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CORRELATION FOR NUCLEATION SITE DENSITY
AND ITS EFFECT ON INTERFACIAL AREA

by
G. Kocamustafaogullari, I. Y. Chen and M. Ishii

ABSTRACT

The bubble number density is important for the determination of inter-
facial area in boiling two-phase flow. The interfacial area is a key param-
eter affecting the interfacial transfer of mass, momentum and energy between
phases. For a two-fluid model formulation of two-phase flow analyses, there-
fore, the bubble number density is quite important, however, there have been
no correlations available to calculate this parameter. In view of this, a
new correlation for the number density o the active wall nucleation site as
well as the calculational method to obtair - e bubble number density in boil-
ing flow were developed here. The model was developed first for a pool boil-
ing system and then it was extended to a forced convection system.
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EXECUTIVE SUMMARY

The interfacial transfer terms in a two-fluid model formulati.. for two-
phase flow analyses specify the rate of phase change, momentum exchange and
heat transfer between phases. However, previous studies have indicated that
the weakest link in the two-fluid model formulation is the constitutive rela-
tions for these interfacial terms. Unless these phase interaction terms are
accurately modeled, the complicated model does not necessarily warrant accu-
rate solutions.

[t can be shown that the interfacial transfer terms are proportional to
the interfacial area and driving force. Therefore, the first order geometri-
cal effect of the interface on the transfers between phases are taken into
account by the interfacial area concentration. In bubbly, slug and churn-
turbulent flows the number density of small bubbles is one of the key param-
eters affecting this interfacial area concentration. However, there is no
reliable correlation for the number density in a boiling two-phase flow sys-
tem. In view of this, the bubble number density is studied in detail and a
practical correlation has been developed.

First the bubble number density is formulated in terms of the differen-
tial transport equation for bubbles. From this equation it becomes clear that
the active nucleation site density on a heated channel wall is the key param-
eter to predict the bubble number density.

Applying the pool boiling heat transfer correlation derived here, the
active nucleation site density is obtained from experimentally measured values
of water superheats and heat transfer coefficients for a wide range of system
pressure, and the dimensionless active nucleation site density is correlated
to the dimensionless cavity size and the density ratio. The pool boiling
active nucleation site density correlation has been extended to the case of
a forced convective nucleate boiling by using an effective liquid superheat
rather than the actual wall superheat. The active nucleation site densities
obtained in this way are in relatively good agreement with the experimental
data available in literature,



I. INTRODUCTION

In a two-fluid model formulation of a two-phase flow system each phase
is considered separately. Therefore, the formulation is expressed in terms
of two sets (one for each phase) of conservation equations, i.e., in terms of
six field equations: two continuity equations, two meomentum equations and
two energy equations [1-8]. Since the macroscopic fields of one phase are
not independent of those of the other phase, the interfacial interaction
terms which couple the transport of mass, momentum and energy of each phase
across the interfaces appear in the field equations. Therefore, the accuracy
of analyses based on the two-fluid model is affected by the constitutive equa-
tions describing interfacial transport terms.

In addition to depending on the local transfer mechanism such as degree
of turbulence in the vicinity of interfaces, the interfacial transport of mass,
momentum and energy strongly depends on the interfacial area. Basically, in-
terfacial interaction terms are proportional to the interfacial area concen-
tration and to a driving force. The interfacial area concentration, defined
as the interfacial area per unit volume of the mixture, characterizes the
kinematic effects. Therefore, it must be related to the structure of the two-
phase flow field. On the other hand, the driving forces for the interface
transport characterize the local transport mechanism, and they must be modeled
separately. Based on the mechanistic modeling, the driving forces were studied
in detail [9].

Basic macroscopic parameters related to structure of two-phase flows,
particularly of a dispersed flow, are the interfacial area concentration, the
void fraction, particle number density and the shape factor. From geometrical
considerations, the functional relationship between the interfacial area con-
centration and the other parameters can be derived. However, in order to use
such a relation for the purpose of predicting the interfacial area concentra-
tion, one has to relate the number density to the characteristic fluid and
flow variables. Information of this kind is desirable for predicting inter-
facial area concentration and has not been investigated in the literature.

It is the primary objective of this report to develop a reliable and
simple predictive method for determining bubble number density in a forced
convective nucleate boiling. To achieve this objective, a differential trans-
port equation is introduced. This equation has source and sink terms, which
take into account the wall nucleation, bulk heterogeneous nucleation and bub-
ble collaps.. The initial effort has been concentrated on the development of
an empirical correlation for the surface nucleation rate.



IT. BUBBLE NUMBER DENSITY BALANCE EQUATION

A. Interfacial Area Concentration Formulation

In general, the number density and the size spectrum of bubbles in a
boiling channel change along the flow direction due to phase changes, coal-
escence, disintegrations and, finally, due to nucleations and collapses. The
most general method to include these effects would be to introduce the qeneral
differential equation governing the number density of bubbles as a function
of the bubble size distribution, position and time. This approach could be
used 'n the solid particulate two-phase flow systeins. However, it becomes
highly complicated in the droplet and bubbly dispersed two-phase flow systems.
Furthermore, the basic experimental data needed to go in this direction are
grossly inadequate.

Instead of working with the complete size spectrum of bubbles, it is de-
sirable to work with average radii [9]. Several of them are defined as fol-
lows:

38
3 _ b
Sauter Mean Radius: o ® I;_ (1.a)
38b
Drag Radius: ry - ZK; (1.b)
38b 1/3
Equivalent Radius: SRl T (1.¢)
A1 1/2
Surface Radius: rs " (1.d)

where A; is the surface area of a typical bubble, A, is the projected area of
a bubble, and By, is the volume of a typical bubble. For spherical bubbies the
above defined radii are all equivalent. The number density Ny of bubbles,
which is defined as the number of bubbles per unit volume of %he two-phase
mixture is given by

Ny = %; (2)

a = A1 Nb (3)

where a is the void fraction.
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Fig. 1. A Schematic Representation of the Heated Channel Bubbly Flow

terms of averaged values. Consequently, it will be easy to compare predicted
results with experimental data, which in two-phase flow are most often pre-
sented in terms of average va1ues Secondly, by means of space averages it
will be possible to reduce the number of space variables and to treat the
problem as one-dimensional one.

For the purpose of averaging, let us integrate the local bubble number
density balance equation over the channel cross-sectional area, A (z; Thus,

,[ —d‘“ [[V° N, V) dA = [/ (g = 0g4) A . (8)
A.(2) A.(2) A.(2)

On the left hand side the first integral is transformed by means of the
Leibnitz theorem over surfaces as

Ras ffa [ri, g

A(2) “a ¢(2) e(z) (")

whereas the second integral can be evaluated by means of the Gauss-Ostrogradskii
divergence theorem over surfaces as



| . )
[[ 7o Ny vp) dA = 2 ] (N, vp,) A

Ac(z) Ac(z)
noe (N V)
Y £ 14\ )
e(z) (M)

In these equations, #(z) is the intersection of channel wall with the cross-

sectional plane, n is the unit vector normal to the channel wall, and n, is
the unit vector normal to £, located in the cross-sectional plane and dSrected

away from the fluid.
Substituting Eqs. (9) and (10) in Eq. (8) and then rearranging, we obtain

»

3 ne N(V - V)
3 3 b''b 4
it [[ Np dA + 37 ] (Nb vbz) el [ s - 8.} de

A (2) A.(2) £(z)

C
+ [ (00 = 05¢) dA . (1)
Ac(z)

In terms of area-averaged quantities, Eq. (11) can be expressed as

neN(V, -V)

2 : 9_ N
at (Ac “Nb”) * oz (Ac <<Ny vbz») f tw x %)
£(z) G

+ Ac(<<¢so>> - <<¢S1>>) (12)

where the area averaged value of any quantity F is defined by

<<F>> (Z.t) A—— [[ F(x,y,z.t)dA . (13)
©A(2)

The introduction of averaged system variables into the number density
balance equation cannot eliminate all the effects of the multi-dimensionality

because the average of a product is not the same as the product of the average
of the variables N, and v, .. That is
b bz
(14)

((Nb Vbz>> 7 <rNb>> . <<vbz>>



nf the variables is constant over the cross-sectional plane How
relation between the 2verage of a product and the product of the
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bubble flux expression given by Eq.
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” \ (18)

L
ho
D7

is the one-dimensionalized, area-averaged bubble number
equation, which is applicable for a channel with variable

plane For a constant ross-sectional area channel, it ar




3 <<N, »>
. .3..— (‘.N »» <<y ))) = < > + << > = << >
at 32 b bz w S0 si

- =5 Cov (N vp.) (19)

where <¢y> is the perimeter-averaged bubble generation rate from active nuc-
leation sites at the channel wall, which is defined by

] e
v—gw> = r (Na f) d& - “"] —_— (20)
C

t C

where the frecuency f has been assumed to be uniform.

In order to be able to use the one-dimensional form of the bubble number
density balance equation expressed by Eq. (19), one should have information
about the source and sink terms due to the wall and bulk liquid nucleation,
and the bubble collapse rate together with the bubble distribution, which
will be taken into account by the covariance term appearing in Eq. (19).

C. Bulk Liquid Nucleation

In general, bubble nucleation in the bulk ligquid may be either of the
homog.:neous or heterogeneous types. Designating the homogeneous nucleation
rate by *ho and the heterogeneous nucleation rate by fpe» ONE can write

¢so . °ho r ¢he (21)

Several theories based on statistical mechanics have been proposed to
account for homogeneous nucleaticn in the pure liquid. One approach using
classical rate theory [11], presumes that numerous molecules have the acti-
vation energy required for existence in the vapor phase. These energetic
molecules could combine through collisions tc form a cluster, which is then
a vapor bubble. Theories of this type indicate that the rate of homogeneous
nucleation is an extremely sensitive function of the bulk liquid superheat.
At lower superheats the homogeneous nucleatior rate is not significant, but
it increases rapidly as the superheat is increised. However, the homogeneous
nucleation theories yield extremely high liquic superheats for nucleation in
a pure liquid. In fact, the superheat requirement for homogeneous nucleation
is much qreater than any experimental value which has been measured for water,
even urder very carefully controlled conditions [12], for example, 105°C for
water at 1 atm. pressure. Such high superheats are contrary to experimental
observations with real systems.

In a real system, the 1iquid contains foreign particles and dissolved
gas which could act as nuclei. The predicted nucleation superheats would be
considerably less in the presence of a pre-existing gas phase. This form of
heterogeneous nucleation, Ppe implies that vapor formation wouid be noted at

8



random points where the nuclei happen to be located. This type of bubble for-
mation Hecomes important, even with an adiabatic channel flow where drastic
depressurization occurs. For example, it might be very sianificant for the
discharae of flashing steam-water mixtures through short nozzles or orifices

[13].

In a system with heat addition, however, bubbles form at specific loca-
tions associated with the heated surface, not in the fluid. Furthermore, it
has been found by macroscopic observations that these locations are small im-
perfections or cavities on the heated surface [14]. For & boiiing system,
then homogereous and heterogeneous bulk liquid nucleation are dominated by
cavity rucleation, <¢,>. It should be noted, however, that for those cases
where flashing is imnortant, such as during rapid acceleration and pressure
changes, the proper constitutive relation for the phase change, i.e., for
“<<tpe>>, should be used. In this report, however, the initial effort will be
concentrated on developing a constitutive relation for the wail nucleation
rate <¢,>.

D. Bubble Re-Condensation Rate

In general, reduction in bubble numher density, which was taken care of
by the sink term, <<¢¢y>>, may be due to either coalescence of bubbles into
a larger bubble or re-condensation of bubbles in the subcooled bulk fluid.
Here the effort has been concentrated on determining the re-condensation rate
of generated bubbles. The coalescence is assumed to be insignificant up te
the void fraction of 0.3 beyvond which the flow regime transition to the slug
or churn-turbulent flow occurs.,

The bubble generation along the length of a heated channel is shown
qualitatively in Fig. 2. The existence of two regions, as shown in Fig., 2,
has been confirmed through several experimental investigations [15-17]. In
region I, the surface temperature and, therefore, the liaquid temperature in
the vicinity of the heated surface are high enough to permit nucleation of
small bubbles. But, due to the high subcooling prevailing at the liquid core,
small bubbles grow and collapse while 5till attached to the surface and can-
not penetrate far into high subcooled buik flow until the point B is reached,
At this point the thermal, as well as hydredynamic, conditions are such that
bubbles grow and detach, condensing only to some degree as they pass through
the slightly subcooled liquid. The bubble number density and the void frac-
tion increase with the length from the transition point, B, although the lig-
uid bulk temperature is still below the corresponding saturation temperature.
Region I is of 1ittle significance as far as the net bubble generation is
concerned, and in this region

((Qsi_\,s @ <¢w> . (22)

For all purposes, therefore, the point B can be reqarded as the point of net

bubble generation. ODue to its importance, a great deal of attention has been
paid to determine the location of this point as a function of the system pa-

rameters [16-24]. Our major problem, however, is to determine the bubble re-
condensation rate in this region, which is essential in Eq. (19).
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Fig. 2. Schematic Representation of Void Fraction (a), Number
Density (Ny), Liquid Temperature (T¢), and Surface
Temperature (T,) in Axial Direction (z)

In Region II, the bulk 1iquid is still subccoled when the bubbles are
generated and detached into the main stream. Some of the bubbles generated
and detachad at the surface will recundense in the subcooled bulk liquid.

The fraction of re-condensation can be obtained by comparing the rates of net
vapor generation and evaporation at the surface. In order to make an esti-
mate of these twc rates, we can assume that the rate of evaporation at the
surface will be proportional.to the total heat flux, 4", minus the single
phase convective heat flux, qgp, whereas the rate of net vapor formation will
be proportional to the amount of energy that is used to increase vapor flow.
Consequently, the fraction of bubbles that recondense, n, can be estimated as

follows:

10



g? ‘Ggpi!g:* Cpf (Tsat L Tf)]}

@ &) (1)

C

nel -

(23)

nere 4" is the total wall heat flux, whereas qip is the convective heat flux
due to the siingle phase liquid convection and ége sink term becomes

<<051>> = n <¢w> (24)

where Gg is the vapor mass velocity, and Tf is the liquid bulk temperature.

The right hand side of Eq. (23) can be evalua‘ed through the use of bal-
ance equations. Consider a steady, one-dimensional flow of a two-phase mix-
ture with constant properties and assume that the effects of the kinetic and
potential energies can be neglected. Then we have the energy equation for
the mixture

;‘};(cg ig * G¢ 1) - 4L (25)

and the conservation of mass for the mixture
d.(s. +86,) = (26)
dz \8g * Gg) = 0

where ig and if are the vapor and bulk liquid enthalpies, respectively.

Using Eqs. {(25) and (26) in Eq. (23), it can be shown that

oo (a)- @ (k)
@) - (k)

C

(27)

[t is important to note that the expression derived for the prediction
of n satisfies two limiting cases. Until point B in Fig. 2 is reached, the
total energy supplied to the subcooled liquid is used for increasing the tem-
perature of the liquid without net vapor generation. Therefore, in this re-
gion n approaches unity in Eq. (27). On the other hand, in the saturated
nucleate boiling region dT./dz = 0. Therefore, n becomes zero in Eq. (27).

It can be seen from Eq. (27) that in order to evaluate <<o31>>. it is

necessary to determine first the axial liquid bulk temperature distribution
Tf(z). In Refs. [25-27], the axial temperature distribution for subcooled

11



boiling has been approximated by some functions that satisfy the physical
boundary conditions. It was shown in Ref. [27] that the exponential or the
tarqgent approximation for the temperature profiles gave satisfac-

when compared to available experimental data. In view of it

we shall introduce here the exponential approximation expressed

where the characteristic “’n‘;t*‘l Ag 18 (’xiven lm,

In these relations, z, is the axial coordinate at the point of practical in-
ipient va or formation, ”‘i is the axial coordinate at point Te = To.+, @S-
1

: = sd
brium, and T, is the 1iquid bulr temperature at

|
uming thermodynamic equl
ren

e

With this temperature profile. n can be calculated fron

general if we use the standard single phase heat
for qlp and two-phase flow heat transfer correlation.
lead to a highly complicated correlation for <<é.i>>.
desirable to cotain a simple expression which satisfies

11 phenomenon.

First consider the fully developed subcooled boiling region where Qcp

insignificant in comparison with the nucleate boiling heat flux. Under

3 - S oy . ~ £ . [ 4 | < <
approximaticn Eq. (3 reduces to

atisfies the 1imiting condition of saturated boilino.

to Tea+ n approaches to zero, indicating that
t-t‘f' omes zero.




Second consider the neighborhood of net vapor generation point in the

relatively high subcooling boiling region. In this region, the single phase
heat transfer is significant in relation to the nucleate boiling
Thus, in Eq. (30) q¢p should play a major role in determin-

8 |

1ng r the re-condersation rate. owever, as T¢ approaches to .
(")

convective

heat transfer,

ibbies nucleated at the wall should immediately re-condense.

jlation implies that

Now, in terms of the loca’l heat flux, n can also expressed as

e {\'l"j_

.

'boil

is the nucleate boiling portion of the total wall heat flux, and
the condensation heat flux at the outer edge of the bubble bound-

governed by the single phase heat transfer

ince Qeond. 1S mainly

ibcooled 1iquid core where steep liquid temperature gradient
In this case, it is expected that

The 1imiting condition of n at Ty o and this rela-

region should be as follows:

the bubble boundary laver.

that this equation has the same form as Eq.
be concluded that

t ¢

» interesting to note
Therefore, from these two 1imiting conditions it may
expression for can be given approximately by Eq. (31).

S|

the general

In view of Eqs. (24) and (31), the sink term can be expressed as

sat

[t is noted that the above expression for the condensation rate has been
case of boiling flow using a one-dimensional

obtained by considering a normal
Because of this, the applicability of Eq. (36) is limited to

formulation.
r quasi-one-dimensional formulation and to boiling flow,

one 0 1.8 P
N e b




onstitituve relation can be extended to outside of the above limitations
pecial cases only. For example, such as the bulk condensation due to
irization where the bubble c<ize changes are more important than the

n tne number density. However, it may not )1ied to the

ow where heat is removed fr the wall and '

ts near the wall.
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ombining the bubble number density sink term defined by Eq. (36) and the
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counted active nucleation site density. Furthermore, the pressure ranges
covered by these data are far short of being sufficient tu directly arrive
at a reliable correlation. Most of the existing data have been obtained at
subatmospheric pressures. Very few data exist for higher pressures beyond
1 atm,

Due to a lack of experimental nucleation site density data over a wide
range of pressures, first, heat transfer data will be studied in Section I1II.
Then, the results of heat transfer studies in the pool boiling will be used
in Section IV to arrive at an active nucleation site density correlation.

IIT1. HEAT TRANSFER IN POOL BOILING

A. Introduction

Heat transfer in pool boiling has been investigated extensively for many
years and numerous equations have been proposed for correlating experimental
data. Because the high heat flux densities in nucleate boiling were attrib-
uted to bubbles which induce locally a strong stirring action of the liquid
near the heating surface in most of the early correlations [28-36], the heat
transfer is determined by the agitating action of the bubbles. They may all
be written in the general dimensionless form of

Nu = Const. Rz P: J (38)

The differences among them stems from the way in which the hydrodynamic proc-
ess of stirring of the liquid in the vicinity of the heating surface is taken
iuto account. In the dimensional form, Eq. (38) can be expressed in the form

q" = Const. (T, - T )P (39)

sat

where the value of the exponent varies between 2 and 4 and the constant de-
pends on the thermophysical properties of the vapor and the liquid, as well
as on the solid-liquid combination.

The major drawback of this type of correlation consists in the fact that
the structure of the heating surface is not taken into account. In fact, it
was noted and discussed in Refs. [37-38] that a generalized correlation cannot
be expected to hold unless the correlation takes into account the nucleating
characteristic of the heating surface and the effect of the bubble nucleation
site density. With che experiments, which provided quantitative information
on the active nuc'eation site density, it was shown in Refs. [39-43] that
instead of expressing the heat flux density in terms of the liquid superheat

temperature difference (T, - T ,4) as in Eq. (39), it was also possible to

express it in terms of th: number of active nucleation site density Np alone,
thus
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f Table I lists some empirical correlations of active nuclea-
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Tab’e I.

a) @" = Const. N;. Eq. (40)

Active Nucleation Site Density Correlations

Author(s) Surface-Fluid Heat Flux Range Exponent
[Reference] Heater Combination (Btu/hft?) a
Jacob [28] Flat Plate Chromium Plated-water q" < 18,000 1.0
Gaertner & Westwater [39] Flat Plate Copper-Ni-H20 7,680 < q < 317,000 0.47
(2" diameter) Solution
Kirby & Westwater [40] Flat Plate Carbon Tetrachloride - q" < 90,300
(2" square) Copper
thanol - Copper Q" < 142,000 0.50
Carbon Tetrachloride - 0.73
Glass
Gaertner [41] Flat Plate Platinum - Water 10,500 < Q" < 58,600 0.67
(2" diameter) Copper - Water
Semeria [40] Wires Water 3 <P < 100 atm. 0.50
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Table 1.

=N b C
b) q" = Const. (Tw - TS) Np, Eq. (41)

Active Nucleation Site Density Correlations (Cont'd)

Surface-Fluid

Author(s) Heat Flux Range Exponent
[Reference] Heater Combination (Btu/hft2) b c
% Myers  Flat Plate Copper - Water q" < 19,000 1.0 0.33
(3" diameter) Copper-Organic Liquids
Nishikawa [44] Flat Plate Brass-Water Solutions Q" < 13,600 1.0 0.33
Yamagata & Flat Plate Brass-Water Solutions q" < 11,600 1.5 0.25
Nishikawe [45] (10 cm diameter)
Orell [50] Wires Water & Organic For Normal Case 1.0 0.5
(0.008" diameter) Liquids For S-Shape Curve 1.0 0.5-0.68
Helad, Ricklis & Flat Plate Brass-Organic Liquids 3,2300 < §" < 19,840 1.67 0.42
Orell [49] (2" diameter) (Artificial Cavities) 10,500 < q@" < 81,500 3.07 0.606
Tien [51] Horizontal Surface Theoretical, Inverted 1.0 0.5
Plane Stagnation
Flow Model
Zuber [52] Horizontal Surface Theoretical, Turbulent 1.57  0.33

Natural Convection
Model
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Fig. 3. Variation of Heat Transfer Coefficient with Active
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N_ = Const. 6“]/c (Tw -T )-b/c ; (42)

p

However, it cannot be directly used for the purpose of calculating Np as long
as 9" and (Ty - Tgay) are not measured simultaneously.

In what follows, we shall follow a different path in predicting the ac-
tive nucleation site density in nucleate beiling. For this purpose, in this
section, we shall correlate existing pool boiling data in the form of Eq. (42)
by starting with a ferced-convection heat transfer model. In the following
section, this correlatiorn will be used to correlate the active nucleation
site density to the active site size and the fluid properties as follows:

Np - f(RC, fluid properties) (43)

where Rc is the critical cavity radius.
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A correlation in the form of Eq. (43) is not expected to hold exactly
for each fluid-surface combination but it will certainly serve to approxi-
mately predict a number of nucleation sites in terms of practically measure-
able or calculable quantities.

B. Model

In order to discuss the heat transfer to a boiling liquid, it is impor-
tant to describe the hydrodynamic field of the fluid adjacent to the heated
surface. It should be noted, however, that a simple description can be 1imi-
ted only to the relatively low heat-flux range, because in the high-heat flux
region bubbles begin to merge and the activity is not as orderly as the dis-
crete bubbling region and, therefore, is difficult to model.

If we consider a single nucleation site, follewing the nucleation from a
cavity, the bubble starts growing in a superheated liquid film while it is
still attached to the heated surface. During this growth, the bubble pushes
the surrounding liquid outward. Although the bubble slightly deforms in this
period, the motion in the liquid will be radial, Fig. 4. The liquid convec-
tion associated with the bubble growth can be analyzed as a source flow. Con-
ceptual models, based on the source flow, were formulated in Refs. [52] and
[54] for nucleate boiling of subcooled liquids and in Ref. [55] for liquids
at saturation.

Fig. 4. The Source Flow Associated with the Growing Bubble [52]

Eventually, the bubble grows to the point where it departs from the heat-
ing surface due to the buoyant and drag forces. Immediately after the detach-
ment, the lower surface of the bubble reenters, Fig. 5, and deforms the bubble
in a lenticular shape. Liquid is entrained in the wake of the detaching and
rising spheroidal bubble, i.e., the wake flow. This causes upf'w of the hot
liquid following the bubble. Colder liquid comes in contact with the heated
surface and gets heated again until it is hot enough to sponsor the growth of
a new consecutive bubble. This new bubble grows until the departure and the
process described above is repeated. A bubble column is thus formed by bub-
bles successively rising from a nucleating center. The period prior to tne
appearance of the second bubble is called the waiting period, and the period
between appearance and the departure of a bubble is called the growth time.
Waiting time depends upon the local heat-flux, thermal fluctuations in the
liquid and the nucleation center size. The growth time depends on the local
superheat and on the local hydrodynamic condition.

20
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From the foregoing it can be concluded that for boiling on a horizontal
surface the liquid flow pattern in the vicinity of a nucleation center con-
tinuously oscillates between the source flow and the wake flow. For boiling
on a vertical surface, however, the 1iquid flow pattern should be different
from the flow patterns discussed above. In particular, the density differen-
tial which sets up the motion in the case of boiling on a horizontal surface
[52, 56] cannot be effective in the case of boiling on a vertical surface.
However, the agitating effect of the source flow will be similar in both
cases. Furthermore, it should be noted that the degree of agitation of the
source flow in subcooled boiling is independent of the degree of subcooling
[52, 55, 57]. It is identical to the liquids at saturation temperature.

Since we are trying to obtain a practical correiation which can be used
for the nucleate boiling on both the horizontal and vertical surfaces and,
since we want to use the correlation for the subcooled as well as the satur-
ated nucleate boilings, we shall adopt the source flow model in the forth-
coming correlation.

L. Heat Transfer Correlation

In view of the foregoing discussion, the heat transfer data gathered
from a wide variety of sources were correlated on the basis of the source
flow model. The 1iquid motion near the heat transfer surface in the vicinity
of a nucleation center is approximated by a radial motion having a character-
istic dimension of s/2 where s is the average distance between neighboring
active nucleation centers. Therefore, the radius of an influence domain of
a growing bubble would be s/2. While it is known that the active nucleation
sites are distributed rather randomly over the heated surface, the average
bubble spacing is directly related to active nucleation site density [55% as

_ ue/2
S Np " (44)

Since nucleate boiling studies deal with the formation and detachment of
vapor bubbles, the heat transfer data were fitted with the convective heat
transfer correlation having a form of
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The Nusselt number is defined as

where k. is the thermal conductivity of the liquid phase.

The dimensionless group f':‘d’ s) is the ratio of the bubble diameter at
departure and the size of the average bubble spacing, which is expressed in
terms of the active nucleation site density, ‘J[‘,, given by Eq. (44)., 1In al-
nost all of the boiling heat transfer studies, the Fritz equation [58]
een used for the bubble departure diameter. However, a comparison of the
ritz equation with the available experimental water data in Appendix A show:
hat the Fritz equation yields a good agreement only around atmospheric pre:
sure. For high pressure use, the Fritz equation has been modified based on

has

xperimental water data, see Fig. 6. Thus the following bubble departure ex-

re ion 1s proposed:

he bubble departure diameter calculated through the use of the

f jiver by

is the contact angle, and o is the surface tension. It should be
that D4 approaches zero as pressure approaches the critical pressure.

ther “«Hi-‘., 1t near 4f"‘u<‘phpr‘l\ pressures., Uy € -‘,avn‘i:q}:y rpfju(‘)c‘ t

btained from the Fritz equation, D4

appearing in the prouposed heat transfer correlatior
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when a new surface is given, a new calibration has to be made; otherwise,
there is only a qualitative correlation between surface finish and size range

(:i‘ cavity "10"”‘\,1:?v.

Furthermore, it should be noted here that the use of Eq. (58) in predict-
ing the critical cavity size on all pressure levels is not correct. As dem-
onstrated in Appendix B, Eq. (58) can give only correct results for water at
about ¢ ars, see Fig. 9. For lower and higher pressures, the error in cal-
culating R. increases as the liquid superheat increases. Based on this ob-
ervati a more accurate expression for R, recommended at extreme pressure

ranqes

his brief discussion it can be concluded that the basic problem to
he active site density to the surface nucleation characteristics is

to the difficulty of describing the surface effect quantitatively.
time when the essential elements of a surface which affects boiling
ured and are related mathematically to boiling performance, it is
iat any truly reliable correlation will be developed.

(R_) Relation
‘e

in the preceding section, the essential effects of a boiling
measured and related mathematically to an active nucleation
ibution. Therefore, it is unlikely that any reliable cor-

mechanistic modeling can be developed for determining N..
ceed with data reduction techniques by means of dimension-

It may be reasonable to start from the fact that a certain number of

properties and variables characterize the process. Such variables and the
. " - ) ‘

sat* “Yd» at and Of» 19 V€, a¢€, ("!f

‘espectively. These variables and properties may bé combined ih the

thermopnyse i’,-"] propert ies are "‘_

o
of dimensional analysis to yield dimensionless groups, and the lin-
linear regression analysis with the existing data can be used to

correlation between dependent and independent dimensionless varia-

Considering the number of independent dimensionless groups and the

f substances used in boiling experiments, the method just described

would be too cumbersome. Since our purpose is directed toward obtaining an

empirical correlation for water only, it seemed reasonable to eliminate some
of the variables listed above.

number o

From the list above it can be observed that the main variables affecting

are the liquid superheat, the bubble departure diameter and the thermo-

ysTcal properties of fluid. Since both the bubble departure diameter, see
Appendix A, and the fluid properties may be represented as a function of pres
sure, it may be proposed that

None of the experimenters, investigating the effect of pressure on

ina ;\’,,4!\1}..,,.‘,‘”[')‘ '~-""’11‘11’\!”(‘(7.‘\1»/ counted active nucleation site density
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Fig. 9. Relationship of Critical Cavity Size to Liquid
Superheat at Different Pressures
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cannot be confirmed directly. Instead, the heat transfer correlation devel-
oped in the preceding section, i.e., Eq. (55), may be used to calculate the
active nucleation site density from experimentally measured values of AT

and h. Applying Eq. (55) to the experimental water data [66], the active
nucleation site density versus AT¢at was plotted in the double logarithmic
diagram as shown in Fig. 10. It can be seen from this fiqure that a relation
in the form of

Np = Const. AT':at (60)

exists at a given pressure level. However, the constant term appearing in
Eq. (60) exhibits drastic variations from one pressure level to another pres-
sure level.

Equation (60) can also be expressed in nondimensional form by using
proper scaling parameters for N, and AT at- A natural scaling parameter for
Np should be the bubble departure diameier. D4, because in maximum packing
condition

2
Np Dd <1.0 . (61)
Thus, the dimensionless active nucleation site density is defined as
*
N_ = . J
R Np Dy (62)

On the other hand, the proper scaling parameter for ATgat Might be the maximum
possible value of the 1iquid superheat at a given pressure. However, in view
of the difficulties associated with predicting the maximum superheat, we used
the nondimen-ional critical cavity size, R., because Re reflects the effect
of superheat at a given pressure. Furthermore, it should be noted that the
critical radius calculated from Eq. (B.5), or more correctly from Eq. (B.6),
is equal to the minimum cavity size that can be activated at a given super-
heat ATga¢, while the active nucleation site density N, at given ATg,s and P
comprises all nucleation sites with cavity radii r > R.. Thus, calcu%ating

Np and R for different values of ATga¢ and p and prt%ing Np against Re, one
oBtains the cumulative size distribut?on. With the minimum radius calculated
by Eq. (41), values of Np versus dimensionless minimum radius defined by

RC = 637-2' (63)

were plotted in Fig. 11. It can be seen from this figure that a relation in
the form of
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(64

't each pressure level confirms the validity of an approach followed by Refs.
471 and [61-65] based on the above equation. However, to the contrary of

he findings in these references, the constant term appearirj in Eq. (64

ronaly depends on the system pressure.

This parametric investigation supports a functional relationship of the

voe proposed by Eq. (59). Furthermore, it conclusively shows that the ac-

ive nucleation site density is not a single-valued function of the critical
' ”;' but depends upon both the critical radius and the saturation pre:
i 1s final conclusion contradicts the conclusions obtained in Refs.

| ] and [61-65]. Contradictions stem from the fact that variations in R¢ in

hese experiments were achieved by varying the superheat alone at a single

’7".7” pressure.
Global Correlatior

order to establish both the pressure and the surface effects, which
accounted for by correlation in the form of either Eq. (60) or

a global approach to roblem was followed in the present in-

yn. Namely, the heat transfte orrelation expressed by Eq. (55) was
the experimental data run on a variety of sufaces to correlate the

wcleatior ite density to measureable quantities. This overall ap-
+

ertainly eliminates the detailed effects of

r
the nucleation site density. However, it will take into account the
characteristics on averaged or global sense.

e surface characteris-

view of the parametric study made in the preceding
ve at a correlation in the form of

nondimensional densi difference given by

55) to the existing water data listed in Table

i,
experimentally measured values of AT.,+ and h while

N . . . - pedadll P S ; TR
evaluate R~. Fitting the data with tq. 5) exponent

\

were determined. The results can be represented as
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Table II.

Pool Boiling Heat Transfer Experimental Data

Heater
Size
Author(s) (Diameter) Material Pressure
[Reference] Geometry (cm) roughness (bar)
Borishanskii et al. Cylinder D =0.694 Stainless Steel 4.51, 73.05,
[66] L =26.0 1x18H9T 98.1, 147.1,
196.1
Borishanskii et al. Cylinder Stainless Steel 5.88, 9.81,
[68] 1Kh 1I8N9 T 22.6, 31.4,
Clean 42.2, 55.0,
99.1, 128.5,
147.0, 169.0,
178.0
Cichelli & Bonilla [67] Flat Plate D = 9.5 Chromium Plated 7.93, 18.28,
Copper, Clean and 35.48, 52.76,
Polished 70.0
Magrini & Nannei [69] Cylinder D=1.0 Layer of Zinc, 1.01
I = 19,0 Nickel and Tin,
Polished with
Emery Paper
Elrod et al. [70] Cylinder D =1.9] Carbon Steel 36.86, 70.0
t=0.124 Monel and Inconel 106.8
L =17.78 Commerical

Material




f(o‘) = 2,157 x 10-7 (ﬁﬁ.) -3.12 (] + 0.0049 3_&)4.]3 . (68)
9 g

A comparison of the above correlation with the experimental data is pre-
sented in Fig. 12. Considering the variety of surfaces with different rough-
nesses used in the experiments, one should notice that Eq. (67) allows a
fairly good representation of the existing experimental water data for a pres-
sure range of 1 bar to 198 bars. It should be noted that the correlation ex-
pressed by Eq. (67) is a global one because it represents the effects of
surface characteristics only on averaged sense.

V. FORLED CONVECTIVE NUCLEATE BOILING

A. Active Nucleation Site Density

In the preceding section, the active nuclegtion site density in p20l boil-
ing is correlated in the form of Ny = N5 (Rg, o). It is the objective of
this section to show that a simi]ag cor ela%ion can be used in predicting the
active nucleation site density in a forced convection system.

In forced convective nucleate boiling, which covers the fully developed
subcooled boiling and tk2 saturated nucleate boiling regions, Fig. 2, the
velocity and subcooling have only little effect [53, 54% on the surface tem-
perature. i was shown that the wall temperature strongly influences the
active nucleation site density in the pool boiling. In subcooled boiling,
the surface temperature is primarily a function of the surface heat flux and
the system pressure for a given fluid. Since the saturation temperature de-
pends on the system pressure only, it may seem that the flow field would not
be effective on the overall wall superheat. However, in view of the follow-
ing discussion it will be clear that the hydrodynamic flow fi=ld will have a
significant effect on the effective superheat in which a bubble grows in con-
vective nucleate boiling.

A bubble nucleated at a cavity grows through a liquid film region adja-
cent to the wall where a high temperature gradiert exists, and so in reality
it experiences a somewhat lower mean superheat than the wall superheat. In
the case of pool boiling the difference between the wall superheat and the
actual superheat that a growing bubble experiences is small. Therefore, the
superheat based on the surface temperature, T,, can be taken as the effective
superheat in pool boiling. In the case of forced convective nucleate boiling,
however, the temperature gradient depends on the mass flow rate and would gen-
erally be much steeper than in the corresponding pool boiling case with the
same wall superheat. However, the effective superheat would be less than the
actual wall superheat. Qualitative temperature prcfiles for pool boiling and
for convective boiling with the same actual wall superheat is presented in
Fig. 13. From this figure it can be seen that

= AT T, -T ‘ (69)

aT < AT sat = 'w _ 'sat

e, conv e, pool
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Fig. 13. Temperature Profiles for Pool Boiling and for Convective
Boiling with Same Total Superheat [71]

Thus in the forced convective nucleate boiling region, effects of the flow on
the nucleation characteristics would be through the temperature gradient
rather than the overall walil superheat.

In a mechanistic sense, bubble nucleation process is similar in pool
bsiling and convective nucleate boiling. In both cases, to maintain nucle-
ate bniling on a surface, it is necessary that the effective superheat ex-
ceeds a critical value for a specified system pressure. Thus it is postulated
here that the active nucleation site density correiation obtained for the
pool boiling could be used to predict the aciive nucleation site density in a
forced conve-tive nucleate boiling witn an effective superheat, ATg, rather
than the actial wall superheat, ATgat. Based on this assumption the active
nucleation site density for forced convective nucleate boiling Ny in a dimen-
sionless form is given by

* * + *
Na =N Regn o) (70)

The effective critical cavity size, Ree, is derived in Appendix B and given
by
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In view of Eq. (67), the dimensionless active nucleation site density in the
forced convective nucleate boiling can be given by

PN
N, = flo ) Re_q (72)
where f(p.) is given by Eq. (68).

Based on Eq. (72), the following observations can be made:

1. Since the effective superheat decreases with increasing flow rate,
the number of the active nucleation site density decreases with
increasing flow rate. This result has been confirmed by experi-
mental observations. At relatively high flow rates the nucleation
may be completely suppressed.

2. The number of active nucleation sites increases with increasing
surface heat flux. This result is an expected one, because as the
total heat flux increases total wall superheat and, in turn, the
~ffective superheat increases, indicating that more and more nuc-
leation sites are activated.

3. Finally, the number of active nucleation sites increases with in-
creasing system pressure. As the prescsure increases, Eq. (72)
reveals that more nucleation centers are activated.

These immediate results enumerated above support the method developed in
this report to predict the active nucleation site density in terms of the
fluid and flow parameters.

B. Effective Superheat

A formal way of predicting the effective superheat requires information
about the thermal boundary layer profile in the vicinity of the heated sur-
face and the cavity size distribution. For a simplicity of the model, the
suppression factor [71] will be introduced here. In Chen's heat transfer
correlation [71], which has been proved to be reliable, suppression factor
S is defined by

{ ATe 0.99 (73)
S = | — F
ATsat

From experimental data it was graphically correlated to a two-phase flow Rey-
nolds number defined by
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Rerp = [6(1 - x)0/u] + Fle (78)

Functional relationships which fit Chen's correlations for F and S re-
spectively are

1

F = 1.0 for g— < 0.1 (75)
tt
F=2.135 (X—'— + 0.213>°'735 for T]‘ > 0.1 (76)
tt et
and
5 w ] (77)

-5
1+1.4x10 ReTP

where X, is the Martinelli parameter [72].

For simplicity the power 0.99 in Eq. (73) may be replaced by 1.0, then
the effective superheat can be calculated from

AT (78)

e =5 ¢ Mg

C. Comparison

In the case of forced convective nucleate boilina, so far there are cl-
most no experimental data which can provide direct information on the active
nucleation site density, except that of Treshchev [86]. The test section in
that study was a rectangular duct 8 x 14 mm in size, with a boiling surface
of a nickel pla‘te fastened to the bottom. The fluid used in the_ experiments
was water. Tne heat fluxes ranged from 0.4 ~ 106 to 5 x 10€ W/m¢ and the flow
velocities were up to 2 m/s. The number of active nucleation sites was de-
termined by macrophotography, for pressures of 5, 25 and 50 bars ant for tem-
peratures from 80 to 250°C. The active nucleation site density. Nn, #¥2° ob-
served as a function of the surface heat flux, q". System pressure, liquid
velocity and the 1iquid subcooling were treated as paramecers<.

Since the surface temperature was not simultarecusi, measured in Treshchev's
experimental study, it was not possible to make a direct corparison with the
present correlation. For the purpose of comparison, however, the surface tem-
peratures were calculated from the correlations of Chen [71] and Thom [74].

Since the liquid subcoolings in these experiments were as high as 85°C, prop-
erties used in the calculation of the Reynolds number are based on the liquid
bulk temperature. However, the actual wall superheats in the forced convec-
tive nucleate boiling are much higher than the superheats ercountered in the
poo! boiling. Thus + e properties relevant to bubble formation are determingd
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at the average film temperature. With the wall temperatures calculated from
the "hen and Thom's correlations, dimensional active nucleation site densitiecs

yredicted by Eq. ¥ are compared with Treshchev's experimenta)

14 and 15. In order to cover the whole range of experimental param-
,, @ comparison is made in Fig. 16 in terms of dimensionless variablec

observations

idering the detailed surface effects which were not taken into account in

¢ 1,,‘ 10N, i+ an he seen fy',,m th“"»f" "‘(; res t"(,]t the active nut I()d?""“"

redicted by i’}, (72) allows a ‘di"]v (](H)f“ representation of the
experimental water data for a pressure range of 1 to 50 bar:
wall temperatures based on Chen's correlatior »1d better
based on Thom's correlation.

nonstrated in Appendix B, use of a simple expression, i.e., Eq.

the critical cavity size may yield erroneous results at certain
es . For this reason, the complete expression qgiven by Eq. (B.E
throughout in this report. Due to its simplicity, however, the
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Fig. 16. Comparison of Calculated Dimensionless Active Nucleation Site
Density with Experimental Convective Boiling Data [86]
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APPENDIX B

Critical Cavity Size

ince the active nucleation site density, primarily represents
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the critical cavity size, R., has become
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nucleation site density correlations. From the mathemati

fferent functional representations, such as power functions

b

ons, have been proposed. In this report it is showr

the numerical value of the exponent appearing in Eq.
luded that the validity of theoretical predictions of the active
ite density is limited by the expressions used for the theoretical
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