C1 = (1+cosφ)

sinφ
and C3 = 1 + cosφ, with φ

being the contact angle of the fluid and the heater material,
Dc,max = 2Rmax, Dc,min = 2Rmin. δ is the thermal boundary
layer thickness which can be usually expressed as

δ = kf
(19)
hnc



430 B. Xiao, B. Yu / International Journal of Thermal Sciences 46 (2007) 426–433
where hnc is the average heat transfer coefficient for natural
convection. For turbulence, Han and Griffith [23] applied the
following correlation:

hnc = 0.14ρf cpf

[
γg(Tw − T∞)α2

f

υf

]
(20)

If Eq. (20) is substituted into Eq. (19), the thermal boundary
layer δ can be obtained from Eq. (19).

Hsu [22] pointed out that a cavity can be active in the range
of Rmin < R < Rmax. A cavity can be ineffective at low wall
temperature (or low heat flux).

In nucleate pool boiling, the fractal dimension df of nucle-
ation sites is given by Yu and Cheng [24] as

df = ln

[
1

2

(
D̄c,max

Dc,min

)2]/
ln

Dc,max

Dc,min
(21)

where D̄c,max is the averaged value over all the maximum active
cavities as

D̄c,max = 1

(Tw − Ts)

Tw∫
Ts

Dc,max(Tw)dTw

= 1

�T

m∑
j=1

Dc,max(Twj
)δTw = 1

m

m∑
j=1

Dc,max(Twj
) (22)

where m = �T/δTw , and a constant δTw is assumed. In the
above equation, Twj

= Ts + j (δTw) with j = 1,2, . . . ,m. For
example, if we choose δTw = 0.2 ◦C then m = 5 for �T = 1 ◦C,
and m = 50 for �T = 10 ◦C.

Fig. 1(a) is an image of nucleation sites for the contact angle
φ = 90◦ as q = 5.7 × 105 W m−2 approaches CHF with a heat-
ing area of 2.5 cm2, which was taken from Wang and Dhir’s
experiment data [20]. A linear relationship on the logarithmic
scale exists as shown in Fig. 1(b) if the box-counting method
[25] is applied to the photo image. The fractal dimensional df

of size (area) of the nucleation sites can be determined from the
slope to be 1.83 [24]. It confirms that the nucleation sites fol-
low the fractal scaling law by Eq. (16), which shows that the
cavities, acting as bubble emitting centers, are self-similar.

Fig. 2 is a plot of the fractal dimension versus wall superheat
for φ = 90◦. According to the fractal geometry theory, the frac-
tal dimension df should be in the range of 1 < df < 2 in two
dimensions. Fig. 2 shows that the fractal dimension df is in the
range of 1 < df < 2 when wall superheat is given in the range
of 12 ◦C � �T � 35 ◦C for contact angle φ = 90◦. For a water–
copper system with a contact angle φ = 90◦, it was found from
Eq. (21) that df > 1.82 when the wall superheat �T > 12 ◦C.
This means that the number of active nucleate sites versus sizes
is fractal if they are in the wall superheat as specified above.
Fig. 2 also shows that the fractal dimension increases with wall
superheat. This means that df is a function of wall superheat.
Eq. (21) gives df = 1.85 for φ = 90◦ at �T = 18 ◦C. The da-
tum point of df = 1.83 at �T = 18 ◦C for φ = 90◦ obtained
based on the box-counting method from Fig. 1(a) is also in-
cluded in Fig. 2 for comparison purpose. It can be seen from
Fig. 2 that at �T = 18 ◦C there is an error of about 1% be-
tween the present model predictions and the experimental data.
(a)

(b)

Fig. 1. (a) A photograph [20] of active nucleation sites for φ = 90◦ as
q = 5.7 × 105 W m−2 approaches CHF, and (b) determination of fractal di-
mension of nucleation sites from (a).

Fig. 2. Fractal dimension versus wall superheat for φ = 90◦ .

5. The fractal model for CHF

Kenning and Del Valle [26] showed that the interference
between bubbles has little effect on heat transfer in fully-
developed nucleate boiling. Thus the effect of overlap between
bubbles is assumed to be not large and is ignored in this work.
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In addition, according to Haramura and Katto [7]’s macrolayer
dryout model, the dominant heat transfer is attributed to the
evaporation of fluid. Zhao et al. [9] also pointed out that the
heat transferred from the surface is used to evaporate the fluid,
and this evaporation plays a dominant role in fully developed
nucleate boiling regions, including the CHF. Pasamehmetoglu
et al. [27] also applied the Haramura and Katto [7]’s macro-
layer dryout model to analyze the heat transfer dominated by
the evaporation of fluid. Therefore, to simplify the modeling of
the CHF phenomena, in this fractal mode we also assume that
all the heat transferred from the surface is used to evaporate the
fluid.

If the bubbles formed at active sites on the heating surface
leave the surface with average volume Vb and average departure
frequency f , the heat transfer as a result of bubble formation at
high heat flux region may be obtained as

q = hfgρgVbf Na (23)

where f is the bubble average departure frequency, Vb is the
average volume of single bubble which is usually expressed as

Vb = π

6
D3

b (24)

where Db is the bubble departure diameter, which is given by
Fritz [28] as

Db = 0.0208φ

√
σ

g(ρf − ρg)
(25)

It is evident that the bubble departure diameter Db is propor-
tional to the contact angle and fluid properties. This model for
the bubble departure diameter for CHF was also applied by
some other researchers [3–5].

Conventionally, Na in Eq. (23) is related to the active cavity
diameter or heat flux by a variety of correlations with several
empirical constants, such as Eqs. (8)–(15). However, no gener-
ally accepted model for Na has been available so far. This work
attempts to modify Eq. (23) and derive a fractal model for CHF.

In the following, a fractal model for CHF is derived based on
the fact that the nucleation site size distribution follow the frac-
tal power law given by Eq. (16b). The number of active cavities
of sizes lying between Dc and Dc + dDc can be obtained from
Eq. (16b) as

−dNa = df D
df
c,maxD

−(df +1)
c dDc (26)

where dDc > 0 and −dNa > 0, which means that the nucleation
site number decreases with the increase of the diameter of active
cavities.

It is also clear that the heat removed from the wall surface
by a single bubble is

cq = hfgρgVb = πhfgρgD
3
b/6 (27a)

where Vb is expressed by Eq. (24). Since the nucleation
site sizes are non-uniform and follow the fractal power law
Eq. (16b), the heat transferred by the nucleation sites (through
bubbles) between Dc and Dc + dDc can be written as

dq = −cqf dNa (27b)
where f is the bubble release frequency, which is also related
to the nucleation site size Dc and will be discussed later, and
(−dNa) is given by Eq. (26). The total heat transferred by all
nucleation sites from the minimum site Dc,min to the maximum
site Dc,max can be obtained by

q =
∫

dq = −
Dc,max∫

Dc,min

cqf dNa (27c)

It is expected that those empirical constants in Eqs. (8)–(15)
will not appear in the result of the integration of Eq. (27c).
Eq. (27c) indicates that the total heat flux depends on the ac-
tive site sizes, the bubble departure frequency f as well as the
bubble departure diameter Db. The higher the number of active
sites, the higher the heat flux q; the higher the bubble departure
frequency f , the higher the heat flux q; and the larger the bub-
ble departure diameter Db , the higher the heat flux q . These
are expected and are consistent with the practical situations.
Eq. (27c) can be integrated if the bubble departure diameter f

is expressed in terms of Dc. To this end, we note that the bubble
departure frequency, f , is usually expressed as

f = 1

tw + tg
(28)

where tw is the bubble waiting time, tg is the bubble growth
time. In pure liquids, Van Stralen et al. [29] assumed that the
waiting time is related to the growth time by

tw = 3tg (29)

Han and Griffith [23] obtained the analytical expression for
the bubble waiting time, tw , which is related to the cavity size
(Dc = 2Rc) by

tw = 9

4παf

[
(Tw − T∞)Rc

Tw − Ts(1 + 2σ/Rcρghfg)

]2

(30)

where Rc is the cavity radius. On a copper surface, Wang and
Dhir’s [20] measured Rc = 1.1–27.7 µm for pool boiling of sat-
urated water at 1 atm pressure. A rough estimation of the term
2σ/Rcρghfg gives 0.1–0.01 for Rc = 1.0–10 µm. So in Eq. (30)
the term 2σ/Rcρghfg can be neglected for the simplicity of in-
tegration, and Eq. (30) can be reduced to

tw = 9

16παf

(
Tw − T∞

�T

)2

D2
c (31)

Eq. (31) indicates that the larger the active cavity, the longer the
waiting time, which is consistent with the physical phenom-
ena. It should be noted that in Eq. (31) the bulk temperature
should not be set to equal the saturation temperature. Substi-
tuting Eqs. (31) and (29) into Eq. (28) for the bubble departure
frequency f , we can see that the bubble departure frequency,
f , is related to the sizes of active cavities. Eq. (27c) can now be
integrated to give

q = −
Dc,max∫

D

cqf dNa
c,min
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=
Dc,max∫

Dc,min

cq

4παf

3

(
�T

Tw − T∞

)2

D−2
c df D

df
c,maxD

−(df +1)
c dDc

= cq

df

df + 2

4παf

3

(
�T

Tw − T∞

)2

D−2
c,max

[
(Na,tot)

1+2/df − 1
]

(32)

Eq. (32) denotes that the high heat flux and CHF are a function
of wall superheat, fractal dimension, contact angle and physical
properties of fluid, and no additional parameter is introduced
in this model. It is expected that Eq. (32) has less empirical
constants than the conventional models, and every parameter in
Eq. (32) has clear physical meaning.

6. Comparison with CHF data in pool boiling

Wang and Dhir [20] conducted experiments on the pool boil-
ing of saturated water at 1 atm on a vertical rectangular cop-
per surface. We now compare the results obtained from the
present fractal model with the experimental results by Wang
and Dhir [20]. Their high heat flux data for contact angle
φ = 18◦ is presented in Fig. 3. The solid line in Fig. 3 repre-
sents the predictions by the present fractal model with the value

Fig. 3. A comparison between the fractal model predictions and experimental
data at contact angle φ = 18◦ .

Fig. 4. A comparison between the fractal model predictions and experimental
data at contact angle φ = 14◦ .
of df computed from Eq. (21). In Fig. 3 the highest point is
point D, which is CHF point. The results show that the CHF
from the present fractal model is in excellent agreement with
Wang and Dhir’s experimental observation [20]. Fig. 4 shows a
comparison among the present model predictions, Dhir and Li-
aw’s experimental data [30], Zuber’s model [31] for CHF and
Ha and No’s correlation Eq. (6) [8] at contact angle φ = 14◦.
It is seen from Eq. (6) that Ha and No’s correlation [8] con-
tains two empirical constants nc = 5, and the value of 5.0×105

which is associated with Eq. (15). Fig. 4 shows that the fractal
model predictions are quite satisfactory, and the predicted CHF
is found to be in good agreement with the others, especially
for the high heat flux. In Gaertner and Westwater’s experiments
[10], nickel salts were dissolved in water and boiling was ob-
served on a 5-cm-dia horizontal copper surface. Fig. 5 denotes a
comparison among the present model predictions, Gaertner and
Westwater’s experimental data [10] and Zhao et al.’s correla-
tion Eq. (7a) [9] at contact angle φ = 22◦. But Eq. (7) contains
six empirical constants. Fig. 5 indicates that the present model
predictions are found to be in good agreement with the others at
the high heat flux. Table 1 compares the predicted high heat flux
by the present model with the data by Gaertner and Westwater
[10]. It can be seen from Table 1 that at high wall superheat an
error of about 3% exists between the present model predictions
and the experimental data. Fig. 6 compares the present model
predictions for CHF with Hahne and Diesselhorst ‘s experimen-
tal data [32] for Al and NiCr surfaces. The figure shows that the
model predictions are again found to be in good agreement with
the experimental data. The figure also indicates that the contact
angle has the significant influence on CHF.

Fig. 5. A comparison between the fractal model predictions and experimental
data at contact angle φ = 22◦ .

Table 1
A comparison of the high heat flux between the present model and the experi-
mental data at φ = 8◦ by Gaertner and Westwater [10]

�T (K) Present model at φ = 8◦
q [W cm−2]

Experimental data [10]
q [W cm−2]

25 53 44
30 99 96
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Fig. 6. A comparison between the present model predictions and the experi-
mental data [32] for the influence of contact angle on CHF.

7. Summary and conclusion

A fractal model for the CHF is derived based on the fractal
distribution of active nucleation sites on boiling surfaces. The
proposed model is expressed as a function of area (size) fractal
dimension of active nucleation sites, maximum and minimum
active cavities, wall superheat, the contact angle, and physical
properties of fluid. No additional empirical constant is intro-
duced. This fractal model contains less empirical constants than
the conventional correlations. The predicted CHF based on the
proposed fractal model is shown to be in excellent agreement
with experiment data.
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