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Closure correlations describing bubble nucleation and departure on the heating surface is indispensable
when modeling subcooled boiling flow using a two-fluid model. Due to the small contact angle and sur-
face tension, nucleation and departure of nitrogen vapor bubble has different characteristics to those of
high-boiling liquids. For the purpose of accurate two-fluid model formulation, these factors have to be
taken into consideration. In this study, some closure correlations of the bubble departure diameter, active
site density and bubble waiting time were tested in the frame of the two-fluid model and the CFX code.
Benchmark experiments were then performed to evaluate the correlations. Comparison of the numerical
results against the experimental data demonstrates that the surface tension is crucial to modeling the
bubble departure diameter and the active site density. The bubble waiting time correlation formulated
according to bubble growth is expected to be used as a criterion of judging the transition from subcooled
to saturated boiling.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The most important task when modeling subcooled boiling
flow using a two-fluid model is to complement closure correla-
tions describing interactions between the phases. During the past
decades, although numerous literature deals with boiling flow of
water using the two-fluid model, investigations of analogous
phenomena in liquid nitrogen (LN2) are very few since the closure
correlations of nitrogen two-phase flow with phase change and
the related numerical procedure have not been completely
established.

In a subcooled boiling flow, bubble generation on the heat-
ing surface is the source of void in the two-phase flow field. It
is crucial to supply closure correlations describing heat and
mass transfer on the heating surface when modeling this pro-
cess using a two-fluid model. Among them, the most impor-
tant closure correlations appear to be those related to bubble
nucleation, growth and departure, including the correlations
of bubble departure diameter, bubble departure frequency, ac-
tive site density, as well as the bubble growth and waiting
time. Recently, the authors [1] demonstrated that the widely
used closure correlations of heat and mass transfer on the
heating surface during subcooled boiling flow of water is
invalid to boiling flow LN2 due to the differences in physical
ll rights reserved.

.

properties of the liquids. In fact, lots of investigations have
demonstrated that the physical properties of the liquid have
significant effect on the characteristics of bubble generation.
For example, Kirichenko [2,3] and Bald [4] proved that in a
nucleate boiling system the influence of contact angle on bub-
ble departure is significant. For high-boiling liquids with large
contact angle, vapor bubbles tend to break from the smooth
surface, while for cryogenic liquids with small contact angle
(/ � 0�), bubbles tend to break from the cavity mouth and
the cavity size has a significant effect on the bubble departure
diameter. In fact, it is difficult to find a metal surface which
would produce a value of / > 7.5� in LN2, therefore it can be
expected the edge-break mechanism plays a predominant role
in nucleate boiling of LN2. Other experimental and theoretical
investigations [3,5] demonstrated that the surface tension
also has an important effect on bubble nucleation and
departure.

Briefly, in order that an accurate two-fluid mechanism model
of subcooled boiling flow of LN2 can be formulated, the effect of
physical properties of the liquid on bubble generation has to be
taken into account. In this study, some new closure correlations
related to heat and mass transfer on the heating surface are
tested in the frame of the two-fluid model and the CFX-4.3 code.
Benchmark experiments are then conducted in our laboratory to
evaluate the correlations. The numerical results predicted with
the correlations which take the effect of physical properties into
account achieve satisfactory agreement with the experimental
data.
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Nomenclature

Ac area fraction subjected to convection (dimensionless)
Aq area fraction subjected to quenching (dimensionless)
cpl specific heat of the liquid phase at constant pressure

(J kg�1 K�1)
D inner diameter of the tube (m)
dc cavity mouth diameter (m)
dbW bubble departure diameter (m)
dg diameter of a growing bubble (m)
f bubble departure frequency f = 1/(tw + tg) (s�1)
g acceleration due to gravity (m s�2)
hfg the latent heat of evaporation (J kg�1)
Ja the Jacob number, Ja = qlcplD T/(qvhfg) (dimensionless)
L length of the tube (m)
n the active site density (m�2)
p absolute pressure (Pa)
pcr critical pressure of the liquid (Pa)
q heat flux at the wall (W m�2)
qc heat flux due to convection (W m�2)
qe heat flux due to evaporation (W m�2)
qq heat flux due to quenching (W m�2)
T temperature (K)
Tl,W liquid temperature immediately next to the heating

surface (K)

TW temperature of the heating surface (K)
DTsub liquid subcooling immediately next to the heating sur-

face, DTsub = Tsat � Tl,W (K)
DTsup wall superheating, DTsup = TW � Tsat (K)
tg bubble growth time (s)
tw bubble waiting time (s)
ul tangent liquid velocity in the cell immediately next to

the heating surface (m s�1)

Greek letters
k heat conductivity (W m�1 K�1)
l molecular viscosity (Pa s)
q density (kg m�3)
r surface tension coefficient (N m�1)

Subscripts
l the liquid phase
sat Saturated
sub Subcooled
sup Superheated
v the vapor phase
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2. Modeling of heat transfer at heating surface during
subcooled boiling flow of LN2
2.1. Heat flux partition on heating surface

Numerous investigations [6,7] demonstrated that the total heat
flux q from per unit area of heating surface is partitioned into three
components: heat flux due to evaporation qe; heat flux due to
quenching qq and that due to convection qc

q ¼ qc þ qe þ qq ð1Þ

where

qe ¼
p
6

d3
bWqvnfhfg ð2Þ

qq ¼ Aq
2ffiffiffiffi
p
p f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
twklqlcpl

p
ðTW � T l;WÞ ð3Þ

qc ¼ AcStqlcplulðTW � T l;WÞ ð4Þ

where f represents the bubble departure frequency and is modeled
according to Kocamustafaogullari and Ishii [8]; Aq and Ac are,
respectively, the area factions of the ‘‘bubble-influence region”
and that of the convection controlled region, and are modeled
according to Kenning [9]. The other parameters describing bubble
nucleation and departure include the bubble departure diameter
dbW, the active site density n and the bubble waiting time tw, which
will be discussed in the following sections.

2.2. The bubble departure diameter

The bubble departure diameter dbW is an important parameter in
modeling nucleate boiling. Since LN2 has a small contact angle (/
< 7.5�) with most metallic surfaces, it is reasonable to assume
according to Kirichenko [2,3] and Bald [4] that the edge-break mech-
anism predominates in nitrogen bubble departure and the bubble
departure diameter is influenced by the size of the cavity mouth

dbW ¼ 2
3
4

r
ðql � qvÞg

dc

� �1=3

ð5Þ
where dc is the diameter of the active cavity mouth, which is
decided by the local wall superheating [3]

dc ¼
4rTsat

hfgqvDTsup
ð6Þ

For the purpose of comparison, the correlation of Tolubinsky
and Kostanchuk (cited in [10]) is also incorporated in this study

dbW ¼ 0:014 exp
DTsub

45

� �
ð7Þ
2.3. The active site density

As mentioned above, physical properties of the liquid have a
significant effect on nucleation. In this study, the formula proposed
by Kirichenko [3] for the active site density in nucleate boiling of
cryogenic liquids, which considers influence of the surface tension,
is incorporated

n ¼ Cn
hfgqvDTsup

rTsat

� �m

ð8Þ

where Cn and m depend on the pressure: Cn = 1.0 � 10�7, m = 2
when p/pcr P 0.04 and Cn = 625 � 10�6, m = 3 when p/pcr < 0.04,
where pcr is the critical pressure of the fluid.

For the purpose of comparison, the empirical correlation pro-
posed by Lemmert and Chawla (cited in [11]), which is correlated
only to the wall superheating, and the Kocamustafaogullari–Ishii
[12] formula, which is a semi-empirical correlation for nucleate
boiling of high-boiling liquids, but takes into account the influence
of surface tension, are also included

n ¼ ½210DTsup�1:805 ð9Þ

and

n ¼ f ðq�ÞR��4:4
c

d2
bW

ð10Þ

where
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q� ¼ ql � qv

qv
ð11Þ

f ðq�Þ ¼ 2:157� 10�7q��3:2ð1þ 0:0049q�Þ4:13 ð12Þ

R�c ¼
4rTsat

DTsupqvhfgdbW
ð13Þ
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Fig. 1. Schematic diagram of the test section.
2.4. The bubble waiting time

The bubble waiting time tw is defined as the time from a bubble
departure to a sequential bubble nucleation at a same cavity. Due
to the difficulty in modeling tw, some investigators simply calcu-
lated it as

tw ¼ Cw=f ð14Þ

where Cw is an empirical constant. Agreement has not been
achieved in selecting the value of Cw, for example, different values
such as Cw = 0.8 [11] and Cw = 1.0 [10] have appeared in the
literature.

After a bubble departs, the newly filled liquid has to be heated
up to a temperature slightly higher than the local saturation tem-
perature for a sequential bubble nucleation. As a result, tw is factu-
ally the time that the quenching mechanism persists during a
bubble period. It can be expected that tw decreases with reduced
liquid subcooling. As the bulk liquid approaches its saturation
temperature, evaporation occurs as soon as the liquid gets contact
with the superheated surface, the bubble waiting time approaches
zero and the quenching mechanism eliminates. Here, a simple
method calculating tw is put forward according to the growth rate
of cryogenic bubbles.

Numerous investigations [3,5,13–15] have proved that for
nucleate boiling of cryogenic liquids, the size of a growing bubble
is in proportion to the square root of the growing time ðdg �

ffiffi
t
p
Þ.

The validity of Scriven’s correlation for nitrogen bubble growth
rate has been verified by Bald [15], therefore, it is employed here

dg ¼ 4

ffiffiffiffi
3
p

r
qlcplDTsup

qv½hfg þ ðcpl � cpvÞDTsup�
ffiffiffiffiffiffi
alt

p
ð15Þ

where al is thermal diffusivity of the liquid (al = kl/(ql cpl)). Substi-
tuting dg in Eq. (15) by the bubble departure diameter dbW, the
bubble growth time tg can be decided and hence the bubble waiting
time tw

tw ¼ 1=f � tg ð16Þ
3. The experiments

In order to evaluating the closure correlations, an experimental
rig is built up in our laboratory and benchmark experiments are
conducted. The structure of the experimental rig and the experi-
mental procedure have been detailedly highlighted elsewhere
[16], only a brief description of the test section is given here.

The test section is illustrated in Fig. 1, which is a circular tube
made of 304# stainless steel (0Cr18Ni9), with an inner diameter
of 6.0 mm, a wall thickness of 1.0 mm and an effective length of
1000 mm. The tube is connected to an upstream stabilizer and to
a downstream top cover using flanges. The test section is electri-
cally heated using a heating belt wrapped on the outer surface
and the heating power is controlled using an adjustable power
system. Seventeen groups of copper-constantan thermocouples
are equally fixed on the outer surface of the test section along
the length at every distance of 60 mm. Each group includes four
thermocouples which are equally fixed in a circumference. The
thermocouples were carefully calibrated before installation using
a standard platinum resistance thermometer. The calibrating
results showed that the accuracy is better than 0.1 K. When axial
heat conduction is neglected, the temperature of the inner surface
of the tube can be decided according to the records of the thermo-
couples, together with the heat flux and the wall thickness.

A platinum resistance thermometer with an accuracy of 0.1 K
and a pressure transmitter with a measuring range of 0–3.0 MPa
and an accuracy of 0.5% are installed in the stabilizer. Another pres-
sure transmitter with the same range and accuracy as that installed
at the stabilizer was installed near the outlet of the test section.

In the benchmark experiments, operating parameters including
the outlet pressure, the heat flux and the mass flow rate are care-
fully selected. The outlet pressure varies from 0.195 to 1.129 MPa
and the mass flux is in the range of 184.7–584.8 kg/(m2 s). The inlet
liquid subcooling during the experiments appears in the range of
0.87–10.61 K. The heat flux is in the range of 1026–30,125 W m�2.

Due to the inherent instability of two-phase flows, the readings
of the instruments keep fluctuating, but the average values of the
readings are almost constants. Therefore, the records are acquired
at a sampling frequency of 1.0 Hz for at least 30 min and the time-
averaged values of the records are used as the computational con-
ditions and the benchmark data. Details of the experimental data
are shown in Table 1.

4. Results and discussion

4.1. Numerical computations

The commercial CFD code CFX-4.3 is used as a frame to perform
the computations and to evaluate the models. The above closure
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Fig. 2. Influence of bubble departure diameter (Case 1) (a) bubble departure
diameter and (b) wall temperature.

Table 1
Details of the experimental data

Experimental case No. Outlet pressure (abs) (MPa) Mass flow rate (kg m�2 s�1) Heat flux (W m�2) Inlet subcooling (K)

1 1.129 584.6 25,216 10.6
2 1.129 585.2 30,125 10.6
3 1.129 584.6 23,291 10.6
4 0.710 185.9 2049 2.2
5 0.343 371.8 3873 3.3
6 0.195 288.6 1026 0.9
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equations are incorporated in the two-fluid model through the CFX
user-defined subroutines and two-dimensional numerical simula-
tions are performed. Details of the two-fluid model and the numer-
ical procedure have been highlighted in the authors’ earlier
publication [1,16] and will not be repeated here. The boundary
conditions of the computations are from the experimental data,
which are listed in Table 1. Before evaluating the closure correla-
tions, the sensitivity of grid density is firstly analyzed. Due to the
axial symmetry of the two-phase flow field, a two-dimensional
computational domain with a dimension of 3 � 1000 mm is built
and three different grid arrangements (5 � 1000, 10 � 1000 and
15 � 1000 uniform rectangular cells) are tested. It is found that
there is no significant difference between the predicted results of
the 10 � 1000 and those of the 15 � 1000 grid arrangements.
Therefore it is confirmed that the 10 � 1000 grid arrangement is
adequate to the issue of this study.

4.2. Influence of the bubble departure diameter

When evaluating the influence of bubble departure diameter,
the formula proposed by Tolubinsky and Kostanchuk (Eq. (7))
and that by Kirichenko (Eq. (5)) are, respectively, incorporated,
while other models and parameters are kept unchanged. As shown
in Fig. 2(a), both the models predict decreasing bubble departure
diameter along the flow, but Eq. (7) predicts a larger bubble depar-
ture diameter than Eq. (5). Many experimental observations [3,15]
demonstrated the bubble departure diameter of nitrogen bubble in
nucleate pool boiling is less than 0.5 mm. Although no experimen-
tal data on dbW is available in this study, it can be expected that
dbW in flow boiling is smaller than that in pool boiling due to the
liquid inertia force [17] and therefore dbW < 0.5 mm persists. The
Tolubinsky–Kostanchuk model tends to over-predict dbW during
boiling of LN2 mainly due to the fact that it fails to take into
account the cavity-break mechanism.

However, in flow boiling systems, many factors including the
liquid velocity, system pressure, heat flux and physical properties
of the liquid and the surface material have strong effects on the
bubble departure diameter. At present, few experimental data
are available to formulate an accurate model for dbW during boiling
flow of LN2 and further study is urgently needed.

It seems according to Fig. 2(b) that the bubble departure diam-
eter models have no significant effect on the evolution of wall
temperature after nucleate boiling is initialized. Further study
showed that the wall temperature is mainly decided by the active
site density modeling, which will be discussed in the following
sections.

4.3. Influence of the active site density

Prior to evaluating the active site density models, it is helpful to
understand the influence of surface profile of the heating solid and
physical properties of the liquid on bubble nucleation.

A typical probability density function (PDF) of cavity mouth
diameter on a commercially manufactured stainless steel surface
follows the Weibull distribution, as shown in Fig. 3, which was
obtained by Qi et al. [18] using a vertical scanning interferometer.
Although cavities with a wide range of sizes exist on the surface,
only those in a certain size range (dc,min 6 dc 6 dc,max) can be acti-
vated. The minimum active cavity mouth diameter dc,min is related
to the local wall superheating and the liquid surface tension by
dc,min � r/DTsup [19]. The maximum active cavity mouth diameter
dc,max is decided by the contact angle, since only cavities capable of
capturing gases can develop to nuclei while those with size beyond
dc,max would be flooded by the liquid [6,20]. Tong [21] and Corn-
well [22] demonstrated that the effect of contact angle is signifi-
cant for highly wetting liquids. Accordingly, it can be expected
that with reduced surface tension and contact angle, both dc,min

and dc,max decrease and the zone of active sites moves left in
Fig. 3, which illustrates that the probability density of small cavi-
ties is much larger than that of large cavities, therefore means
larger active site density.
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Fig. 4 shows comparison of the numerical results predicted
using Eqs. (8)–(10), respectively, while other models and parame-
ters are kept unchanged. It is found that the effect of the surface
tension is significant in modeling nucleate boiling of LN2. Due to
failing to take into account the influence of physical properties,
the Lemmert–Chawla equation (Eq. (9)) under-predicts the active
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site density (Fig. 4(a)), which leads to an error in prediction of
the liquid temperature. As shown in Fig. 4(b), where the liquid
temperature is defined as the temperature of liquid averaged over
a cross-section, the liquid temperature predicted by Eq. (9) largely
exceeds the saturation temperature and keeps rising, which is
obviously physically untrue. The Kirichenko model (Eq. (8)) and
the Kocamustafaogullari–Ishii model (Eq. (10)) predict higher
active site density and more rational parameter evolutions.

Although the both models predict similar evolution tendencies
in liquid temperature and wall temperature (in Fig. 4(b) and (c)),
the Kirichenko model predicts a larger active site density than
the Kocamustafaogullari–Ishii model (Fig. 4(a)). As a result, there
arises a problem that which model is more accurate in describing
the active site density in nucleate boiling of LN2. Since no quanti-
tative experimental data are available, further computations are
performed to evaluate the models in the range of pressure
0.195–1.129 MPa, inlet subcooling 0.87–10.61 K and mass flux
185.9–584.6 kg/(m2 s), as shown in Fig. 5.

According to Fig. 5, it seems that the Kirichenko model gener-
ates better predictions, especially at lower pressure. Although both
the Kirichenko model and the Kocamustafaogullari–Ishii model
take into account the effect of contact angle, the former was formu-
lated according to experimental data of cryogenic liquids while the
latter was established on the base of high-boiling liquids. The main
cause that leads the Kocamustafaogullari–Ishii model to error
when predicting the active site density during nucleate boiling of
LN2 may lies in Eq. (12).
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4.4. Influence of the bubble waiting time

The influence of bubble waiting time models is analyzed by
employing Eq. (14) with C = 0.8 (denoted as ‘‘empirical” in
Fig. 6), and the equation used by the authors (Eq. (16), denoted
as ‘‘mechanistic” in Fig. 6), respectively, while other models and
parameters are kept unchanged. Fig. 6 shows comparison of the
numerical results, where the dimensionless bubble waiting time
is defined by

t�w ¼
tw

1=f
ð17Þ

It can be seen according to Fig. 6(a) that the empirical equation
predicts a constant dimensionless bubble waiting time ðt�w ¼ 0:8Þ
while the mechanistic model predicts a decreasing t�w. Especially
as shown in Fig. 6(b), the equations predicted inverse evolving ten-
dencies of quenching heat transfer coefficient. Although there is no
quantitative benchmark data on the quenching heat transfer coef-
ficients available, it can be judged that the Eq. (16) is more physi-
cally rational according to the descriptions in Section 2.4.

Although the numerical predictions show that the bubble wait-
ing time plays a minor role in predicting the wall temperature (as
shown in Fig. 6(d)), the quenching mechanism is publicly acknowl-
edged very important in subcooled boiling flow. The authors ex-
pect that the dimensionless bubble waiting time t�w may be used
as a useful criterion for judging the transition from subcooled to
saturated boiling since the quenching mechanism appears mainly
in subcooled boiling.
5. Conclusion

When simulating subcooled boiling flow using a two-fluid mod-
el, one has to supply the closure correlations describing heat trans-
fer from the heating surface to the fluids. Although lots of empirical
or semi-empirical correlations have been established for subcooled
boiling flow of high-boiling liquids, these correlations may be inva-
lid when modeling subcooled boiling flow of LN2, mainly due to the
difference in physical properties of the liquids. In this job, some
closure correlations for the bubble departure diameter, active site
density and bubble waiting time are tested and numerical simula-
tions are performed in the frame the CFX code. Benchmark exper-
iments show that the correlations considering this difference
achieve satisfactory agreement with the experimental data. The
main conclusions rising from this study are as follows:

(1) LN2 has a small surface tension and contact angle, which is
the main reason leading to smaller bubble departure diame-
ter and higher active site density. When modeling nucleate
boiling of LN2, it is crucial to take into account the effects
of surface tension and contact angle.

(2) Among the nucleate boiling parameters investigated in this
study, modeling of the active site density has the most signif-
icant effect on predicting temperature of the heating surface.

(3) The bubble waiting time decreases with reduced liquid sub-
cooling. When saturated boiling occurs, it approaches zero.
Therefore, tw is expected to be used as a criterion for judging
the transition from subcooled to saturated boiling.
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