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In this paper, the interfacial flow structure of subcooled water boiling flow in a subchannel of 3� 3 rod
bundles is presented. The 9 rods are positioned in a quadrangular assembly with a rod diameter of 8.2mm
and a pitch distance of 16.6mm. Local void fraction, interfacial area concentration, interfacial velocity,
Sauter mean diameter, and liquid velocity have been measured using a conductivity probe and a Pitot tube
in 20 locations inside one of the subchannels. A total of 53 flow conditions have been considered in the
experimental dataset at atmospheric pressure conditions with a mass flow rate, heat flux, inlet temperature,
and subcooled temperature ranges of 250–522 kg/m2 s, 25–185 kW/m2, 96.6–104.9�C, and 2–11K, re-
spectively. The dataset has been used to analyze the effect of the heat flux and mass flow rate on the local
flow parameters. In addition, the area-averaged data integrated over the whole subchannel have been used
to validate some of the distribution parameter and drift velocity constitutive equations and interfacial area
concentration correlations most used in the literature.

KEYWORDS: rod bundle, subchannel, subcooled boiling flow, local measurements, drift-flux mod-
el, interfacial area concentration

I. Introduction

The subject of two-phase flow has become increasingly
important in a wide variety of engineering systems for their
optimum design and safe operations. Among them, the mod-
eling of the two-phase flow in a subchannel is of great im-
portance to the safety analysis of nuclear power plants and
verification of thermal-hydraulic design codes. This fact
is especially important in boiling water nuclear reactors
(BWRs) since the two-phase flow is involved in its standard
operational conditions. The basic structure of a two-phase
flow can be characterized by two fundamental geometrical
parameters such as void fraction and interfacial area concen-
tration. The void fraction expresses the phase distribution
and is a required parameter for hydrodynamic and thermal
design in various industrial processes. The interfacial area
describes the available area for the interfacial transfer of
mass, momentum and energy, and is a required parameter
for a two-fluid model formulation. Various transfer mecha-
nisms between phases depend on the two-phase interfacial
structures. Therefore, an accurate knowledge of these param-
eters is necessary for any two-phase flow analysis.

In view of the great importance of void fraction and inter-
facial area concentration for optimum system design and

safe operations, extensive analytical and experimental stud-
ies have been performed. Nevertheless, local flow measure-
ments and modeling of flow parameters in a subchannel are
still limited. This is particularly true for the interfacial area
concentration in subcooled boiling flow. Although some
local data are available in annulus channels simulating sub-
channels,1–7) very limited data on subcooled boiling flow
in subchannels are available so far. In addition to this, very
limited experimentally supported interfacial area models are
available. In nuclear system analysis codes such as TRAC-
PF18) and RELAP5,9) the interfacial area concentration is
calculated based on Weber number criterion and Laplace
length scale, respectively. These approaches have not been
verified directly by experimental data.

From this point of view, this study is intended to under-
stand the flow structure of subcooled boiling water flow in
a subchannel. To achieve it, we first make an extensive sur-
vey on existing models to predict void fraction and interfa-
cial area concentration and on existing data in rod bundles.
Then, we measure local flow parameters of subcooled boil-
ing water flow in a subchannel of 3� 3 rod bundles by local
sensor techniques. The measured local flow parameters in-
clude void fraction, interfacial area concentration, interfacial
velocity and bubble Sauter mean diameter for gas phase and
liquid velocity for liquid phase. Based on the newly obtained
data, we discuss the flow structure of subcooled boiling
water flow in the subchannel. Finally, we evaluate existing
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models with the newly obtained data of void fraction and
interfacial area concentration, which are crucial parameters
in two-phase flow analysis, and develop new empirical cor-
relation to predict void fraction.

II. Survey of Existing Works

1. One-Dimensional Drift-Flux Models
The basic form of the one-dimensional drift-flux model is

expressed by10)

hhvgii ¼
h jgi
h�i

¼ C0h ji þ hhvgjii; ð1Þ

where vg, jg, �, C0, j, and vgj are, respectively, the gas veloc-
ity, superficial gas velocity, void fraction, distribution pa-
rameter, mixture volumetric flux, and drift velocity. hh ii
and h i indicate the void fraction weighted cross-sectional
area-averaged and area-averaged quantities, respectively.
The distribution parameter and void fraction weighted aver-
aged drift velocity are defined as

C0 �
h�ji
h�ih ji

and hhvgjii �
hvgj�i
h�i

¼
hvrð1� �Þ�i

h�i
; ð2Þ

where vr is the relative velocity between phases.
As listed in Table 1, five different sets of constitutive

equations for both C0 and hhvgjii have been chosen to be
compared with the experimental data obtained in the sub-
channel of 3� 3 rod bundles. The first 4 sets such as the
constitutive equations of Bestion,11) Chexal et al.,12) Inoue
et al.,13) and Maier and Coddington14) have been derived
from rod bundle data (mainly differential pressure measure-
ments) and have been successfully tested against different
rod bundle databases16) in a wide range of void fraction
conditions. The last set such as the constitutive equations
of Hibiki et al.15) was derived for annulus channel geometry
and obtained by local probe measurements. Table 1 provides
the explicit correlations for all the constitutive equations. In
what follows, brief explanations are given for all the constit-
utive equations.

Bestion (1990)11)

This correlation was developed to be used in the thermal-
hydraulic code CATHARE. The correlation is based on
experimental data in rod bundles with hydraulic diameters
of 12 and 24mm and also the visual observations given by
Venkateswararao et al.17) The Bestion work11) only provides
the drift velocity correlation, thus a constant distribution
parameter of 1 has been assumed since it provides the most
accurate results.14)

Chexal et al. (1992)12)

This correlation is based on the Zuber-Findlay model10)

and the main modifications are focused on the distribution
parameter. In their work, Chexal and Lellouche developed
correlations for both upward and downward flows in vertical,
inclined and horizontal pipes with different fluid types. In the
case of upward water-steam flow in a vertical pipe, the dis-
tribution parameter and drift velocity correlations are those
known as the EPRI correlation, which were developed by the
same authors in 1986.18) In addition, the critical pressure pa-
rameter is introduced in the distribution parameter equation.

Inoue et al. (1993)13)

This correlation is also based on the Zuber-Findlay mod-
el10) and it was derived from void fraction data in an 8� 8

BWR facility.19) An evaluation of the inlet pressure and mass
flux on the distribution parameter and drift velocity is fitted
with the experimental data.

Maier and Coddington (1997)14)

This correlation was developed using the same approach
as the Inoue et al. correlation,13) but more experimental con-
ditions and flow configurations have been used for the corre-
lation fitting.14)

Hibiki et al. (2003)15)

This correlation modifies the distribution parameter for
subcooled boiling flow obtained by Ishii20) in order to be
used in annulus geometry. The modification is performed
using the bubble layer thickness formulation15) and local
flow experimental data obtained in the annulus with
inner and rod diameters of 38.1 and 19.1mm, respectively.
This formulation is only valid for bubbly flow condi-
tions. The drift velocity correlation is the one developed
by Ishii.20)

2. Interfacial Area Concentration Models
As listed in Table 2, five different sets of constitutive

equations for interfacial area concentration have been chosen
to be compared with the experimental data obtained in the
subchannel of 3� 3 rod bundles. The constitutive equation
of Zeitoun et al.21) has been developed from annulus data,
and the constitutive equations of Hibiki and Ishii22) and
Hibiki et al.23) have been derived mainly from round pipe
and annulus data since there is no experimental database
on interfacial area concentration of boiling flow in rod bun-
dle geometry. The last two sets are currently utilized in
system analysis codes such as TRAC-PF18) and RELAP5.9)

The reduced forms of TRAC-PF1 and RELAP5 correlations,
which can be applicable to the bubbly flow regime, are pre-
sented in Table 2. Table 2 provides the explicit formulations
of all the correlations. In what follows, brief explanations are
given for all the constitutive equations.

Zeitoun et al. (1994)21)

In this correlation, the nondimensional interfacial area
concentration, Nai , is correlated with the void fraction and
Reynolds number, NRei . The nondimensional parameters
are defined as

Nai � haiiLo and NRei �
G

haii�f

; ð3Þ

where ai, G, and �f are, respectively, the interfacial area
concentration, mass velocity, and liquid viscosity. Laplace
length, Lo, is defined as

Lo �
ffiffiffiffiffiffiffiffiffiffi
�

g��

r
; ð4Þ

where �, g, and �� are, respectively, the surface tension,
gravitational acceleration, and density difference between
phases.

Hibiki and Ishii (2002)22)

This correlation was developed based on the simplifica-
tion of the interfacial area transport equation. The important
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Table 1 Existing drift flux models applicable to bundle or subchannel test sections

Authors C0 expression hhvgjii expression
Applicable

range
Ref.

Bestion
(1990)

C0 ¼ 1 hhvgjii ¼ 0:188

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gDH��

�g

s
Whole range 11)

hhvgjii ¼ 1:41
g���

�2f

 !1=4

C2C3C4C9

Chexal et al. (1992)

C0 ¼
L

K0 þ ð1� K0Þ�r

L ¼
1� e�C1�

1� e�C1
; C1 ¼

4p2crit
pðpcrit � pÞ

K0 ¼ B1 þ ð1� B1Þ
�g
�f

� �1=4

; r ¼
1þ 1:57

�
�g

�f

�
1� B1

B1 ¼ min 0:8;
1

1þ e�Re=60000

� �
; Re ¼ maxðRef ;RegÞ

C2 ¼

0:4757 ln
�f
�g

� �� �0:7

if
�f
�g

� 18

1 if C5 � 1

1� exp
�C5

1� C5

� �� ��1

if C5 < 1

8<
: if

�f
�g

> 18

8>>>><
>>>>:

C3 ¼ max 0:5; 2exp
�jRef j
60000

� �� �
; C4 ¼

1 if C7 � 1

1� exp
�C7

1� C7

� �� ��1

if C7 < 1

8<
:

C5 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
150

�g
�f

r
; C7 ¼

0:09144

DH

� �0:6

; C9 ¼ ð1� �ÞB1

Whole range 12)

Inoue et al.
(1993)

C0 ¼ 6:76� 10�3pþ 1:026 hhvgjii ¼ ð5:1� 10�3Gþ 6:91� 10�2Þ � ð9:41� 10�2p2 � 1:99pþ 12:6Þ Whole range 13)

Maier and
Coddington

(1997)
C0 ¼ 2:57� 10�3pþ 1:0062

hhvgjii ¼ ð6:73� 10�7p2 � 8:81� 10�5pþ 1:05� 10�3ÞGþ
ð5:63� 10�3p2 � 1:23� 10�1pþ 0:8Þ Whole range 14)

Hibiki et al.
(2003)

C0 ¼ 1:2� 0:2

ffiffiffiffiffiffi
�g
�f

r !
1� e�3:12h�i0:212
� �

hhvgjii ¼
ffiffiffi
2

p g���

�2f

 !1=4

ð1� h�iÞ1:75 Bubbly flow 15)

Present work C0 ¼ 1:05� 0:05

ffiffiffiffiffiffi
�g
�f

r !
1� e�2:92h�i0:146
� �

hhvgjii ¼
ffiffiffi
2

p g���

�2f

 !1=4

ð1� h�iÞ1:75 Bubbly flow
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parameters that govern the interfacial area concentration are
obtained by physical considerations and they are the void
fraction, bubble Reynolds number, and Laplace length.
The bubble Reynolds number, Reb is defined as

Reb �
h"i1=3Lo4=3

�f
ð5Þ

where �f is the kinematic viscosity of the liquid phase and "
is the energy dissipation.

Hibiki et al. (2006)23)

This correlation was developed based on the simplifica-
tion of the interfacial area transport equation with special
considerations for the boiling bubbly flow, and two versions
of the correlation are given, the first one developed for atmo-
spheric pressure conditions and the second one that consid-
ers the pressure effects. In the atmospheric pressure correla-
tion, the important parameters are the same as considered by
Hibiki and Ishii (2002).22) In the second correlation, the pres-
sure effect is considered through the density ratio, N� as

N� �
�f

�g
ð6Þ

The experiments of the present work were performed
under ambient pressure conditions, so both correlations pro-
vide similar results and only the one that takes pressure
effects into account will be considered.

TRAC-PF1(1993)8)

In the system analysis code TRAC-PF1, the interfacial
area concentration is calculated from the void fraction and
Sauter mean diameter, DSm. The Sauter mean diameter is
calculated from the Laplace length.

RELAP5(1995)9)

In the system analysis code RELAP5, the interfacial
area concentration is calculated from the void fraction
and a characteristic bubble diameter, D0. The characteristic
bubble diameter is calculated from the critical Weber num-
ber.

3. Experimental Databases
The existing experimental datasets in rod bundle geometry

only provide void fraction data. In most of the published
works, the void fraction measurements were performed
using differential pressure transducers. In some cases, more
sophisticated techniques such as X-ray tomography19,24) and
� densitometry25) were used. Very limited local data of void
fraction and interfacial area concentration are available for
boiling flow in rod bundle geometry. A detailed list of the
experimental datasets is given in Table 3. The experimental
facilities used comprise a wide range of rod bundle geome-
tries and dimensions, from the quasi-real-sized LSFT (with
1008 heated rods) to the simplified TPTF (with only 24
heated rods), and flow conditions.

Table 2 Existing interfacial area concentration models applicable to annulus geometry under boiling flow conditions

Authors IAC correlation
Applicable

range
Ref.

Zeitoun et al.

(1994)
haii ¼ 3:24

�

g��

� ��0:55

�0:757 G

�f

� ��0:1

Bubbly flow 21)

haii ¼ 3:02
�

g��

� ��0:174

�
h"i0:0796

vf 0:239DH
0:335

Hibiki and
Ishii (2002)

h"i ¼ gjh jgijexpð�0:0005839Ref Þ þ
jh jij
�m

�dp

dz

� �
F

f1� expð�0:0005839NRef Þg Bubbly flow 22)

Ref ¼
h jf iDH

�f

haii ¼ 3:68
�

g��

� ��0:174

�0:83 h"i0:0796

vf 0:239DH
0:335

�f
�g

� ��0:138

Hibiki et al.
(2006)

h"i ¼ gjh jgijexpð�0:0005839Ref Þ þ
jh jij
�m

�dp

dz

� �
F

f1� expð�0:0005839NRef Þg Bubbly flow 23)

Ref ¼
h jf iDH

�f

TRAC-PF1
haii ¼

6h�i
hDSmi Reduced

(1993)
hDSmi ¼ 2

ffiffiffiffiffiffiffiffiffiffi
�

g��

r form for 8)

bubbly flow

RELAP5
haii ¼

3:6h�i
hD0i Reduced

(1995) hD0i ¼
1

2

10�

�f hvri2
; hvri ¼ C1hhvgii � C0hhvf ii; C1 ¼

1� C0h�i
1� h�i

form for 9)
bubbly flow
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Table 3 Existing databases obtained in bundle or subchannel test section

Experimental
facility

Type
Length
[m]

Rods
(heated)

DH

[mm]
dr

[mm]
Axial power
distribution

�Tsub
[K]

p

[Mpa]
G

[Kg/m2 s]
q

[kWm�2]

No.
flow
cond.

Measured
parameters

Measurement
technique

Ref.

PERICLES (1985) PWR 3.7 357 (357) 9.5 11 Chopped cosine 20/60 0.3–0.6 21–48 11–40 21 h�i DP transducers 26)

NEPTUN (1988) LWHCR 1.7
37
(37)

10.7 4 Chopped cosine 0.5/3 0.4 42/91 5/10 48 h�i DP transducers 27)

BWR 4� 4 (1990) BWR 3.7
16
(16)

12.3 12 Uniform 0 0.5/1 833/1390 350–743 20 h�i X ray tomography 24)

BWR 8� 8 (1991) BWR 3.7
64
(62)

12.3 13
Uniform/

Chopped cosine
9–12 1–8.6 284–1988 225–3377 20 h�i DP transducers and X ray

tomography
19)

LSTF (1990) PWR 3.7
1104
(1008)

9.5 13 Chopped cosine 0 1/7.3/15 2.2–84 5–45 14 h�i DP transducers 28)

TPTF (1994) PWR 3.7
32
(24)

9.5 10 Uniform 5–35 3/6.9/11.8 11–189 9–170 18 h�i � radiation and dP
transducerD

25)

THTF (1982) PWR 3.7
64
(60)

9.5 11 Uniform 46–118 3.9–8.1 3.1–29 11–74 11 h�i DP transducers 29)

Present work BWR 1.7
9
(9)

18.6 8.2 Uniform 2–11 0.12 250–522 25–185 53 �; ai; vg;DSm; vf
Conductivity probe, pitot

tube
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III. Experimental Setup and Methodology

1. Steam–Water Boiling Loop
Figure 1 shows a schematic diagram of the SNU (Seoul

National University) steam-water boiling loop used in the
experiments. The test facility consists of a stainless steel
pump, a preheater, a by-pass line, a flow metering system,
a pressurizer system, a secondary heat removal system,
and a storage tank. The heat exchange system allows work-
ing with a subcooling temperature range, �Tsub, between 2
and 11K. Distilled water was used as a coolant in a closed
loop. The water flow rate is measured using a conner-tap
orifice plate flowmeter with an accuracy of �4:5%. The
mass flow rate range is between 250 and 522 kg/(m2 s).
The test section is composed of a 49:8� 49:8mm cross sec-
tion, 2,000-mm-high channel. Figure 2a depicts the cross-
sectional view of the test channel and it is composed of a
squared lattice of 3� 3 heating rods of 8.2mm diameter.
The maximum heating power of each rod is 185 kW/m2.
The hydraulic diameter of the system, DH , is 18.6 or
34.6mm depending if the complete rod bundle (including
the 9 rods and the outer channel walls) or only the measured
subchannel sections are considered, respectively. The local
probes are located 1.6m downstream of the inlet of the test
channel (z=DH ¼ 46 for DH ¼ 34:6mm (subchannel-based
hydraulic diameter) or z=DH ¼ 86 for DH ¼ 18:6mm
(whole-bundle-based hydraulic diameter)). A traversing sys-
tem is used to displace the probes inside the test section.
Figure 2b shows the coordinates of the local two-phase flow
measurement positions for every flow condition. All the
experiments were performed in a bubbly flow regime at an
inlet pressure of 0.12MPa. The detailed experimental condi-
tions are tabulated in Table 4.

2. Conductivity Probe
Local vapor phase measurements were performed with

a double sensor conductivity probe, which is applicable to

the bubbly flow regime. Void fraction, interfacial area con-
centration, interfacial velocity, and bubble Sauter mean di-
ameter have been measured. The details of the double-sensor
conductivity probe measurements can be found in the litera-
ture.2,30) The acquisition sampling frequency varied between

T T

∆P
Pitot
Tube

Conductivity
Probe

Preheater

Air Compressor

Bypass
Line

Drain

Atmosphere

Safety
Valve

Flow Meter

Pump

Valve

T T

T

Heat
Exchanger

1.
6 

m

2 
m

Storage
Tank

City Water

Test
Section

T

P

Thermocouple
Pressure

Transmitter

P

Fig. 1 Schematic diagram of the flow loop

49
.8

16.68.34.1

units in mm

a)

(0,0)
A

D

B

C
I

II

III
x=5.6 x=6.9 x=8.3

x

y

y=1.4

y=0

y=2.8
y=3.3

y=4.2

y=4.9

y=5.6

y=6.9

y=8.3

x=4.9

units in mm

b)

Fig. 2 a) Cross-sectional view of the subchannel test section,
b) probe locations inside the subchannel
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25 and 40 kHz depending on the flow conditions.
The accuracy of the double-sensor conductivity probe

method has been checked in air-water benchmark experi-
ments in an 8-mm-diameter acrylic pipe.2) The flow condi-

tions of the test loop in the benchmark experiment are
0:5m/s � h jf i � 3m/s and 0:02 � h�i � 0:42. The void
fraction measured using the conductivity probe has been
checked with entrapped air volume and the maximum rela-

Table 4 One-dimensional data (sorted by G value)

G

[kg/m2 s]
Tin (C) �Tsub (C) q [kW/m2] h jgi [m/s] h jf i [m/s] h�i [-] haii [m�1] C0 [-]

hhvgjii
[m/s]

250 102.4 5.0 71.0 0.051 0.261 0.110 222 0.95 0.15
265 104.1 2.8 61.4 0.041 0.276 0.089 213 0.94 0.15
266 102.0 10.0 56.17 0.010 0.277 0.032 125 0.90 0.14
274 101.9 10.4 25.0 0.017 0.286 0.046 159 0.91 0.21
274 101.7 10.7 39.0 0.024 0.286 0.066 203 0.93 0.20
275 101.6 10.9 28.5 0.070 0.287 0.159 339 0.96 0.12
276 103.8 8.2 39.8 0.034 0.288 0.089 252 0.93 0.17
282 103.2 3.5 47.2 0.023 0.295 0.060 195 0.93 0.18
284 102.1 4.8 31.6 0.014 0.296 0.040 141 0.91 0.22
284 101.5 10. 42.5 0.006 0.297 0.018 59 0.87 0.21
288 101.4 5.6 25.0 0.011 0.301 0.027 109 0.92 0.23
304 103.7 3.2 56.2 0.028 0.317 0.076 206 0.93 0.14
307 102.2 4.5 56.2 0.018 0.320 0.051 145 0.88 0.21
312 103.0 3.7 39.0 0.020 0.326 0.049 161 0.93 0.13
317 101.9 5.1 87.8 0.022 0.331 0.055 137 0.89 0.19
317 96.7 10.8 56.2 0.036 0.331 0.088 249 0.96 0.16
322 102.7 4.5 132.8 0.056 0.336 0.112 210 0.93 0.19
323 102.6 4.8 120.8 0.016 0.337 0.039 120 0.89 0.21
324 101.4 5.6 76.5 0.014 0.338 0.037 127 0.88 0.20
325 103.6 3.3 140.8 0.011 0.340 0.027 105 0.87 0.21
327 101.8 5.4 140.8 0.052 0.342 0.100 200 0.97 0.20
328 102.1 5.3 43.4 0.010 0.342 0.025 90 0.88 0.22
332 101.5 5.2 45.5 0.027 0.346 0.067 174 0.90 0.19
332 103.7 3.7 151.4 0.027 0.347 0.067 169 0.89 0.17
334 96.6 10.4 65.9 0.064 0.349 0.134 303 0.98 0.18
335 101.7 5.8 120.8 0.034 0.349 0.076 165 0.91 0.20
337 105.2 2.5 110.0 0.024 0.352 0.063 173 0.89 0.18
339 103.4 5.0 25.0 0.039 0.354 0.082 190 0.91 0.18
352 104.1 2.8 103.5 0.024 0.367 0.048 134 0.87 0.16
354 103.4 4.0 110.0 0.071 0.369 0.134 235 0.93 0.18
354 104.9 2.0 119.4 0.035 0.369 0.075 223 0.90 0.14
354 102.5 4.5 158.4 0.041 0.370 0.093 192 0.91 0.18
355 101.6 4.8 119.4 0.008 0.369 0.020 75 0.81 0.17
357 102.1 3.8 76.5 0.011 0.373 0.027 95 0.83 0.14
358 103.8 3.2 172.0 0.040 0.373 0.084 183 0.88 0.14
361 102.3 4.9 132.8 0.009 0.376 0.022 100 0.88 0.21
361 103.6 3.1 137.9 0.019 0.376 0.049 152 0.89 0.18
361 103.4 3.0 146.1 0.083 0.377 0.150 327 0.95 0.19
361 104.2 2.5 99.9 0.014 0.377 0.032 107 0.86 0.14
364 103.6 3.6 33.4 0.006 0.380 0.015 56 0.83 0.23
365 102.8 4.1 139.3 0.053 0.380 0.106 204 0.93 0.17
372 102.4 3.9 76.5 0.034 0.389 0.071 162 0.88 0.16
377 102.6 4.3 93.1 0.049 0.394 0.108 306 0.93 0.17
411 103.2 3.7 158.4 0.020 0.429 0.040 103 0.86 0.19
482 101.8 5.1 144.5 0.010 0.503 0.023 71 0.83 0.20
490 102.9 3.8 147.6 0.014 0.511 0.035 100 0.84 0.18
503 103.7 4.0 185.4 0.060 0.525 0.130 393 0.89 0.08
506 104.1 4.8 172.0 0.021 0.528 0.047 126 0.84 0.15
506 104.3 3.8 172.0 0.016 0.528 0.034 99 0.83 0.14
512 103.8 4.3 185.4 0.023 0.535 0.052 138 0.84 0.13
513 102.9 3.8 141.6 0.018 0.535 0.039 106 0.83 0.16
513 103.4 4.4 158.4 0.012 0.535 0.028 84 0.80 0.13
522 102.7 3.4 171.2 0.034 0.545 0.079 261 0.83 0.10
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tive error has been estimated to be 10%. The bubble interfa-
cial velocity has been checked using a high-speed CCD cam-
era (1,000 frames per second) obtaining a maximum relative
error of 5% under all the flow conditions. The interfacial
area concentration has been computed from the bubble fre-
quency and bubble interface velocity. The comparison with
a photographic method indicated that the measurement accu-
racy of the interfacial area concentration was of the same
order as the measurement accuracy of the bubble interface
velocity,31) namely �6:95%.

3. Pitot Tube
The local liquid velocity has been obtained using a cali-

brated Pitot tube (diameter of 1.6mm). This system includes
a differential pressure transducer and a cold water injection
system in order to avoid the vapor phase entrapment. The
local liquid velocity is calculated using the Bosio and
Malnes model.32)

The accuracy of the Pitot tube results has been checked in
single-phase and air-water experiments under similar flow
conditions as in the conductivity probe measurements. The
cross-sectional integrated liquid velocity measured using
the Pitot tube has been compared with the area-averaged liq-
uid velocity measured using the flowmeter. A maximum rel-
ative error under all the flow conditions has been estimated
to be below 5%.2)

IV. Results and Discussion

1. Local Flow Parameters
In order to obtain a general view of the local flow param-

eter distributions in the subchannel, two sets of 3D plots are
shown in Figs. 3 and 4. The information is displayed by
grouping the graphs in two different sets (one for each fig-
ure). In this way, the effect of the mass flow rate and the heat
flux on the two-phase flow local parameters can be studied.
These two working parameters, heat flux and mass flow rate,
have been chosen since they are easily controllable in the ex-
perimental setup. The 3D plots have been obtained from the
local data points shown in Fig. 2b and the mesh has been
created from linear interpolation between the data points.
Due to the finite size of the conductivity probe and Pitot
tube, measurements were impossible close to the rod. With
the aim of facilitating the acquisition of visual information,
the mesh has been mirrored using the diagonal of the sub-
channel as a mirroring axis and the rod surface has been in-
cluded. In both graphs, the void fraction, �, interfacial area
concentration, ai, bubble interfacial velocity, vg, liquid ve-
locity, vf , and bubble Sauter mean diameter, DSm, are shown
for different flow conditions.

In Fig. 3, the effect of the increment in the heat flux, q,
with a constant mass flow rate, G, is shown. The values of
inlet temperature, Tin, and liquid subcooling, �Tsub, are kept
constant. It is possible to observe a bubble (or void) layer
around the rod surface where the bubble-related parameter
values are more significant. An increment in the heat flux
of the heater rod produces an increment in the void fraction
layer peak value and thickness around the rod surface. The
maximum void fraction peak value is around 0.3 and the

maximum bubble (or void) layer thickness occupies 80%
of the subchannel cross-sectional area. An increment in the
heat flux of the heater rod also produces an increment in
the interfacial area concentration. The interfacial area con-
centration shows a trend similar to the void fraction, since
the interfacial area concentration is approximately propor-
tional to the void fraction in the bubbly flow regime. In ad-
dition, the interfacial velocity shows a 30% increment for the
evaluated q range and it has a similar value in all the sub-
channels. The liquid velocity is not affected by the increment
in the q value. That means that the change in the liquid
velocity produced by the density change near the rod surface
is not significant compared with the bulk liquid velocity or
that this effect is located very near the rod. The Sauter mean
diameter is greatly increased with the q values, ranging from
2 to 6mm. For low q values, the maximum DSm occurs near
the rod; however, when the heat flux is incremented, the DSm

shows a maximum in the center of the subchannel.
In Fig. 4, the effect of the increment in the mass flow rate,

G, with a constant heat flux, q, is shown. The values of Tin
and �Tsub are kept constant. An increment in the G value
corresponds to a decrement in the void fraction layer thick-
ness around the rod surface, but not in the void fraction layer
peak. The interfacial area concentration shows a similar
trend, but also a peak value reduction is observed. In addi-
tion, the interfacial and liquid velocities show a similar value
in all the subchannels, with a slight decrease in the interfa-
cial velocity with the mass flow rate. The Sauter mean diam-
eter is greatly reduced with the G values. For low G values,
the maximum DSm occurs in the center of the subchannel;
however, when the mass flow rate is incremented, the DSm

shows a maximum near the rod.
Figures 5 to 9 show local data of the void fraction, inter-

facial area concentration, interfacial velocity, liquid velocity,
and Sauter mean diameter, respectively, for the flow condi-
tions shown in Table 5. In this way, the effects of q and G in
the local flow values can be analysed (q effect in the same
graph and G effect in the comparison between graphs in
the same row). Three different profiles are shown for every
flow condition. The upper, middle, and lower figures, respec-
tively, correspond to profiles along the y-axis (Profile I), di-
agonal (r) axis (Profile II), and x-axis (Profile III) in Fig. 2b.
Normalized coordinates have been used, P0 and R0 being the
pitch of the bundle and the rod radius, respectively. In the
Profile I, zero and unity in the abscissa correspond to the
points B and D, respectively, in Fig. 2b. In the Profile II,
zero and unity in the abscissa correspond to the points C
and D, respectively, in Fig. 2b. In the Profile III, zero and
unity in the abscissa correspond to the points A and B, re-
spectively, in Fig. 2b.

As can be seen from the Profile I (upper figure) in Fig. 5,
the void fraction change along the y-axis is less significant
due to remote measuring points from the heater rods but
the void fraction near the heater rods (y=ðP0=2Þ . 0:5) tends
to be higher. The void fraction change along the x-axis (see
Profile III (lower figure)) is more pronounced than that along
the r-axis (see Profile II (middle figure)) since the channel
gap in the x-direction is smaller than that in the r-direction.
The void fraction has a single peak near the heater rod and

Flow Structure of Subcooled Boiling Water Flow in a Subchannel of 3� 3 Rod Bundles 409

VOL. 45, NO. 5, MAY 2008



decreases toward the channel center (point D in Fig. 2b). As
shown in Fig. 6, the interfacial area concentration distribu-
tion is quite similar to the void fraction distribution, since
the interfacial area concentration is approximately propor-
tional to the void fraction in the bubbly flow regime.
Figures 7 and 8 show the distributions of interfacial and liq-
uid velocities over the subchannel. The velocity distributions
in the measured plane are more or less uniform. The bubble
Sauter mean diameter tends to decrease around the channel

center due to relatively high subcooling near the channel
center.

As observed in Figs. 3 and 4, the increment in the heat
flux in the rod with a constant value of mass flow rate pro-
duces an increment in the void fraction layer peak value
and thickness. The maximum void fraction peak value is
around 0.3 and the bubble layer thickness value goes from
0.5 to 1. The large values of the bubble layer thickness are
due to the high inlet temperature (	102�C). The dependence

Fig. 3 Evolution of two-phase flow parameters with q. First column: G ¼ 339 kg/m2 s, q ¼ 25:0 kW/m2, Tin ¼
103:4�C, �Tsub ¼ 5:0�C; second column: G ¼ 317 kg/m2 s, q ¼ 56:2 kW/m2, Tin ¼ 101:9�C, �Tsub ¼ 5:1�C; third
column: G ¼ 354 kg/m2 s, q ¼ 158 kW/m2, Tin ¼ 102:5�C, �Tsub ¼ 4:5�C
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of the interfacial velocity on the heat flux is more important
for low liquid velocity values, but this fact can be explained
since the range in the heat flux is wider for low liquid flow
conditions (see Fig. 7). The increment in the vg values with
the heat flux is around 30% for the set of graphs that corre-
sponds to the lowest G value. Figure 8 indicates that this in-
crement is related to the increase in the liquid velocity near
the rod due to the presence of bubbles. The influence of the
heat flux on the interfacial velocity is much weaker for high

liquid velocity values, since under these flow conditions, the
vg values are mainly determined by the liquid velocity. Fi-
nally, the Sauter mean diameter of the bubbles is increased
with the heat flux (see Fig. 9). For low q values, the maxi-
mum DSm is near the rod; however, when the heat is incre-
mented, the DSm shows a maximum in the center of the sub-
channel. The influence of the heat flux on the local flow
parameters in the rod bundle geometry shows a trend similar
to that observed for the annulus geometry of similar hydraul-

Fig. 4 Evolution of two-phase flow parameters with G. First column: G ¼ 354 kg/m2 s, q ¼ 158 kW/m2, Tin ¼
102:5�C, �Tsub ¼ 4:5�C; second column: G ¼ 411 kg/m2 s, q ¼ 158 kW/m2, Tin ¼ 103:2�C, �Tsub ¼ 3:7�C; third
column: G ¼ 513 kg/m2 s, q ¼ 158 kW/m2, Tin ¼ 103:4�C, �Tsub ¼ 4:4�C
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ic diameter.5,6) In general, an increment in the mass flux pro-
duces an effect opposite to that of the increment in the heat
flux.

2. Area-Averaged Flow Parameters
In order to validate the drift-flux models and interfacial

area concentration correlations described in Section II, the
local data needs to be integrated to obtain area-averaged
flow parameters. In addition, the measurement was not per-
formed in the subchannel area near the rod surface because
the finite size of the local probes needs to be taken into ac-
count. Thus, the local flow data in the rod surface needs to be
assumed in order to be interpolated with the existing data
points closest to the rod. In this study, different options have

been considered for �, j, vr, and ai values near the heater
rod. As can be seen in Eq. (2), the j and � are needed for
the distribution parameter calculation, the vr for the drift ve-
locity calculation, and the ai for the interfacial area concen-
tration calculation. It should be noted here that the bubble in-
terfacial velocity is approximately the same as the gas veloc-
ity in the bubbly flow regime.33)

For � and ai, the values at the rod surface are assumed to
be the same as those at the point closest to the rod surface
multiplied by a factor 	. The multiplying factor considered
is within a range from 0 to 2. For j, since the liquid velocity
at the rod surface is zero, only the gas velocity has to be con-
sidered. Then, we have two options as follows.

– The gas velocity at the rod surface is zero (zero-
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Table 5 Flow conditions used in the local data graphs
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mixture volumetric flux).
– The gas velocity at the rod surface is equal to the

relative velocity and, in this case, the mixture volu-
metric flux is given as

j ¼ vr� ¼
�

1� �
vgj: ð7Þ

For vr, two options are considered for the relative ve-
locity as follows.

– The relative velocity at the rod surface is the same as
that at the point closest to the rod surface.

– The relative velocity at the rod surface is zero.
All the options listed above and their possible combina-

tions have been used for calculating the distribution param-
eter and drift velocity and the results have been compared
with the existing correlations. This analysis shows that the

reasonable option for vr at the rod surface is the same rela-
tive velocity value as those at the point closest to the rod sur-
face. This assumption is due to the fact that the relative ve-
locity can be considered reasonably constant over the flow
channel as reported by Serizawa et al.34)

The influence of the multiplying parameter 	 on the area-
averaged void fraction and distribution parameters are
shown in Figs. 10a and 10b, respectively. The effect of 	
on the area-averaged void fraction may not be so significant,
being more important for low G values where the effect can
be as high as �25% for a very conservative estimate such as
	 ¼ 1� 1 (0 � 	 � 2). This effect is not so marked when the
distribution parameter is considered and the maximum devi-
ation in the C0 value is �4:5% for 	 ¼ 1� 1 (0 � 	 � 2). A
value of 	 has been set at unity for all the calculations per-
formed in this study. Then, the maximum estimation errors
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due to the assumed values at the heater rod are estimated to
be �25% and �4:5% for h�i (and haii) and C0, respectively.
The one-dimensional data obtained by integrating local data
over the subchannel are shown in Table 4.

3. Comparison of Existing Drift-Flux Models with Data
The area-averaged results obtained by the integration of

the local data have been used to check the prediction capa-
bilities of the drift-flux models described in Section II in
the rod bundle geometry. Figures 11a and 11b show the
dependences of the distribution parameter and drift velocity
values on the area-averaged void fraction, respectively. In
addition, the predictions given using constitutive equations
in the drift-flux models considered are shown in the same

figures. For some of the models, a value of G is needed. In
these cases, a value of G of 335 kg/m2 s has been chosen,
since it is the averaged value of the test matrix used in this
study (see Table 4). This fact generates a source of error in
the figures, but it is lower than 10% for all the flow condi-
tions. Consequently, the information given in the figures
should be taken for comparative purposes. The prediction
error is defined as

E½%
 ¼
jðmeasured valueÞ � ðcalculated valueÞj

ðmeasured valueÞ
� 100: ð8Þ

Table 6 shows the averaged prediction errors of the con-
stitutive equations of the distribution parameter and drift ve-
locity listed in Table 1 as well as that of the area-averaged
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void fraction using the constitutive equations and Eq. (1).
Here, we assume that the constitutive equations obtained
in rod bundles can be applicable to a subchannel, since the
area of corner subchannels is much smaller than core sub-
channels of rod bundles in the experimental facilities that
were used for obtaining the correlations (see Table 3).

As shown in Fig. 11a, the distribution parameter values in
the tested conditions are always lower than 1, which corre-
sponds to the typical wall-peaked void fraction profile pres-
ent in subcooled boiling flow.35) The distribution parameter
is about 0.8 at h�i ¼ 0:02 and gradually increases with
h�i. Since the distribution parameter is zero at h�i ¼ 020,35)

in subcooled boiling flow, a very rapid increase in the distri-
bution parameter is expected at h�i < 0:02. The extrapola-
tion of the distribution parameter at higher h�i implies the

distribution parameter lower than 1.2. In Fig. 11a, the distri-
bution parameters for round pipe20) and internally heated an-
nulus15) are indicated by solid and dotted lines, respectively.
In comparison with other channel geometries, the rapid C0

increase in the subchannel occurs at lower h�i due to the
channel geometry effect. Here, we have developed an empir-
ical correlation for a subchannel based on Ishii’s approach20)

as

C0 ¼ 1:05� 0:05

ffiffiffiffiffiffi
�g

�f

r� �
ð1� e�2:92h�i0:146Þ; ð9Þ

which is valid within a mass flow rate, heat flux, inlet tem-
perature, and subcooled temperature ranges of 250–522 kg/
m2 s, 25–185 kW/m2, 96.6–104.9�C, and 2–11K, respec-
tively. The thick solid line in Fig. 11a indicates the cal-
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culation line using Eq. (9). The constitutive equations by
Bestion, Inoue et al., and Maier and Coddington tend to
overestimate the distribution parameter and may not give a
physically sound C0 value at h�i ! 0. From a detailed com-
parison, the constitutive equation by Chexal et al. does not
give reasonable predictions for the data obtained in this
study. Nevertheless, the existing correlations give fairly
good predictions for C0 within an averaged relative deviation
of 25% in an overall sense.

As shown in Fig. 11b, the void fraction weighted-
averaged drift velocity shows a slight decrease with the
void fraction as previously reported under bubbly flow con-
ditions.20,35) All the drift velocity constitutive equations that

are based on the Zuber-Findlay expression (Chexal et al.,12)

Inoue et al.,13) and Ishii20)) also show this dependence. The
Bestion equation11) shows no appreciable dependence of
the drift velocity on the void fraction, but the predicted val-
ues are close to the experimental ones and, thus, the average
relative prediction error is 23.3%. The constitutive equa-
tions of Chexal et al.12) and Inoue et al.13) overestimate
and underestimate systematically the drift velocity values,
and the average relative prediction errors are 69.9% and
95.4%, respectively. The constitutive equation of Maier
and Coddington14) provides very high drift velocity values
and the average prediction error is also very significant.
These large discrepancies were also observed in the original
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work of Maier and Coddington14) for atmospheric pressure
conditions. The lowest relative prediction error of 19.6% is
given by Ishii.20) The constitutive equation of the drift veloc-
ity by Ishii20) also predicts the reasonable tendency of the
drift velocity against the void fraction.

Concerning the area-averaged void fraction and as it is
shown in Fig. 11c, all the correlations underestimate the
void fraction values, except the one developed by Chexal
et al. The lowest prediction error (�21:4%) is obtained using
the distribution parameter given in Eq. (9) and the drift
velocity proposed by Ishii.20) In this case, the main part of
the prediction error is given by the drift velocity value esti-
mation. The prediction error can be reduced to �2% if the
estimated drift velocity value given by Ishii’s equation is
reduced by 20%. This fact can be supported by the rod walls
effect on the bubble velocity. Considering an average bubble
diameter of 5mm and a hydraulic diameter of the subchan-
nel of 36.2mm, the existing correlations36) predict a 10% to
20% reduction in the bubble velocity due to the walls effect.
However, these correlations were developed for round pipes
and their results need to be checked in more complex chan-
nel geometries such as rod bundles.

In all the correlations, the prediction accuracy is improved
for increased area-averaged void fraction where the distribu-
tion parameter effect is more pronounced than the drift ve-

locity effect. Among the existing correlations, the best re-
sults are obtained with the Bestion and Hibiki et al. (2003)
correlations. The results obtained using the Bestion correla-
tion are remarkable since it is a quite simple correlation that
is applicable to the whole range of void fractions. However,
the Bestion and Chexal et al. correlations present high scat-
tering for low void fraction conditions. The predictions using
Inoue et al. and Chexal et al. correlations are similar, provid-
ing area-averaged void fraction prediction errors lower than
�40%. The Maier and Coddington correlations do not pro-
vide reasonable predictions since the error in the drift veloc-
ity estimation is very high.

a) 

b) 

Fig. 10 Sensitivity analysis on effect of assumed void fraction at
rod surface on a) area-averaged void fraction and b) distribution
parameter

a) 

b) 

c) 

Fig. 11 Comparison of existing drift-flux models with data:
a) distribution parameter, b) drift velocity, and c) void fraction
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4. Comparison of Existing Interfacial Area Concentra-
tion Models with Data
The area-averaged results obtained by the integration of

the local data have been used to check the prediction capa-
bilities of the interfacial area concentration correlations de-
scribed in Section II in the rod bundle geometry. Figure 12
shows the dependence of the interfacial area concentration
on the area-averaged void fraction. In addition, the predic-
tions given using the correlations considered in Section II
are shown. Like in the previous section, for some of the cor-
relations, a value of G is needed. In these cases, a value of G
of 335 kg/m2 s has been chosen. This fact generates a source
of error in the figure, but it is lower than 10% for all the flow
conditions. In addition, some of the existing correlations use
the hydraulic diameter as an input. This fact can assume an
additional source of error in rod bundle geometries since dif-
ferent hydraulic diameters can be defined. In the case of the
Hibiki and Ishii (2002)22) and Hibiki et al. (2006)23) correla-
tions, the hydraulic diameter value is needed for both the
frictional pressure loss and Laplace length calculations. In
Fig. 12, two different sets of results are given for the men-
tioned correlations; in all the cases, the whole rod bundle hy-
draulic diameter is considered for the frictional pressure loss
calculation (since this effect affects the whole rod bundle).
However, the whole bundle and subchannel hydraulic diam-
eter values will be considered in the Laplace length calcula-
tion. Table 6 provides the averaged prediction errors calcu-
lated following Eq. (8).

As expected in the bubbly flow, the interfacial area con-
centration monotonically increases with the void fraction.

Almost all the considered correlations underestimate the in-
terfacial area concentration in the subchannel of the 3� 3

rod bundle geometry, even for very low average void frac-
tion values. The correlations implemented in the TRAC-
PF18) and RELAP59) thermal-hydraulic codes do not give
reasonable predictions of the interfacial area concentration
with the averaged relative errors of 49.8 and 69.7%, respec-
tively. This fact is easily explained by the simplicity of these
correlations. The correlation of Zeitoun et al.21) provides the
reasonable dependence of the interfacial area concentration
on the area-averaged void fraction, but tends to underesti-
mate the interfacial area concentration. The averaged rela-
tive prediction error is estimated to be 36.5%.

Fig. 12 Comparison of existing interfacial area concentration cor-
relations with data

Table 6 Prediction accuracy of drift-flux models and interfacial area concentration correlations

Authors Averaged error C0 Averaged error hhvgjii Averaged error h�i Averaged error haii

Bestion (1990) �12:3% �23:3% �23:8% —

Inoue et al. (1993) �15:3% �95:4% �35:1% —

Chexal et al.
(1992)

�23:3% �68:9% �38:6% —

Maier and Coddington
(1997)

�12:4% �420% �67:6% —

Hibiki et al. (2003) �9:0% �19:6% �26:9% —

Present work �2:7% �19:6% �21:4% —

Zeitoun et al. (1994) — — — �36:5%

Hibiki and Ishii (2002)
(DH ¼ 18:6mm)

— — — �36:9%

Hibiki and Ishii (2002)
(DH ¼ 34:6mm)

— — — �49:7%

Hibiki et al. (2006)
(DH ¼ 18:6mm)

— — — �12:2%

Hibiki et al. (2006)
(DH ¼ 34:6mm)

�22:9%

TRAC-PF1 (1993) — — — �49:8%

RELAP5 (1995) — — — �69:7%
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Hibiki and Ishii22) developed the interfacial area correla-
tion based on extensive data obtained at adiabatic conditions,
and Hibiki et al.23) modified it to extend the applicability to
boiling flow. Both correlations have been employed using
two different hydraulic diameters for the Laplace length cal-
culation (considering the whole rod bundle and only the
measured subchannel). The predictions given using the cor-
relation developed by Hibiki and Ishii (2002) underestimate
the interfacial area concentration results for both DH values
with averaged relative errors of 36.5% (DH ¼ 18:6mm) and
49.7% (DH ¼ 34:6mm). This discrepancy may be due to the
assumptions and adiabatic flow databases utilized in the fi-
nalization of the correlation. The correlation given by Hibiki
et al. (2006)23) provides more accurate predictions. In this
case, the use of the subchannel hydraulic diameter provides
better results (�12:2%) than those obtained with the whole
rod bundle hydraulic diameter (�22:9%). It is also possible
to observe that the discrepancy between the correlation and
the experimental data is enlarged with the averaged void
fraction. In a previous work,37) it was shown that the cap
bubble formation can start at averaged void fraction values
as low as 0.15. In the results shown in Fig. 9, Sauter mean
diameter values larger than 6mm can be found for high
gas fractions. If these large bubbles are present in the sub-
channel, the correlations used in this work may overestimate
the interfacial area values since they were developed for
bubbly flow conditions.

V. Conclusions

The flow structure of subcooled boiling flow in a subchan-
nel of 3� 3 rod bundles is presented and analyzed. The local
void fraction, interfacial area concentration, interfacial ve-
locity, Sauter mean diameter, and liquid velocity have been
measured using a conductivity probe and a Pitot tube in 20
locations inside one of the subchannels. A total of 53 flow
conditions have been considered in the experimental dataset
with atmospheric pressure conditions and a mass flow rate,
heat flux, inlet temperature, and subcooled temperature rang-
es of 250–522 kg/m2 s, 25–185 kW/m2, 96.6–104.9�C, and
2–11K respectively.

The influence of the heat flux on the local flow parameters
in the rod bundle geometry shows a trend similar to that
observed for the annulus geometry of similar hydraulic
diameter. The increment in the heat flux in the rod with a
constant mass flow rate produces an increment in the void
fraction layer peak value and thickness around the rod sur-
face. The interfacial area concentration profiles are similar
to those of the void fraction. The increment in the interfacial
velocity with the heat flux is only significant for low liquid
velocity values. The Sauter mean diameter of the bubbles
increases with the heat flux. An increment in the mass flux
produces an effect opposite to that of the increment in the
heat flux.

In addition, the area-averaged data integrated over the
whole subchannel have been used to validate some of the
distribution parameter and drift velocity constitutive equa-
tions and interfacial area concentration correlations most
used in the literature as follows.

– Distribution parameter: The averaged relative predic-
tion errors using existing correlations are lower than
25%. An empirical correlation is developed to predict
the subchannel distribution parameter with an averaged
relative prediction error of 2.7%.

– Drift velocity: The best prediction results are provided
by Ishii’s correlation with an averaged prediction error
of 19.6%.

– Void fraction: The prediction errors provided using the
existing correlations are lower than �40% (except for
the Maier and Coddington correlation) and the best re-
sults are obtained using the Bestion correlation with a
prediction error of �23:8%; however, this correlation
presents major scattering for low void fraction condi-
tions. By using the distribution parameter developed
in this work and the drift velocity constitutive equation
given by Ishii, it is possible to reduce the prediction
error to �21:4%. The prediction error can be reduced
considerably if the estimated drift velocities are cor-
rected by the wall effects.

– Interfacial area concentration: Most existing correla-
tions underestimate the interfacial area concentration
values and the best prediction results are obtained with
the Hibiki et al. (2006) correlation developed for boil-
ing flow. The use of the subchannel hydraulic diameter
for the Laplece length calculations allows an averaged
relative prediction error of 12.2% to be obtained.

Nomenclature

A: Cross-sectional area
ai: Interfacial area concentration
C0: Distribution parameter
D0: Minimum bubble diameter
DH : Hydraulic diameter
DSm: Sauter mean diameter
F: Quantity
G: Mass flow rate
j: Superficial velocity

Lo: Laplace length
Nai: Dimensionless interfacial area concentration number
N�: Density ratio number
p: Pressure

P0: Pitch distance
q: Heat flux

Re: Reynolds number
Ref : Liquid-phase Reynolds number
Reb: Bubble Reynolds number
R0: Rod radius
T : Temperature
vg: Interfacial velocity
vf : Liquid velocity
vgj: Drift velocity
vr: Relative velocity
Z: Axial distance

Greek symbols
�: Void fraction
": Energy dissipation rate per unit mass
�: Kinematic viscosity
�: Density
�: Surface tension
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	: Sensitivity parameter
Subscripts
g: Gas phase
f: Liquid phase
in: Inlet

sub: Subcooled
Mathematical symbols
h i: Area-averaged value

hh ii: Void fraction weighted cross-sectional area-averaged
value

Acronyms
BWR: Boling Water Reactor
IAC: Interfacial Area Concentration

LSTF: Light Water High-Conversion Reactor
THTF: Thermal Hydraulic Test Facility
TPTF: Two-Phase Flow Test Facility
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