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Abstract

Realizing the significance of the active nucleation site density as an important parameter for predicting the interfacial
area concentration in a two-fluid model formulation, the active nucleation site density has been modeled mechanisti-
cally by knowledge of the size and cone angle distributions of cavities that are actually present on the surface. The newly
developed model has been validated by various active nucleation site density data taken in pool boiling and convective
flow boiling systems. The newly developed model clearly shows that the active nucleation site density is a function of the
critical cavity size and the contact angle, and the model can explain the dependence of the active nucleation site density
on the wall superheat reported by various investigators. The newly developed model can give fairly good predictions
over rather wide range of the flow conditions (0 kg/m?s < mass velocity < 886 kg/m’s; 0.101 MPa < pressure < 19.8

MPa; 5° < contact angle < 90°; 1.00 x 10* sites/m? < active nucleation site density < 1.51 x 10'* sites/m?).

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the past 25 years, significant developments in the
two-phase flow formulation have been accomplished by
the introduction of the drift flux model and the two-fluid
model. In the present state-of-the-art, the two-fluid
model is the most detailed and accurate macroscopic
formulation of the thermo-fluid dynamics of two-phase
systems. In the two-fluid model, the field equations are
expressed by the six conservation equations consisting of
mass, momentum and energy equations for each phase.
Since these field equations are obtained from an ap-
propriate averaging of local instantaneous balance
equations, the phasic interaction term appears in each of
the averaged balance equation. These terms represent
the mass, momentum and energy transfers through the
interface between the phases. The existence of the in-
terfacial transfer terms is one of the most important
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characteristics of the two-fluid model formulation.
These terms determine the rate of phase changes and the
degree of mechanical and thermal non-equilibrium be-
tween phases, thus they are the essential closure relations
which should be modeled accurately. However, because
of considerable difficulties in terms of measurements and
modeling, reliable and accurate closure relations for the
interfacial transfer terms are not fully developed [1].

In relation to the modeling of the interfacial transfer
terms, the concept of the interfacial area transport
equation has recently been proposed to develop the
constitutive relation on the interfacial area concentra-
tion [2]. The interfacial area concentration change can
basically be characterized by the variation of the particle
number density due to coalescence and breakup of
bubbles. The interfacial area transport equation can be
derived by considering the fluid particle number density
transport equation analogous to Boltzmann’s transport
equation [2]. The interfacial area transport equation can
replace the traditional flow regime maps and regime
transition criteria. The changes in the two-phase flow
structure can be predicted mechanistically by introduc-
ing the interfacial area transport equation. The effects of
the boundary conditions and flow development are
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Nomenclature

A measuring area

Ac cross-sectional area of boiling channel

a; interfacial area concentration

C parameter

C parameter

Cor liquid specific heat

Cpw wall specific heat

D, critical cavity diameter

Dy bubble departure diameter

Dgyr bubble departure diameter calculated by
Fritz equation

f bubble generation frequency from active
sites

f(r function of r

f(B) function of f

f(p)  function of f

f(p*)  function of p*

f(pT)  function of p*

G mass velocity

g gravitational acceleration

ifg latent heat

K parameter

K, parameter

m exponent

M active nucleation site density

N} non-dimensional active nucleation site den-
sity

N, average cavity density

Npe active nucleation site density in forced con-
vective boiling

Nnp active nucleation site density in pool boiling

N; non-dimensional active nucleation site den-
sity

Npo non-dimensional active nucleation site den-
sity in pool boiling

Njy: non-dimensional active nucleation site den-

' sity

Ny x non-dimensional active nucleation site den-
sity

ny bubble number density

n. number of cavity in a certain cavity radius
range

n? number of cavity in a certain half of cone
angle

P pressure

P; liquid pressure

Pr Prandtl number

qw wall heat flux

R, arithmetic average roughness

R, critical cavity radius

R! non-dimensional critical cavity radius

R non-dimensional critical cavity radius

maximum cavity size derived by Yang and
Kim’s model

maximum cavity size

structure upper limit of cavity radius
cavity radius

suppression factor

standard deviation

bulk liquid temperature at practical boiling
incipience point

bulk liquid temperature

gas temperature

saturation temperature

wall temperature

time

average bubble velocity

interfacial velocity

axial coordinate

Greek symbols

ATong
AT
ATsub,in
ATW

void fraction

half of cone angle

mean half of cone angle

surface-liquid interaction parameter
certain range of cavity radius

effective wall superheat

wall superheat at onset of nucleate boiling
gas superheat

inlet subcooling

wall superheat

certain range of half of cone angle

density difference

dimensionless surface roughness parameter
contact angle

liquid thermal conductivity

wall thermal conductivity

statistical parameter

statistical parameter

statistical parameter

liquid viscosity

heated perimeter

liquid density

vapor density

wall density

non-dimensional density difference
non-dimensional density difference
interfacial tension

interfacial area concentration source rate
due to bubble breakup

interfacial area concentration sink rate due
to bubble coalescence

interfacial area concentration change rate
due to bubble expansion or shrinkage
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Pyg interfacial area concentration rate source
due to heterogeneous bubble nucleation

Dpc interfacial area concentration sink rate due
to condensation

dwn interfacial area concentration source rate
due to bubble nucleation from active cavi-
ties

dpp bubble source rate due to bubble breakup

dpe bubble sink rate due to bubble coalescence

dpn bubble nucleation rate in bulk liquid

due heterogeneous bubble nucleation rate

duo homogeneous bubble nucleation rate

dpc bubble sink rate due to condensation

dwn bubble nucleation rate from active cavities
o(r) function of r

d(0) function of 6
¢'(0)  function of 0

Subscripts
calc. calculated value
meas.  measured value

efficiently modeled by this transport equation. Such a
capability does not exist in the current state-of-the-art
nuclear thermal-hydraulic system analysis codes like
RELAPS5, TRAC and CATHARE. Thus, a successful
development of the interfacial area transport equation
can make a quantum improvement in the two-fluid
model formulation and the prediction accuracy of the
system codes.

In order to develop the interfacial area transport
equation, considerable efforts have recently been made
(1) to formulate the interfacial area transport equation,
(2) to develop measurement techniques for local flow
parameters, (3) to construct data base of axial devel-
opment of local flow parameters, (4) to model sink and
source terms in the interfacial area transport equation,
and (5) to improve thermal-hydraulic system analysis
codes by implementing the interfacial area transport
equation. The present status of the development of the
interfacial area transport equation was extensively re-
viewed in the previous papers [3,4]. In the first stage of
the development of the interfacial area transport equa-
tion, adiabatic flow was the focus, and the interfacial
area transport equation for the adiabatic flow was de-
veloped successfully by modeling sink and source terms
of the interfacial area concentration due to bubble co-
alescence and breakup. The hydrodynamic effects on the
interfacial area transport have been revealed through a
series of the studies. It has been demonstrated that the
interfacial area transport equation can give a good
prediction providing the initial bubble size is given. In
the next stage, subcooled boiling flow was the focus, and
a preliminary local measurement for interfacial area
concentration was initiated for subcooled boiling water
flow in an internally heated annulus [5]. A modeling of
source and sink terms due to phase change will be re-
quired to develop the interfacial area transport equation
in boiling flow. However, most critical subject to finalize
the interfacial area transport equation in boiling flow
would be to model the initial and boundary conditions,
which will be described as a function of an active nu-
cleation site density, a bubble generation frequency, and
a bubble departure size. Realizing the significance of the

initial and boundary conditions for predicting the in-
terfacial area in a forced convective nucleate boiling,
Kocamustafaogullari and Ishii [6] performed (i) the
formulation of the bubble number density in terms of
the differential balance equation which took into ac-
count various parameters such as the bulk liquid nu-
cleation, the wall cavity nucleation and the bubble
collapse rates through the source and sink terms, (ii) the
discussion on the numerical importance of these pa-
rameters in the subcooled, as well as the saturated nu-
cleate boiling region, and (iii) the development of an
empirical correlation for the heated surface cavity nu-
cleation rate which could be used as a constitutive
equation in the bubble number density transport equa-
tion. When Kocamustafaogullari and Ishii performed
the research on the active nucleation site density, the
knowledge on boiling and, in particular, on surface
nucleation characteristics were not unfortunately suffi-
cient for building up a valid general model to correlate
the active nucleation site density. Then, they decided to
correlate the existing experimental data by means of
parameteric study. Recently, some important observa-
tions were reported by several investigators [7-15].
Based on the recent observations, this study will aim at
developing a new theoretical model to correlate the ac-
tive nucleation site density.

2. One-dimensional interfacial area transport equation

Kocamustafaogullari and Ishii derived the one-di-
mensional transport equation for predicting the average
bubble number density by considering a boiling channel
with a constant cross-sectional area as [6]

on 0
aftb + 2 (novh:) = dpn + wn + s — Ppe — Ppc, (1)

where ny, t, Vb, $pn, Pwns Py, Ppe and ¢pe are the
bubble number density, the time, the average bubble

velocity, the bubble nucleation rate in the bulk liquid,
the bubble nucleation rate from active cavities, the
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bubble source rate due to bubble breakup, the bubble
sink rate due to bubble coalescence, and the bubble sink
rate due to condensation, respectively.

In general, bubble nucleation rate in the bulk liquid
may be either of the homogeneous and heterogeneous
bubble nucleation rates denoted by ¢yo and ¢yg, re-
spectively. The homogeneous nucleation can generally
be discounted as a main mechanism for bubble forma-
tion in a heated channel [6]. Thus, the bubble nucleation
rate in the bulk liquid can be approximated to be the
heterogeneous nucleation rate, namely ¢py =~ dyg-

In a system with a heat addition, bubbles form at
cavities on the heated surface known as nucleation sites.
The bubble nucleation rate from active cavities can be
expressed as

_ MNofén
Pwn = A (2)

where N,, f, &y and Ac are the active nucleation site
density, the bubble generation frequency from the active
sites, the heated perimeter and the cross-sectional area of
the boiling channel, respectively.

To derive the relationship between the bubble nu-
cleation rate from active cavities and the bubble sink
rate due to condensation, Kocamustafaogullari and Ishii
assumed that the rate of evaporation at the surface
would be proportional to the total heat flux minus the
single phase convective heat flux, whereas the rate of net
vapor formation would be proportional to the amount
of energy that was used to increase vapor flow. Thus, the
bubble sink rate due to condensation can be expressed as

(6]
T,

$pc :Tm—_;}¢wm for To < Tt < T, 3)
sat — L0
where Ty, Tt, and Tj are the saturation temperature, the
bulk liquid temperature, and the bulk liquid temperature
at the practical boiling incipience point, respectively.
The bubble source rate due to bubble breakup and
the bubble sink rate due to bubble coalescence were
modeled in the previous papers [1,3,4]. Combining the
sink and source terms, the bubble number density
transport equation can be expressed as

on, 0O (=T NofEu
o + P (myop:) = (Tsat — To) ( Ac + bue
+ épp — Ppe- (4)

In a similar way, the interfacial area transport equation
can also be expressed as
Gai 0

o + P (aivi:) = Pug + Pwe + Ppp + Ppe — Ppc — Pec,
(5)

where ai, Ui, @HE, (pWE, @BB’ @Bc, and @pc are the in-
terfacial area concentration, the interfacial velocity, the

interfacial area concentration source rate due to the bulk
liquid boiling, the interfacial area concentration source
rate due to the bubble nucleation from active cavities,
the interfacial area concentration source rate due to
bubble breakup, the interfacial area concentration sink
rate due to bubble coalescence, and the interfacial area
concentration sink rate due to condensation, respec-
tively. &pg is the interfacial area concentration change
rate due to bubble expansion or shrinkage caused by
pressure change along the flow channel given by

G = (%){%%(m} ©)

where o is the void fraction. The interfacial area con-
centration source rate due to the bubble nucleation from
active cavities, ®@wg, is expressed as a function of the
active nucleation site density. Realizing the significance
of the active nucleation site density as an important
parameter in the interfacial area transport equation, a
theoretical modeling of the active nucleation site density
will be performed in what follows.

3. Some recent correlations for predicting active nucle-
ation site density

In what follows, some recent correlations for pre-
dicting the active nucleation site density are briefly
summarized.

3.1. Kocamustafaogullari and Ishii’s model (1983)

Kocamustafaogullari and Ishii correlated existing
active nucleation site density data by means of para-
metric study [6]. They assumed that the active nucleation
site density in pool boiling, N,,, was influenced by both
the surface conditions and the thermo-physical proper-
ties of the fluid, and developed the following correlation
based on the water data.

Ny = F(p")RTH, ™)

where Ny, =NpDj,  f(p") =2.157 x 1077p" (1 +

0.0049p")*",  p* = (Ap/py), and R; = (R./(Da/2)).
Kocamustafaogullari and Ishii gave the bubble depar-
ture diameter, Dy, by modifying the correltion of the
bubble departure diameter, Dyr, proposed by Fritz as

2
Dy = 0.0012p""°Dyr: where Dy = 0.01480, |
gAp

or

Dy = 2.5 x 1075p"0), /#, (8)
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where g, g, Ap, and 0 are the surface tension, the gravi-

tational acceleration, the density difference, and the

contact angle, respectively. The minimum cavity size, R.,

can be related to the gas superheat, ATy (= T, — Tet), as:

20{1 + (py/pPe)}/Pr

RC - N bl (9)
explig(Ty — Tat)/ (RTyTear) } — 1

where p,, pr, B, i, and R are the gas density, the liquid

density, the liquid pressure, the latent heat and the gas

constant, respectively. For p, < pr and ig(7; — Tiar)/

(RT,Tyw) < 1, Eq. (9) is simplified to

- 26 Tsar
¢ pgingTsal '

(10)

It should be noted here that for the pool boiling the
approximation ATy = Ty, (= Ty — Tiat), Where T, is the
wall temperature, is used in Eq. (9).

Taking account of the difference between the effective
liquid superheat, AT,, and the wall superheat and the
mechanistic similarity between pool and convective
boiling, Kocamustafaogullari and Ishii postulated that
the active nucleation site density correlation developed
for pool boiling, Eq. (7), could be used also in the forced
convective system by using an effective superheat, AT,
rather than the actual wall superheat, AT,,. Here, the
effective superheat is given by Eq. (11).

AT, = SAT,, (11)

the cavity cone angle took the following functional
forms as expressed by Eqs. (13) and (14), respectively.

f(r) = Aexp(—4r) (13)
and
19) = 5= expl{=(p— /25, (14

where r, A, 5, s, and B are the radius, the statistical pa-
rameter defined in Eq. (13), the half of cone angle, the
standard deviation, and the mean half of cone angle,
respectively.

To derive the number of cavities which can entrap
gas—vapor, Yang and Kim introduced the decisive con-
ditions of gas—vapor entrapment for a cavity proposed
by Bankoff and Lorenz [16,17]. They are the cone angle
of the cavity and the mouth radius. According to the
criteria on the cone angle of the cavity, the cavities with
B = 0/2 can not entrap gas or vapor in the cavities and
consequently these cavities can not become active nu-
cleation sites. According to the criteria on the mouth
radius, the cavities with the mouth size of R, <r <Ry,
can entrap gas or vapor in the cavities and consequently
these cavities can become active nucleation sites. Yang
and Kim gave the minimum cavity size, R., by Eq. (10).
From the geometrical consideration, Yang and Kim
derived the maximum cavity size, R, as

R - \/ 40 cos?(0 — )
"V Apg{l —sin(0— B)}1 + {sin(0 — B) — 1}*/{3cos*(0 - B)}]

where S is the suppression factor. Thus, Kocamusta-
faogullari and Ishii expressed the dimensionless active
nucleation site density, N,., in the convective system
as

Ny = f(p")RH. (12)

Kocamustafaogullari and Ishii evaluated their cor-
relation with various existing data, and concluded that
the correlation gave fairly good predictions.

3.2. Yang and Kim’s model (1988)

Yang and Kim measured the probability density
function of the cavity radius using a scanning electron
microscope and a differential interference contrast mi-
croscope [7]. They assumed that the cavity and cone
angle distributions could fit the Poisson and normal
distributions, respectively. They showed that the prob-
ability density function of the cavity radius for the
specimen surface and the probability density function of

(15)

However, it should be noted here that the value of the
maximum cavity radius is much greater than technical
grade metal cavity radius. For a practical purpose, Yang
and Kim introduced the structure upper limit, R,. The
upper limit was determined by allowable error on
exp(—AR;)/ exp(—AR.) as

In(Error)

Ry =
A

—R.. (16)

Yang and Kim then expressed the real active nucle-
ation site density, N,, as

0/2 ~
N éﬁmmwaMﬁwﬂ
X " Aexp(—Ar)dr, (17)

Re

where N, is the average cavity density, which may only
depend on the boiling surface material and finish. For a
given liquid-surface combination, Yang and Kim ap-
proximated Eq. (17) as
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No = Na(6) exp(—/Re) ~ C exp(—K /ATer), (18)

where ¢(0) = [ {1/(v2ms)} exp{—(B — B)/(2*) }dB,
C=MN¢(0), and K = (240 Tya1)/(pgire). The parameter,
C, depends on the boiling surface material and finish,
and the half of cone angle, but it is a constant for a given
liquid—surface combination.

3.3. Wang and Dhir’s model (1993)

Wang and Dhir proposed an empirical correlation
including the effect of the contact angle on the active
nucleation site density during pool boiling of water on a
vertical surface based on their experimental data [10].
They performed a pool boiling experiment in saturated
water at atmospheric pressure. In the experiment, they
utilized mirror-finished copper surfaces prepared by
following a well-defined procedure and determined the
cumulative number density of the cavities and their
shapes with an optical microscope. They changed the
wettability of the surface by controlling the degree of
oxidation of the surface. The original form of Wang and
Dhir’s correlation is given by

Nop = 5.0 x 10°(1 — cos 0)D; %, (19)

where the units of N,, and D.(= 2R.) are sites/cm* and
um, respectively. In the ST unit, Eq. (19) is represented as

Nop = 7.81 x 1072 (1 — cos 0)R;*?, (20)

where the units of N,, and R. are sites/m* and m, re-
spectively. In Eq. (20), Wang and Dhir gave the critical
cavity size by Eq. (10). Wang and Dhir’s correlation
could reproduce almost all of their data on the active
sites on surfaces having contact angles between 90° and
18° within £60%. Eq. (20) is valid for D, < 5.8 pm, i.e.,
R. < 2.9 pm, which corresponds to ATw > 11.2 °C for
atmospheric water.

3.4. Benjamin and Balakrishnan’s model (1997)

Benjamin and Balakrishnan performed an experi-
mental investigation on the nucleation site density dur-
ing nucleate pool boiling of saturated pure liquids at
low-to-moderate heat fluxes [12]. They examined the
surface-liquid interaction during the boiling phenomena
and its effect on the nucleation site density. They used
stainless steel and aluminum with different surface fin-
ishes obtained by polishing the surfaces with different
grades of emery paper. They utilized the arithmetic av-
erage roughness, R,, defined as the average values of the
peaks and valleys on the surface to characterize the
surface micro-roughness. The liquids used in their study
were distilled water, carbon tetrachloride, n-hexane, and
acetone. They found that the nucleation site density
depended on the surface micro-roughness, the surface

tension of the liquid, thermo-physical properties of the
heating surface and the liquid and the wall superheat.
Finally, the following correlation in terms of the wall
superheat, AT,, the Prandtl number, Pr, a surface-liquid
interaction parameter, y, and a dimensionless surface
roughness parameter, @, was proposed.

1

Nyp = 218.8P1( = @~ "AT3, (21)
P Y w

Prandlt number, Pr, is defined as

pr= Gt (22)
Kt

and accounts for the physical properties of the liquid

being boiled. Cyy, p;, and i are the liquid specific heat at

constant pressure, the liquid viscosity, and the liquid

thermal conductivity, respectively. The surface-liquid

interaction parameter, 7, is defined by

K WCW 1/2
yz(—” ) , (23)
ke peCpr

where C,,, p,. and k, are the wall specific heat at
constant pressure, the wall density, and the wall thermal
conductivity, respectively. The dimensionless surface
roughness parameter, O, is given by

0.4
@:14.5—4.5<¥)+(E) , (24)

o

The range of parameters covered in developing and
validating the correlation were 1.7<Pr < 5,4.7<7y <93,
0.02 mm<R,<1.17 mm, 5 K<AT, <25K; 13 x 1073
N/m<o<59 x 107 N/m, 2.2< 0 < 14.

3.5. Basu, Warrier and Dhir’s model (2002)

Basu et al. proposed an empirical correlation in-
cluding the effect of the contact angle on the active nu-
cleation site density during forced convective boiling of
water on a vertical surface based on their experimental
data [15]. They performed subcooled boiling experiment
at atmospheric pressure. In the experiments, they uti-
lized mirror-finished copper surfaces prepared by fol-
lowing a well-defined procedure. They changed the
wettability of the surface by controlling the degree of
oxidation of the surface. The original form of Basu et al.
correlation is given by

Noe = 0.34(1 — cos O)ATX"  ATons < ATy < 15K,
Npe = 3.4 x 107°(1 — cos )AT? 15 K < AT, (25)

where the units of N,. and AT, are sites/cm? and K,
respectively. ATong is the wall superheat at the onset of
the nucleate boiling. In the SI unit, Eq. (25) is repre-
sented as
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Npe = 0.34 x 10*(1 — cos 0)AT2"  ATong < ATy, < 15 K,
Npe = 3.4 x 1071(1 — cos 0)AT? 15 K< ATy, (26)

where the unit of N, is sites/m?. Basu et al.’s correlation
could reproduce almost all of their data on the active
sites on surfaces having contact angles between 90° and
30° within +40%. The range of parameters covered for
the flat plate test surface were 124 kg/m?s < G < 886 kg/
m?s, 6.6 K<ATpin<52.5 K, 2.5 Wiem? <g,, <96 W/
cm?, 30° < 0<90°.

4. Modeling of active nucleation site density

It is found that there is a difference in the exponent to
the wall superheat among the existing correlations ex-
plained in the previous section. Kocamustafaogullari
and Ishii’s correlation indicated the exponent to be 4.4
[6], whereas Benjamin and Balakrishnan claimed the
exponent to be 3 [12]. Basu et al. showed that the ex-
ponent is 2.0 or 5.3 depending on the wall superheat [15].
Thus, it is anticipated that the exponent may vary with
the critical cavity size, which is a function of the wall
superheat. To prove this hypothesis, a theoretical anal-
ysis on the active nucleation site density will be per-
formed based on Yang and Kim’s approach [7].

Yang and Kim assumed that the cavity distribution
could fit the Poisson distribution. By applying the y>-test
on the measurements, the probability density function of
the cavity radius for the specimen surface was given by
Eq. (13). Thus, the number of cavity, »/(r), in a certain
range of the cavity radius, Ar, and measuring area, 4, is
given by
n.(r) = NaAf (r)Ar = NyAd exp(—Air)Ar. (27)

The distribution of the cavity number is plotted in terms
of the radius of the cavity in Fig. 1. The solid line in-
dicates the cavity number distribution calculated by Eq.
(27) with 2 = 0.980 um~! and N,4AAr = 14.5 sites. Eq.
(27) seems to reproduce the cavity number distribution
against the cavity radius fairly well in the tested surface.
In the measuring area, the number of the cavity, n(r),
takes a value of 14.5 sites at » = 0 um. However, phys-
ically, this might not be sound. In reality, the number of
the cavity should go to infinity for » — 0 pm.

On the other hand, Yang and Kim assumed that the
angle distribution could fit the normal distributions. By
applying the y-test on the measurements, the proba-
bility density function of the cavity cone angle for the
specimen surface was given by Eq. (14). Thus, the
number of cavity, 7f(r), in a certain range of the half of
cone angle, A, and measuring area, 4, is given by

nf(B) = NoAf (B)AB

- 52_/1 exp{~(f — B)’/(2°)}AB. (28)

15 v I: L] v L] v L] v L]
' O Data (Yang & Kim, 1988)
Stainless Steel Surface
o n =14.2exp(0.980r)
[ n'=(4.59/)exp(0.613/r
w0 | =(4.59/7)exp(0.613/r)

Number of Cavity, n (r) [-]

Cavity Radius, r [um]

Fig. 1. Cavity number distribution in terms of cavity radius.

The distribution of the cavity number is plotted in terms
of the half of the cone angle of the cavity in Fig. 2. The
solid line indicates the cavity number distribution cal-
culated by Eq. (28) with s = 0.285 rad, f = 0.374 rad,
and N_nAAﬂ/\/ﬁs = 12.2 sites. Eq. (28) seems to repro-
duce the cavity number distribution against the half of
the cone angle fairly well in the tested surface. In the
measuring area, the number of the cavity, nf(r), takes a
value of 5.13 at f =0 rad. However, physically, this
might not be sound. In reality, the number of the cavity
should go to zero for f — 0 rad.

15 T r
" O Data (Yang & Kim, 1988)
Stainless Steel Surface
. n,=122/(2 ) H)exp(-(BB 125}
s 5=0.285 rad, =0.374 rad
@ == 12490 1 Pexpl-FU2d))
1 0 ..' 1=0.243 rad

Number of Cavity, ncﬁ  [-]

fan Vi TR |

00 05 10 1.5
Half of Cone Angle, £ [rad]

0

Fig. 2. Cavity number distribution in terms of half of cavity
cone angle.
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Yang and Kim expressed the active nucleation site
density by Eq. (18) for a given liquid—surface combina-
tion. The value of K is 31.9 K for saturated water at
atmospheric pressure. The dependence of the active
nucleation site density on the gas superheat estimated by
Yang and Kim’s function is shown in Fig. 3. In this
figure, non-dimensional active nucleation site density,
Njy kg 1s defined as

n

N}y x = Ny/C = exp(—K/ATy). (29)

The broken line in Fig. 3 indicates the prediction by
Eq. (29) with K =31.9 K. For AT, > 10 K, the ob-
tained slope of the active nucleation site density against
the gas superheat is much gentler than that reported by
various investigators. Griffith and Wallis [18] reported
that a plot of the active nucleation site density against
the gas superheat was almost vertical, since a very small
increase in temperature would be sufficient to activate
another cavity. However, Yang and Kim’s functional
form indicates that the active nucleation site density
asymptotically approaches a certain value with increas-
ing the gas superheat. Kocamustafaogullari and Ishii’s
correlation can be recast with the approximation indi-
cated by Eq. (10) as

N, oc ATH (30)

sat *

The slope predicted by Eq. (29) is much gentler than 4.4
suggested by Kocamustafaogullari and Ishii’s correla-
tion. For 4 K < AT, < 10 K, the slope predicted by
Eq. (29) approximately agrees with the slope suggested
by Kocamustafaogullari and Ishii’s correlation. On the
other hand, for AT, < 4 K, the obtained slope of the
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Fig. 3. Dependence of non-dimensional active nucleation site
density on gas superheat.

active nucleation site density against the gas superheat is
much steeper than that reported by various investiga-
tors. Recently, Basu et al. showed experimentally that
for ATong < ATy < 15 K the slope was 2.0 for mirror-
finished stainless steel surface at atmospheric pressure
[15]. In Fig. 3, the sensitivity analysis to obtain the effect
of the parameter K on the N/ y — AT, relationship is
performed by changing the K-parameter. The similar
results explained above are obtained for changed K-
parameter such as K = 10.0 and 100 K.

Based on the above detailed discussions, although the
basic concept of Yang and Kim’s model might be sound,
the approximated functions of the number of the cavity
in terms of the cavity radius and the half of the cone
angle might not be appropriate. In view of this, physi-
cally sound functions are introduced here to complete
the Yang and Kim’s approach. One of the promising
functions to approximate the cavity number distribution
function of the cavity radius is expressed as

e —)—p(i> a1

where A’ is a characteristic length scale. Thus, the
number of cavity, n(r), in a certain range of the cavity
radius, Ar, and measuring area, 4, is given by

W () = NoAdf (1) Ar = 24 exp<£> A (32)
¥ v

The broken line in Fig. 1 indicates the cavity number
distribution calculated by Eq. (32) with 2’ = 0.613 pm
and N4/ Ar = 4.59 sitessm>. Eq. (32) seems to repro-
duce the cavity number distribution against the cavity
radius fairly well in the tested surface. The number of
the cavity, n(r), approaches infinity as » — 0 pm, which
is physically sound.

On the other hand, one of the promising functions to
approximate the cavity number distribution function of
the half of the cavity cone angle is expressed by the
Rayleigh distribution as

7B = ﬁ exp{— /(). (33)

where u is a characteristic cone angle scale. Thus, the
number of cavity, n’(r), in a certain range of the half of
cone angle, Af}, and measuring area, 4, is given by

W (B) = WA (B)AS — ﬁ;ﬁ‘ﬁ exp{—F/ ()0 (34)

The broken line in Fig. 2 indicate the cavity number
distribution calculated by Eq. (34) with u = 0.243 rad
and N,AAB = 4.90 sites. Eq. (34) seems to reproduce the
cavity number distribution against the half of the cone
angle fairly well in the tested surface. The number of the
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cavity approaches zero as § — 0 rad, which is physically
sound.

From Egs. (31) and (33), the active nucleation site
density can be represented by

0/2 Runax

No =N, | J(B)dp ’ f(r)dr

)/
72

0/2 Rumax
W B i
=N [ ew-# /@) [
xexp({)dr
_ 0 X
:Nn{l —exp(—g—uz)}{exp(a)
/’\L/
)|

=M (0)¢'(r), (35)

f(B)dp=1 feXP(fge—;) (36)

2l !
= exp(}ﬁ—) - exp(R)“ ) (37)

and R is the maximum cavity size. This expression is
general if we use the maximum cavity size. However, this
will lead to a highly complicated correlation for the
active nucleation site density. Therefore, it is desirable to
obtain a simple expression, which satisfies the overall
physical phenomenon.

First, consider the case of AT, =0 K, namely
R. = oo m, resulting in exp(4'/R.) = 1. Under this con-
dition, N, should be 0 sites/m?, which means that
exp(/ /Ruax) should be 1. Therefore, Eq. (35) reduces to

R ELCCOR

»m{l —exp( —%) }{expuw;m) S, ()

where K| = ()»'pgifg) /(26Ty). The above approximation
holds for p, < py and iy (T, — Toat) / (RTyTot) < 1.

Second, consider the case of extremely large ATy,
namely R, ~ 0 m, resulting in exp(4/R.) = co. Thus, for
extremely large ATy, the active nucleation site density
becomes infinity, which may be sound physically.
Therefore, it may be concluded from these two limiting
conditions that the general expression for N, can be gi-
ven approximately by Eq. (38).

In what follows, the active nucleation site density on
the cavity size and the contact angle will be discussed
based on Eq. (38). First, to examine the dependence of
the active nucleation site density on the cavity size the
predictions by Eq. (38) for a given liquid-surface com-
bination, namely constant contact angle, are plotted in
Fig. 4. In this figure, Eq. (38) is non-dimensionalized as
follows:

N= N
PN —exp{—07/(81)}]
]
= exp(}ﬁ—) — 1 = exp(K|ATy) — 1. (39)

C

For lower ATy, the active nucleation site density grad-
ually increases with the gas superheat, whereas for
higher ATy, the active nucleation site density steeply
increases with the gas superheat. Thus, the slope is
changing with increasing the gas superheat. Such ten-
dency agrees with the observations by various investi-
gators [6,9,10,12,15].

It is interesting to note here that in a certain range of
AT, Eq. (38) can be approximated by

N, = C\R.", (40)

where C; and m are a constant for a given liquid—surface
combination and flow condition and an exponent, re-
spectively. Eq. (40) has the same functional form as
Kocamustafaogullari and Ishii’s correlation.

Next, the dependence of the active nucleation site
density on the contact angle will be discussed based on
Eq. (38). Eq. (38) suggests that the active nucleation site

107 N ™

*

Non-D Active Nucl. Site Den., N [-]
n,H-I

Gas Superheat, AT [K]

Fig. 4. Dependence of non-dimensional active nucleation site
density on gas superheat.
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density is a function of the contact angle. Kocamus-
tafaogullari and Ishii’s correlation can be recast as fol-
lows:

N, = 921 x 1072010*70,96(1 + 0.004910*)4.13

1.2
x e“(i) R, 41
Y (41)

Thus, Kocamustafaogullari and Ishii’s correlation shows
the dependence of the active nucleation site density on
the contact angle to be presented by 6**. Basu et al. also
represented the dependence of the active nucleation site
density on the contact angle as a function of 1 — cos 0.
Fig. 5 compares Eq. (36) with the dependences of the
active nucleation site density on the contact angle pro-
posed by Kocamustafaogullari and Ishii, and Basu et al.
It should be noted here that the coefficients for 6> and
1 —cos @, and the parameter, pu, in Eq. (36) are deter-
mined so as that three functions give closest values one
another. The functional dependence represented by 6**
can be approximated by Eq. (36) satisfactorily for
0<90°. The functional dependence represented by
1 — cos 0 can also be approximated by Eq. (36) very well.
This result indicates that the functional form obtained
by the parametric study, 6**, and the functional form
determined empirically, 1 — cosf, can approximately
represent the true functional dependence of the active
nucleation site density on the contact angle. Thus, it is
concluded that Eq. (38) would be promising to develop a
general correlation to predict the active nucleation site
density. In what follows, the derived equation, Eq. (38),
will be evaluated by existing data.

1.0 /————————
— | —— §(6)=0.440{1-cos(6)}) |
U #(6)=1-exp(-0.2406")
& 08 [ #(6)=0.1636"
T& [
2 0.6 I |
5 ;
g 04 | ! |
2 '
5 i
LE 0.2 r - I 0 ]
:/9=9O

o
o

: i 1 : A \
Contact Angle, 6 [rad]

Fig. 5. Dependence of integrated PDF function, ¢'(0), on
contact angle.

5. Evaluation of active nucleation site density model

First, the derived equation, Eq. (38) will be evaluated
by using Basu et al.’s data [15], which were taken in
subcooled water boiling flows at atmospheric pressure
with well-prepared metal surface as parameters of mass
velocity, inlet subcooling and contact angle. Fig. 6
shows the comparison of Eq. (38) with the data. In Fig.
6, the solid, broken, and dotted lines indicate the pre-
dictions by Eq. (38), Kocamustafaogullari and Ishii’s
equation presented by Eq. (41), and Basu et al.’s corre-
lation presented by Eq. (26), respectively. Here, the pa-
rameters in Eq. (38) are determined by Basu et al.’s data
tobe N, = 4.72 x 10° sites/m? and A’ = 2.50 x 10~° m. It
should be noted here that the gas superheat in Eq. (38) is
approximated to be the wall superheat. Basu et al.
proved experimentally no systematic effect of mass ve-
locity and liquid subcooling on the active nucleation site
density for a given liquid-surface combination [15]. In
other words, for a given contact angle, the dependence
of the active nucleation site density on the wall super-
heat is independent of both mass velocity and the sub-
cooling, and the nucleation site density depends only on
static contact angle and wall superheat. Their observa-
tion indicates that the gas superheat, AT, can be ap-
proximated to be the wall superheat, AT,,.

It can be seen from Fig. 6 that Eq. (38) can represent
a proper trend of the data satisfactorily. Thus, Eq. (38)
would be a promising functional form to develop a
general correlation of the active nucleation site density.
Here, it is assumed that the active nucleation site density
is also influenced by both the surface conditions and the
thermo-physical properties of the fluid. For a given

—
(=)
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F Data: Basu, Warrier & Dhir (2002)
O 6=30", Water-Copper
A 6=57", Water-Copper
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—
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Fig. 6. Comparison of newly developed active nucleation site
density model with Basu et al.’s data.
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fluid, properties may be described as a function of
pressure only, and realizing the significance of the min-
imum cavity size as an important surface parameter, the
following equation is proposed to generalize Eq. (38) as

+ ]Vn _ + +1 _
N SR el ey VPRI
or
In al 1| =f(p)/RE (42)

Nall — exp{—0°/(8)2)}]

where f(p*) is a function of the logarithmic non-di-
mensional density difference, p* defined by log(Ap/p,)
and R} is the non-dimensional critical cavity radius de-
fined by R./A". Finally, fitting the water data [19] with
Eq. (42), the function, f(p"), was determined and the
final result can be represented by

f(p") = —0.01064 + 0.48246p" — 0.22712p**
+0.05468p . (43)

It should be noted here that Eq. (9) giving R, might not
be valid strictly at high pressure since it has been derived
under two assumptions that the expansion ratio, p,/pr,
is small and the equation of state of ideal gas holds.
Thus, Eq. (43) can be considered to include the total
effect of the estimation error of R. due to these invalid
assumptions at high pressure on the active nucleation
site density.

Fig. 7 compares Eq. (42) with Eq. (43) with the water
data [19]. The solid lines indicate the predictions by Eq.
(42) with Eq. (43). It should be noted here that the data
in Fig. 7 were cited from Kocamustafaogullari and
Ishii’s paper [6]. They calculated the active nucleation
site data from experimental values of the heat transfer
coefficient and the gas superheat with their heat transfer
correlation [6]. Thus, the high pressure data rather
scatter. However, the newly developed model gives fairly
good predictions of the active nucleation site density.

Here, to discuss further implicit physical meaning of
f(p™), Eq. (42) is further recast for exp{f(p*)/R}} > 1
as

+— Nn _ Y /pty
N =W ey PV R

=exp[{/(p") — 1}/R]Jexp(1/R]) — 1
~expl{f(p7) — 1}/R{]exp(1/R{)

or
Ny ~ Ny expl{f(o") — 1}/R:}{1 ~exp ( —%)}
X exp(l/Rc*). (44)

In the comparisons shown in Fig. 7, the value of the
contact angle at room temperature was used. The con-
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Fig. 7. Comparison of newly developed active nucleation site
density model with high-pressure water data.

tact angle may be a weak function of the temperature at
relatively low temperature, whereas it may be a strong
function of the temperature at relatively high tempera-
ture. For example, Bernardin et al. [20] reported the
contact angle temperature dependence for water drop-
lets on practical aluminum surfaces. For T, <130 °C
(=403 K), the value of the contact angle is almost the
same as that at the room temperature, whereas for
T, > 130 °C, the value gradually decreases with in-
creasing the surface temperature and finally reach to
zero at the critical temperature, namely T, = 374.15 °C
(=647.3 K). The term of exp[{f(p*) — 1}/R/] in Eq.
(44) is a function of the thermo-physical properties as
well as T, and Ty,. Therefore, the term of exp[{f(p*) —
1}/R}] might implicitly represent the effect of the
temperature on the contact angle. Fig. 8 shows the de-
pendence of f(p*) on p*. The correction factor at
pt =3 and 0 roughly corresponds to 7, =100 °C
(=373.15K) and T, = 374.15 °C (=647.3 K) for water,
respectively. The correction factor gradually decreases
with decreasing p*, namely increasing T, and finally



2598 T. Hibiki, M. Ishii | International Journal of Heat and Mass Transfer 46 (2003) 2587-2601

1.2 T T T T T T
—_ O Best Fit Values between Eq.(43)
= 1.0 F and Water Data ]
o flp")=-0.01064+0.48246"
% -0.2271257+0.054685"
08 r .
o
o
5 06
< . B b
&
[
2
5 04 @) T
D]
g
O 02 F .
0'0 L 1 L 1 L 1 L
0 1 2 3 4

Non-D Density Difference, p° [-]

Fig. 8. Dependence of correction factor on the density differ-
ence.

become zero at the critical point, namely p™ =0 or
Ty = 374.15 °C. Interestingly, this tendency agrees with
the dependence of the contact angle on the temperature
[20].

Fig. 7 also shows the comparison between the newly
developed model and Kocamustafaogullari and Ishii’s
correlation indicated by the broken lines. The newly
developed model agrees with Kocamustafaogullari and
Ishii’s correlation for a relatively small critical cavity
size, namely a relatively high wall superheat. Thus,
Kocamustafaogullari and Ishii’s correlation is consid-
ered to be the approximated form of the newly devel-
oped model in this study, Eq. (42) with Eq. (43). This
means that Eq. (42) with Eq. (43) will give fairly good
predictions for the extensive data which were used for
evaluating Kocamustafaogullari and Ishii’s correlation.
The newly developed model of the active nucleation site
density, Eq. (42) with Eq. (43) can also be reduced to
Basu et al.’s correlation in a certain flow condition (see
Fig. 6).

Further comparisons between the newly developed
model and some existing data are presented in Figs. 9 and
10. Fig. 9 compares the newly developed model with the
data obtained by Zeng and Klausner in a forced con-
vective R-113 in a 25 x 25 mm test section with a ni-
chrome heating strip [9]. The contact angle was not given
in the paper. Judging from the similarity of physical
properties between the other Freons and R-113 and the
contact angle of the other Freons [15], the contact angle
may be around 5°. Thus, the solid line in Fig. 9 indicates
the prediction by the model, Eq. (42), with 6 = 5°. Good
agreement is obtained between the newly developed
model, Eq. (42), and the data. Fig. 10 compares the newly
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Fig. 9. Comparison of newly developed active nucleation site
density model with Zeng and Klausner’s data.
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Fig. 10. Comparison of newly developed active nucleation site
density model with Benjamin and Balakrishnan’s data.

developed model with the data obtained by Benjamin
and Balakrishnan in a pool boiling [12]. Since they cor-
related the active nucleation site density with surface
condition such as surface roughness, the contact angle
for water-stainless steel was not given in the paper. Re-
cently, Kandlikar and Steinke [21] measured the depen-
dence of the contact angle on the surface roughness.
Judging from the surface roughness given by Benjamin
and Balakrishnan and the dependence of the contact
angle on the surface roughness measured by Kandlikar
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and Steinke, the contact angle for the water-stainless
steel in the Benjamin and Balakrishnan’s data may be
around 30°-to-40°. Here, the contact angle (=38°) re-
ported by Bergles and Rohsenow [22] is used in the
prediction, see the solid line. To show the effect of
the contact angle on the active nucleation site density, the
prediction with 6 = 45° is also indicated by the dotted
line in Fig. 10. Good agreement is obtained between the
newly developed model, Eq. (42), and the data. Fig. 11
shows the comparison of the newly developed active
nucleation site density model with the existing data.
Reasonably good agreement is obtained between the
newly developed model and the data. The average pre-
diction error for the active nucleation site density mea-
sured directly [9,12,15] is estimated to be £28.5%. The
average prediction error for all the active nucleation site
density data including the scattering high-pressure data
calculated indirectly by the heat transfer data [19] is es-
timated to be £62.4%. Thus, the newly developed model
gives fairly good predictions over rather wide range of
the flow conditions (0 kg/m?s < G < 886 kg/m’s; 0.101
MPa < P < 19.8 MPa; 5° < 0 < 90° 1.00 x 10* sites/
m? < N, < 1.51 x 10 sites/m?).

To summarize the present study, the newly developed
model for the active nucleation site density is given below.

Nn_m{l-exp<_89_;)}[exp{f<p+) }—1}

(45)
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where N, =4.72 x 10° sites/m?, u=0.722 rad, X
2.50 x 107% m,

_ 20{1 + (py/pe)}/ Pr
¢ exp{ifg(Tg - Tsal)/(RTgTsal)} -

1 )

f(p*) = —0.01064 + 0.48246p" — 0.22712p*" + 0.05468p"",

p* =log(p")

and p* = Ap/p,. Here, R is the gas constant based on a
molecular weight. For example, the value of R for water
vapor is 462 J/(kgK) (=8.31 J/(mol K)/(18.0 x 10~3 kg/
mol)).

To further generalize the newly developed model of
the active nucleation site density, it should be evalu-
ated by many rigorous experimental data of the active
nucleation site density by well-designed experiment to
be performed in a future study. The function, f(p*),
which implicitly includes the contact angle dependence
on the temperature may be replaced by rigorous
measurement of the contact angle dependence on the
temperature to be performed in a future study. The
recent study of Kandlikar and Steinke [21] may imply
a strong correlation between the contact angle and the
surface roughness. The dependence of the active nu-
cleation site density on the surface roughness may be
explained in terms of the contact angle in a future
study.

10° 10° 10" 10" 10"
[sites/mz]

Fig. 11. Comparison of newly developed active nucleation site density model with existing data.
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6. Conclusions

Realizing the significance of the active nucleation site
density as an important parameter for predicting the in-
terfacial area concentration in a two-fluid model formu-
lation, the active nucleation site density has been modeled
and evaluated by existing experimental data taken in pool
boiling and forced convective boiling systems. The im-
portant results obtained are summarized as follows:

(1) One-dimensional interfacial area transport equation
for boiling flow system has been formulated by tak-
ing into account the homogeneous and heteroge-
neous bulk liquid nucleation, the wall cavity
nucleation, the bubble collapse, the bubble breakup
and coalescence, and the bubble expansion or
shrinkage. The significance of these sink and source
terms in the heated boiling channel was discussed.

(2) Extensive literature survey has been conducted for
recent correlations developed for predicting the ac-
tive nucleation site density. In general, it has been
found that the active nucleation site density is a
function of the wall superheat. However, it has been
pointed out that there is a difference in the exponent
to the wall superheat among the existing correla-
tions.

(3) The active nucleation site density has been modeled
mechanistically by knowledge of the size and cone
angle distributions of cavities that are actually pre-
sent on the surface. The newly developed model
has been validated by various active nucleation site
density data taken in pool boiling and convective
flow boiling systems. The newly developed model
clearly shows that the active nucleation site density
is a function of the critical cavity size and the contact
angle, and the model can explain the dependence of
the active nucleation site density on the wall super-
heat reported by various investigators. The newly
developed model can give fairly good predictions
over rather wide range of the flow conditions (0
kg/m?s < G < 886 kg/m’s; 0.101 MPa < P < 19.8
MPa; 5° < 0<90% 1.00x 10* sites/rm®> < N, <
1.51 x 10" sites/m?). The average prediction error
for the active nucleation site density measured di-
rectly is estimated to be +28.5%. The average pre-
diction error for all the active nucleation site
density data including the scattering high-pressure
data calculated indirectly by the heat transfer data
is estimated to be +62.4%.
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