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This paper presents a complete database of the local two-phase flow parameters for upward adiabatic air-
water two-phase flows in a vertical 6 � 6 rod bundle flow channel. A total of 16 flow conditions were
selected and investigated at 16 measuring points in the octant triangular measuring region of a cross sec-
tion at the position with height-to-diameter ratio of 149 (z/DH = 149) in the rod bundle experiment. The
local void fraction, interfacial area concentration (IAC), bubble diameter and bubble velocity vector were
measured by using the four-sensor optical probe measuring technique. In the measured cross-sectional
distributions of local void fraction and IAC, both core-peaking and wall-peaking distribution shapes were
observed and the distribution pattern trended to change from the core-peaking shape to the wall-peaking
shape with the increase of superficial liquid velocity (hjf i) and the decrease of superficial gas velocity
(hjgi). The radial distributions of local bubble diameter are nearly flat, which explains the similarity of
the radial local void fraction and IAC distributions. The measured local bubble diameters increase with
the increase of hjgi and the decrease of hjf i. The bubbles move along the rod bundle flow channel with
their velocity component in the main flow direction (vgz) showing a typical radial core-peaking profile
and their velocity components in the cross section showing a significant movement from the central
region to the channel box wall region especially under high superficial liquid velocities. The cross-
sectional area-averaged results of the local parameters were obtained by a measuring-point-based graph-
ical integration. The obtained area-averaged void fraction and IAC are compared with the predictions of
the drift-flux model with its available 2 frequently-used distribution parameter and drift velocity corre-
lations and the 2 recently-developed IAC correlations respectively. The applicability of the 2 drift-flux
correlations and the 2 IAC correlations to the rod bundle flow channel is evaluated and analyzed.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction for these codes under the framework of the BEPU (Best Estimate
The thermal-hydraulics system codes for nuclear reactor safety
analyses such as TRACE [1], RELAP5[2] and TRAC-PF1[3] are based
on the six balance equations model, i.e. the two-fluid model [4],
with a set of around 100 constitutive correlations/models to close
the model. The largest difficulty in evaluating the scaling capabili-
ties of these currently available system codes in reactor licensing
stems from the complexity of their constitutive correlations/mod-
els. To minimize the scaling distortion in the future applications of
these codes, it is necessary to make a full investigation of various
local phenomena, collect reliable local experimental database and
further develop physically-based constitutive correlations/models
Plus Uncertainty) approach [5].
The rod bundle structure and its resultant flow channels are

widely utilized in the core of light water reactors for their high
ability to remove heat from the heating rods in the compact struc-
ture. The complexity of the rod bundle geometry affects the heat,
momentum and mass transfer mechanism and poses many chal-
lenges in measuring and modeling these transport processes in
the flows, especially under two-phase flow conditions. The two-
phase flow in the rod bundle flow channel has been experimentally
studied for several decades.

In the early studies, researchers focused on flow regime obser-
vation and the measurement of the cross-sectional area-averaged
void fraction (hai) in the rod bundle flow channel. Venkateswar-
arao [6] and Venkateswararao et al. [7] experimentally investi-
gated the upward air-water two-phase flows in a vertical rod
bundle with a 24-rods matrix on a square pitch in a cylindrical
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Nomenclature

A area (m2)
A0 determinant determined by geometric configuration of

a four-sensor probe (–)
A01;h, A02;h, A03;h the h-th bubble determinants used in small-

bubble-based four-sensor probe methodology (s/m)
A01;l, A02;l, A03;l the l-th interface determinants used in large-

bubble-based four-sensor probe methodology (s/m)
a half of the length of channel box side (m)
ai interfacial area concentration (1/m)
ai;2h interfacial area contribution of the 2 h-th interface (s/m)
ai;2hþ1 interfacial area contribution of the 2h + 1-th interface

(s/m)
B01;2h, B02;2h, B03;2h the 2h-th interface determinants used in

small-bubble-based four-sensor probe methodology
(m)

B01;2hþ1, B02;2hþ1, B03;2hþ1 the 2h + 1-th interface determinants
used in small-bubble-based four-sensor probe method-
ology (m)

B1 coefficient in the correlation of Chexal et al. [42] (–)
C coefficient (–)
C0 distribution parameter (–)
C2 coefficient in the correlation of Chexal et al. [42] (–)
C3 coefficient in the correlation of Chexal et al. [42] (–)
C4 coefficient in the correlation of Chexal et al. [42] (–)
C5 coefficient in the correlation of Chexal et al. [42] (–)
C7 coefficient in the correlation of Chexal et al. [42] (–)
C9 coefficient in the correlation of Chexal et al. [42] (–)
Cdv aspheric shape factor (–)
Cdv ;crit critical aspheric shape factor (–)
D rod diameter or pipe diameter (m)
Db bubble diameter (mm)
Dcap maximum bubble diameter of cap bubble (m)
Ddist maximum bubble diameter of distorted bubble (m)
DH hydraulic diameter (m)
DH;sub hydraulic diameter of center subchannel (m)
Dsph maximum bubble diameter of spherical bubble (m)
f a parameter in the subchannel (any)
g gravitational acceleration (m/s2)
jf superficial liquid velocity (m/s)
jg superficial gas velocity (m/s)
K0 coefficient in the correlation of Chexal et al. [42] (–)
L coefficient in the correlation of Chexal et al. [42] (–)
L0 Laplace length (m)
N detected bubble number during the sampling time (X)
NS detected spherical bubble number by the probe during

the sampling time (X)
P pitch (m) or pressure (MPa)
r coefficient in the correlation of Chexal et al. [42] (–)
Re Reynolds number (–)
Reb bubble Reynolds number (–)
Riac IAC relative error (–)
Rvoid void fraction relative error (–)
T temperature ( )
vg
*

bubble velocity vector (m/s)
vgxy
*

2D bubble velocity vector (m/s)

vgz bubble velocity component in the main flow direction
(m/s)

vgj drift velocity (m/s)
vr relative velocity between two phases for a distorted

bubble (m/s)
w distance between the near-wall measuring points and

the channel box wall (m)
We Weber number (–)
x coordinate in x axis (m)
y coordinate in y axis (m)
z coordinate in z axis (m)

Greek symbols
a void fraction (–)
a2 void fraction of group 2 bubbles (–)
aDP void fraction measured from DP gauges (–)
aprobe void fraction measured from four-sensor probe (–)
Dq density difference between two phases (kg/m3)
dth time when a sensor stays in the h-th bubble (s)
e energy dissipation rate per unit mass (m2/s3)
l dynamic viscosity (Pa s)
q density (kg/m3)
r surface tension (N/m)
m kinematic viscosity (m2/s)
X sampling time (s)

Subscripts
c center of a subchannel
cross cross section
e edge of a subchannel
f liquid phase
g gas phase
h the h-th bubble
i the i-th component of the subchannel
l the l-th interface (l = 2h or 2h + 1)
mea measured value from four-sensor probe
pre predicted value from correlation
subc subchannel component

Mathematical symbols
<> area-averaged value
hhii void fraction weighted area-averaged value

Acronyms
1D/2D/3D

one/two/three dimensional
abs. absolute value
BEPU Best Estimate Plus Uncertainty
BWR Boiling Water Reactor
DP Differential Pressure
IAC Interfacial Area Concentration
KURT Kyoto University Rod bundle Test facility
LDV Laser Doppler Velocimetry
NUPEC Nuclear Power Engineering Corporation, Japan
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channel box and divided the flow regimes into finely dispersed
bubbly, bubbly, slug, churn and annular flows. Anklam and Miller
[8] measured the hai in a vertical 8 � 8 rod bundle by using the dif-
ferential pressure (DP) gauge measuring technique. Morooka et al.
[9] and Mitsutake et al. [10] collected the hai data in a vertical
4 � 4 rod bundle by using an X-ray CT scanner. Although the
obtained area-averaged values from these experiments are valu-
able for one-dimensional model validation and development, the
local flow phenomena that affect various transport processes
may not be fully represented by these area-averaged values. More
detailed measurements of the local parameters are needed to
understand the physical mechanism of the local flow and the resul-
tant impact on the overall performance of the flow.

In recent years, the detailed measurements of local parameters
have formed the main trend to experimentally study the two-
phase flow in the rod bundle, along with multi-sensor probe mea-
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suring techniques development [11–15]. Yun et al. [16] measured
the local void fraction (a), interfacial area concentration (IAC), bub-
ble velocity and liquid velocity in a sub-cooled boiling subchannel
of a 3 � 3 rod bundle by a double-sensor conductivity probe and a
Pitot tube. Hosokawa et al. [17] measured the radial distributions
of local void fraction and bubble velocity in each subchannel in a
4 � 4 rod bundle by using a double-sensor conductivity probe
and a laser Doppler velocimetry (LDV). Since the double-sensor
conductivity probe was used in these two experiments, the mea-
surements of double-sensor probe have the following problems.
(1) Only the bubble velocity in the main flow direction was mea-
sured. (2) The IAC contribution only from the bubbles locally mov-
ing along the main flow direction was measured reliably. (3)
Although the Sauter diameter calculated from the local void frac-
tion and local IAC was obtained, no local instantaneous bubble
diameter was measured. Ren et al. [18] investigated the two-
phase flow at two axial positions in a 5 � 5 rod bundle with
four-sensor conductivity probes and obtained the local data of void
fraction, IAC, bubble velocity and bubble chord length in the cross
section of each axial position. Yang et al. [19] measured the two-
phase flow at four axial positions in an 8 � 8 rod bundle by using
four-sensor conductivity probes and collected the local void frac-
tion, IAC, Sauter mean bubble diameter and bubble velocity at 45
measuring points in the cross section of each axial position. It
should be mentioned here that the four-sensor probe methodology
used in the experiments of Ren et al. [18] and Yang et al. [19] con-
sists of the four-sensor probe methodology of Kataoka et al. [11]
for large bubbles and the double-sensor probe methodology of
Hibiki et al. [12] for small bubbles. So, the detailed local data of
each bubble diameter and each bubble velocity vector (3D) were
not measured in the database of Ren et al. [18] and Yang et al.
[19]. The state-of-the-art four-sensor probe methodology should
consist of the four-sensor probe methodology of Kataoka et al.
[11] and Shen and Nakamura [20] for large bubbles and the four-
sensor probe methodology of Shen and Nakamura [21] for small
bubbles. In the IAC measurements, the major IAC contribution of
the small bubbles can be reliably measured by the four-sensor
probe methodology of Shen and Nakamura [21].

Following the current research trend in the local measurements
of the two-phase flow in the rod bundle, this paper will perform
local measurements in a vertical 6 � 6 rod bundle by using the
four-sensor optical probe with its state-of-the-art methodology.
The obtained local parameters will include void fraction, IAC, bub-
ble diameter and bubble velocity vector. The established local
parameter database from the present rod bundle flow channel,
together the available database of other researchers, is expected
to be an important contribution to the development of the
physical-based constitutive correlations/models for the nuclear
reactor thermal-hydraulics system codes.
2. Experimental facility and measuring instruments

2.1. Experimental facility

The experimental study was carried out in an adiabatic air-
water two-phase flow test loop named as KURT (Kyoto University
Rod bundle Test facility). The bird view of the experimental facility
is shown in Fig. 1. There are four main parts in KURT loop: the
water loop, air loop, air-water mixer, and the test section. The
water stored in the lower storage tank is circulated by a centrifugal
pump in the water loop. Since the pump provides a constant head,
the required water flow rate can be realized by adjusting the water
flow rate through the bypass loop. The air flowing in the air loop is
provided by a compressor, and a gas-holder is used to maintain the
stable air pressure and flow rate during the experiment. The
required air flow rate can be reached by controlling a needle valve.
The air-water mixer installed in the entrance of the test section
integrates the inlet water flows from four different directions and
mixes themwith the air to form the two-phase flow in the test sec-
tion. The layout of the mixer is shown in the partially enlarged fig-
ure in Fig. 1. The core of the mixer consists of 100 evenly-
distributed needle tubes to inject the air into the water. The two-
phase mixture with nearly uniform bubble distribution is created
by the air and water mixing and flows upwardly from the entrance
of the test section. There consist of three parts in the test section:
channel box, rod, and spacer. The channel box is a square duct
made of transparent acrylic resin plates. Its inner cross section
and height are 100 mm � 100 mm and 3 m respectively. Inside
the channel box, 36 aluminum rods with a diameter of 10 mm
are arranged in a 6 � 6 matrix with a square pitch of 16.7 mm.
So, the hydraulic equivalent diameter (DH) of the whole rod bundle
flow channel is 18.7 mm. Three spacers with no mixing vanes are
used to maintain rod spacing in the test section. When the two-
phase mixture flows out of the test section, it enters the upper tank
working as a two-phase separator, where the gas is released to
atmosphere and the water flows back to the lower storage tank
through the downcomer pipe. To keep the water temperature
nearly constant in each experiment, a heat exchanger is set up in
the lower storage tank. A water purifier is used to keep the water
quality stable, in addition, the water was renewed every day dur-
ing the whole experiment period. Since the test section show a typ-
ical symmetrical geometry in each cross section and the two-phase
mixture is generated in a symmetrical way in the mixer, this study
has assumed that the two-phase flow possesses the symmetry in
the test section. To perform the measurement efficiently, an octant
triangular region has been selected (see the A-A view of the test
section in Fig. 1).

In order to facilitate the future use of the present experimental
data in the BWR (Boiling Water Reactor) safety analysis, here we
briefly summarize the geometrical sizes and critical scaling param-
eters of KURT in Table 1 by following the scaling considerations of
Ishii group (Chen et al [22]) to compare with the prototype BWR
with the reference operation pressure of 1 MPa. Since the Laplace
length scale (Lo) and the two-phase relative velocity of distorted
bubbles (vr) are associated with the physical properties of working
fluids and the bubble Weber number (We) dominates the bubble
behaviors, their ratios of KURT values to prototype BWR values
are kept to approximately be equal to one. The ratios of the maxi-
mum spherical bubble diameter (Dsph) to the subchannel hydraulic
diameter (DH,sub) and the ratios of the maximum stable distorted
bubble diameter (Ddis) to the subchannel hydraulic diameter (DH,sub)
are much less than one in both prototype BWR and KURT. So, the
bubble dynamics of spherical and distorted bubbles are preserved.
The ratios of the maximum cap bubble diameter (Dcap) to the chan-
nel box width (2a) are less than or close to one, which indicates that
the cap bubbles can grow to the size near to their maximum cap
bubble diameter in both prototype BWR and KURT. However, the
bubble Reynolds number, associated with the bubble movement
and bubble interaction, in KURT is smaller than that in the proto-
type BWR and its corresponding scaling distortion is about 75.1%
(=1–0.249). Although some scaling distortions exist, Table 1 has
showed that the important similarities of two-phase flow features
such as void fraction distribution, two-phase velocity and pressure
loss and so on have been ensured and the flow behaviors in the pro-
totype BWR can be approximately simulated in the present KURT.

2.2. Measuring instruments

In order to establish the two-phase flow database in the 6 � 6
rod bundle, besides several off-the-shelf measuring instruments
summarized in Table 2, a self-made four-sensor optical probe



Fig. 1. KURT experimental facility.
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was used in the local measurements at the axial location of
z/DH = 149. The probe is installed in a specially designed window
at the top of the acrylic resin channel box. The four-sensor optical
probe can reach any designated positions in the cross section of rod
bundle by moving the window door and its stainless-steel support-
ing tube or its stainless-steel supporting tube only. A stage with 2D
position scales is used to firmly fasten and accurately move the
four-sensor optical probe. Total 16 measuring points shown in
Fig. 2(a) were measured with the probe in the selected octant tri-
angular measuring region. These measuring points can be divided
into two types, i.e. the measuring points at the center of the sub-
channels and the measuring points on the edge of the subchannels
(namely, at the rod-to-rod gap center or the rod-to-wall gap cen-
ter), represented by the subscripts of c and e respectively. In the
present experiment, there are 10 measuring points at the center
of the subchannel (namely, the measuring points: OG, OK, OM,
OO, SG, SK, SM, UG, UK and WG, expressed by filled dots in Fig. 2
(a)) and 6 measuring points on the edge of the subchannel (namely,
the measuring points: QG, QK, QM, TG, TK and VG, expressed by
hollow dots in Fig. 2(a)). Fig. 2(b) shows the self-made four-
sensor optical probe, which consists of one front optical sensor
and three rear optical sensors. The exact coordinates of its sensor
tips and measuring points are shown in Table 3. When a two-
phase interface passes by the tip of an optical sensor, a voltage
change caused by the intensity change of the laser light in that
optical fiber will be recorded by the data acquisition system. By
using the appropriate signal processing algorithm consisting of
the effective interface selection scheme and the four-sensor probe



Table 1
Comparison between a prototype BWR and KURT.

Properties Prototype BWR [22] KURT Ratio (= Value from KURT
Value from Prototype BWR, –)

Fluids Water-vapor Water-air –
Rod number 64 36 –
P (MPa) 1.0 0.100 –
D (mm) 12.3 10.0 –
p (mm) 16.2 16.7 –
2a (mm) 140.0 100 –
DH;sub (mm) 15.0 25.5 –
DH (mm) 15.9 18.7 –

L0 (=
ffiffiffiffiffiffiffi
r

gDq

q
, mm) 2.2 2.72 1.24

vr (=
ffiffiffi
2

p rgDq
q2
f

� �1=4

, m/s)
0.208 0.231 1.11

Dsph (=4
ffiffiffi
2

p
L0l

1=3
f qfr

ffiffiffiffiffiffiffi
r

gDq

q� ��1=6

, mm)
1.0 1.97 1.97

Ddist (=4L0, mm) 8.8 10.9 1.24
Dcap (=40L0, mm) 88.4 109 1.23

We (=qf vr
2Ddist

r , –) 8.0 8.00 1.00

Reb (=qf vrDdist

lf
, –) 10,834 2700 0.249

Dsph=DH;sub (–) 0.067 0.0772 1.15
Ddist=DH;sub(–) 0.591 0.427 0.722
Dcap=ð2aÞ(–) 0.631 1.09 1.72

Table 2
Measuring instruments of the KURT loop and their uncertainties.

Parameters Instruments Locations Uncertainties

Water flow rate Magnetic flow meter Between centrifugal pump and degas plenum ±0.5% Reading
Air flow rate Flow meter for gas Between gas-holder and needle valve ±3.0% Full scale
Water temperature Thermocouple Degas plenum ±0.4% Reading
Air temperature Thermocouple Near needle valve ±0.4% Reading
Pressure drop Differential pressure gauge Six sub-sections along the flow ±0.5% Full scale
Inlet pressure Compact pressure sensor Test section inlet ±0.5% Full scale
Void fraction Four-sensor probe Axial location of z/DH = 149 in the test section ±7.84%
IAC Four-sensor probe Axial location of z/DH = 149 in the test section ±14.0%
Bubble diameter Four-sensor probe Axial location of z/DH = 149 in the test section ±4.60%
Bubble velocity in the main flow direction Four-sensor probe Axial location of z/DH = 149 in the test section ±16.5%
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methodology, the local void fraction (a), interfacial area concentra-

tion (IAC, ai), bubble diameter (Db) and bubble velocity vector (vg
*
)

can be obtained. In the present study, the interface-pairing effec-
tive interface selection scheme of Shen et al. [13] and both the
large-bubble-based and small-bubble-based four-sensor probe
methodologies developed by Kataoka et al. [11] and Shen and
Nakamura [20,21] are employed. In this algorithm, the bubbles
which touch all four sensors are divided into spherical bubbles
(small bubbles) and non-spherical bubbles (large bubbles). The
local parameters of small bubbles are calculated by the small-
bubble-based methodology and the contributions of large bubbles
are estimated by the large-bubble-based methodology. The

detailed equations used for the a, ai, Db and vg
*

measurements in
this algorithm are shown in Table 4. This algorithm also estimates
the contributions of missing bubbles and escaped bubbles during
the measuring process by using correction methods of Shen et al.
[23]. The present four-sensor probe signal processing algorithm
does not need the flow regime information in determining the local
parameters and can be applied to the two-phase flows with flow
regimes ranging from bubbly flow to slug (cap bubbly) and churn
flows.

2.3. Experimental flow conditions

This study performed the experiments under 16 different flow
conditions. Table 5 shows their detailed parameters of superficial
liquid velocity (hjf i), the superficial gas velocity (hjgi), liquid phase
temperature (Tf ), gas phase temperature (Tg), and local pressure
(P) at the axial position ofz=DH = 149. The matrix of hjf i and hjgi is
shown in Fig. 3. The black dashed line represents the following
bubbly-to-cap bubbly transition for vertical bundle channel given
by Liu and Hibiki [24].

hjf i ¼
1

0:234þ 0:066
ffiffiffiffiffiffiffiffiffiffiffiffiffi
qg=qf

q� �
C0

� 1

2
64

3
75hjgi � hhvgjii

C0
ð1Þ

where qf, qg, C0 and hhvgjii are liquid phase density, gas phase den-
sity, distribution parameter and void fraction weighted drift veloc-
ity respectively. The drift-flux correlations developed by Ozaki et al.
[25] are recommended in the C0 and hhvgjii calculation. According to
the transition criterion, most flow conditions belong to the bubbly
flows in the present experiments.

As for the radial phase distribution patterns, no criterion for
their transition has been presented specially for the two-phase
flows in the rod bundle flow channels up to now. Shen et al. [26]
developed the following phase distribution pattern transition cri-
terion for the two-phase flows in the vertical large diameter pipe.

z
D
¼ 128Reg

�0:7Ref
0:39 ð2Þ

where Ref ¼ qf hjf iD
lf

and Reg ¼ qg hjg iD
lg

represent Reynolds number of

liquid phase and gas phase respectively. The upward two-phase
flow is always developing along the increasing axial position since
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Fig. 2. Measuring region and four-sensor optical probe.
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its pressure is gradually reducing in the flow direction. So, the phase
distribution pattern transition depends not only on the two phase
Reynolds numbers but also on the axial position. In view of the flow
similarity in the rod bundle flow channel and the large diameter
pipe, this study has tried to change the pipe diameter (D) into the
hydraulic equivalent diameter (DH) and apply the phase transition



Table 3
Coordinates of sensor tips and measuring points.

Items Grouping Points 2D or 3D Coordinates
([–] or [mm])

Measuring points
(x/a, y/a)
(Coordinate system
shown in Fig. 2(a))

Subchannel
center points

OO (0, 0)
OM (0, 0.334)
OK (0, 0.448)
OG (0, 0.9675)
SM (-0.334, 0.334)
SK (�0.334, 0.448)
SG (�0.334, 0.9675)
UK (�0.668, 0.448)
UG (�0.668, 0.9675)
WG (�0.9675, 0.9675)

Subchannel
edge points

QM (�0.167, 0.334)
QK (�0.167, 0.448)
QG (�0.167, 0.9675)
TK (�0.501, 0.448)
TG (�0.501, 0.9675)
VG (�0.835, 0.9675)

Sensor tips
(x, y, z)
(Coordinate system
shown in Fig. 2(b))

N/A 0 (0, 0, 0)
1 (0.2653, 0.3166, 0.5964)
2 (0.09973, �0.4329, 0.6167)
3 (�0.4008, 0, 0.8)

Table 5
Experimental flow conditions at z/DH = 149.

Averaging hjf i [m/s] hjf i [m/s] hjgi [m/s] P [MPa, abs.] Tf [�C] Tg [�C]

0.195 0.195 0.00981 0.107 22.5 17.9
0.195 0.0418 0.107 22.6 17.9
0.195 0.0735 0.107 22.8 17.9
0.195 0.106 0.107 23.1 18.1

0.584 0.581 0.00907 0.108 22.5 17.9
0.584 0.0410 0.108 22.6 18.0
0.586 0.0725 0.107 22.8 18.1
0.587 0.104 0.107 23.0 18.2

0.970 0.970 0.00928 0.108 23.4 18.0
0.969 0.0411 0.108 23.5 18.1
0.970 0.0724 0.108 23.6 18.2
0.971 0.104 0.108 23.7 18.0

1.37 1.37 0.00892 0.109 23.7 18.1
1.37 0.0405 0.109 23.7 18.1
1.37 0.0717 0.109 23.7 18.0
1.37 0.103 0.109 23.8 18.3

Fig. 3. Experimental flow conditions.
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criterion of Shen et al. [26] to distinguish the radial core-peaking
and wall-peaking distributions in the rod bundle flow channel.
The predicted result is shown by the red solid line in Fig. 3. Accord-
ing to the transition criterion, most flow conditions in the present
experiments are in the region of radial wall-peaking phase distribu-
tion pattern and only two flow conditions (hjf i = 0.195 m/s with
hjgi = 0.0735 m/s and 0.106 m/s) belong to the radial core-peaking
phase distribution pattern.

3. Cross-sectional area-averaging method

In order to obtain the cross-sectional area-averaged parameters
and compare them with the predictions of various 1D models, it is
necessary to integrate their measured local parameters over the
whole cross section and obtain their area-averaged values. In the
selected octant triangular measuring region shown in Fig. 2(a),
there are 25 components of the 1/8 center subchannel, 10 compo-
nents of the 1/4 wall subchannel and 1 component of the 1/2 cor-
ner subchannel. Considering the geometrical shape difference of
the 1/4 wall subchannel components, we further classified the four
components into two types, type A and B, in the wall subchannel,
Table 4
Adopted four-sensor probe methodologies.

Parameters Large-bubble-based methodology Small

Void fraction, a
a ¼ 1

X

XN

h¼1
dth

IAC, ai
ai ¼

1
X

X2N

l¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
01;l þ A2

02;l þ A2
03;l

q
A0j j (Kataoka

et al. [11])

ai ¼
1
X

�
A
��
2
4

(Shen

Bubbly velocity vector*, vg
*

vg
* ¼ A0 A01;liþ A02;ljþ A03;lk

� 	
A2
01;l þ A2

02;l þ A2
03;l

(Shen and

Nakamura [20])

vg
* ¼

Bubble diameter, Db N/A
Db ¼

Small (spherical) and large
(non-spherical)
bubble classification

Cdv ¼ ai;2h � ai;2hþ1
�� ��
ai;2h þ ai;2hþ1

, ai;2h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
01;2hþA2

02;2hþA2
03;2h

p
A0j j , ai;2hþ1

Cdv � Cdv;crit Small or sphericalð Þ bubble
Cdv > Cdv;crit Large or non� sphericalð Þ bubble




* The vector is expressed by using the unit vectors (i, j, k) codirectional with the x, y
as shown in Fig. 2(a). So, the area-averaged value of any parameter
(hf crossi) over the selected octant triangular measuring region,
which is the same as that over the whole cross section, can be
expressed by
-bubble-based methodology

XN

h¼1

A2
01;h þ A2

02;h þ A2
03;h

A0j jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
01;2h þ B2

02;2h þ B2
03;2h

q
01;hB01;2h þ A02;hB02;2h þ A03;hB03;2h

��þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
01;2hþ1 þ B2

02;2hþ1 þ B2
03;2hþ1

q
A01;hB01;2hþ1 þ A02;hB02;2hþ1 þ A03;hB03;2hþ1
�� ��

3
5

and Nakamura [21])

A0 A01;hiþ A02;hjþ A03;hk
� 	
A2
01;h þ A2

02;h þ A2
03;h

(Shen and Nakamura [21])

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
01;l þ B2

02;l þ B2
03;l

q
A0j j , l = 2h and 2h + 1 (Shen and Nakamura [21])

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
01;2hþ1 þ A2

02;2hþ1 þ A2
03;2hþ1

q
A0j j

(Shen and Nakamura [21])

and z axes in Cartesian coordinate system.



Table 6
Values of Cc;i and Ce;i .

1/8
Subchannel
(i = 1–25)

Type A 1/2 wall
subchannel
(i = 26–30)

Type B 1/2 wall
subchannel
(i = 31–35)

1/2 Corner
subchannel
(i = 36)

Cc;i 0.136 0.106 0.225 0.211
Ce;i 0.864 0.894 0.775 0.789

Fig. 4. Comparison between void fractions from four-sensor probe and DP gauges.

8 X. Han et al. / International Journal of Heat and Mass Transfer 144 (2019) 118696
hf crossi ¼
P36

i¼1hf subc;iiAsubc;i

Across
ð3Þ

where hf subc;ii, Asubc;i and Across are the area-averaged parameter over
the i-th component of the subchannel, the area of the i-th compo-
nent of the subchannel and the area of the selected octant triangular
measuring region respectively. Here, 1–25, 26–30, 31–35 and 36 of i
correspond to the 25 components of the 1/8 center subchannel, the
5 type A 1/4 wall subchannel, the 5 type B 1/4 wall subchannel and
the one 1/2 corner subchannel respectively.

As shown in Section 2.2, this study performed the local mea-
surements at 10 subchannel center points (namely, the measuring
points: OG, OK, OM, OO, SG, SK, SM, UG, UK and WG) and 6 sub-
channel edge points (namely, the measuring points: QG, QK, QM,
TG, TK and VG) in the selected octant triangular measuring region
in Fig. 2(a). The local measurements at the left 6 subchannel edge
points of OH, OL, ON, SH, SL and UH were not carried out due to the
rod obstruction. After analyzing the symmetrical characteristic of
the local parameter data measured by Hosokawa et al. [17], this
study approximately estimated the local values of the parameter
(f) at these 6 subchannel edge points with the measured values
at their neighboring points in the following interpolating way,

f OH ¼ f QG
f OK
f SG

; fOL ¼ fQK
f OM
f SK

; f ON ¼ f QM
f OO
f SM

;

f SH ¼ f TG
f SK
f UG

; f SL ¼ f TK
f SM
f UK

; f UH ¼ f VG
fUK
fWG

: ð4Þ

From these local parameter data at the subchannel center and
edge points in each component of the subchannel, we can get the
area-averaged value of the parameter over the subchannel compo-
nent by dividing the component area into two cells corresponding
to the two points and further integration. The cells including the
subchannel center and edge points are designated as the center
and edge cells respectively. These two cells are generally divided
by a circular arc passing through the middle point in the line
between the subchannel center and edge points in all components.
The middle line between the channel box wall and the measuring
points in the wall and corner subchannels is also used in the divi-
sion of the components of the type B 1/4 wall subchannel and the
1/2 corner subchannel. The detailed shapes of the center and edge
cells in the typical components are shown with the red and blue
colors respectively in Fig. 2(a). The area-averaged value of the
parameter, f, over the i-th component of the subchannel, hf subc;ii,
can be expressed as

hf subc;ii ¼
R
Asubc;i

fdA

Asubc;i
� f c;iAc;i þ f e;iAe;i

Asubc;i
¼ Ac;i

Asubc;i
f c;i þ

Ae;i

Asubc;i
f e;i

¼ Cc;if c;i þ Ce;if e;i; i ¼ 1� 36 ð5Þ

where Ac;i, Ae;i, Cc;i and Ce;i represent the areas and the area ratios of
the center and edge cells in the i-th component of the subchannel
respectively. Since Ae;i ¼ Asubc;i � Ac;i, the detailed way to calculate
the Ac;i and Asubc;i in the typical components is shown in Appendix
A. The obtained Cc;i and Ce;i for the typical components are listed
in Table 6.

The uncertainties in four-sensor probe measurements have
been evaluated to be ± 7.84%, ±14. 0%, ±4.60% and ± 16.5% for void
fraction, IAC bubble diameter and bubble velocity in the main flow
direction respectively [21]. These data are also shown in Table 2.

The reliability of the 2D bubble velocity vector (vgxy
*

) measurement
has also been confirmed in the evaluation experiment of Shen and
Nakamura [21]. The present two cell discretization of the subchan-
nel component resulting from the limitation of the probe measur-
ing points may introduce some degree of additional uncertainty in
the area-averaged process for the parameters measured by the
four-sensor probe. Although the projected size of four-sensor
probe in the plane vertical to the rod bundle is less than 0.8 mm,
which is much smaller than the shortest distance between two
rods (6.7 mm = 16.7 mm – 10 mm), its intrusion into the flow
may also introduce some degree of uncertainty in the measure-
ments in the rod bundle flow channel. So, the comparison of the
measured cross-sectional area-averaged void fraction between
the four-sensor probe (haprobei) and differential pressure (DP)
gauges (haDPi) is shown in Fig. 4 and their average deviation
is ± 10.1%. The uncertainties in the frictional pressure loss and
spacer pressure loss calculations for rod bundle flow channel in
high liquid flow conditions is also partially responsible for the void
fraction deviation in the DP gauge measurement.
4. Results and discussion

4.1. Distributions of various local parameters

Figs. 5–8 respectively show the measured local parameters of
void fraction (a), IAC (ai), bubble diameter (Db) and bubble velocity
component in the main flow direction (vgz, namely, bubble rising
velocity) at 16 measuring points in the rod bundle cross section
at z/DH = 149 for the present 16 flow conditions. The red and green,
red and cyan, red and dark cyan and red and violet bars have been
used to represent the data of void fraction, IAC, bubble diameter
and bubble velocity component in the main flow direction respec-
tively. The red bars stand for the data measured at the subchannel
center points, while the other color bars are for the data measured
at the subchannel edge points in these figures. Fig. 9 illustrates the

measured local 2D bubble velocity vector (vgxy
*

) at 16 measuring
points in the rod bundle cross section at z/DH = 149 for the present
16 flow conditions. Although the 3 components of the bubble

velocity vector (vg
*
) have been measured, here we express the vg

*

by using a component vector in the cross section (vgxy
*

) and a com-



Fig. 5. Radial profiles of local void fraction at z/DH = 149.
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ponent in the main flow direction (vgz) in Figs. 9 and 8 respectively.
It should be mentioned here that this study used the latest present
four-sensor probe signal processing algorithm and performed the
world’s first measurements of the instantaneous local bubble
diameter and the instantaneous local bubble velocity vector in
the two-phase flow in the vertical rod bundle flow channel. The
conventional four-sensor probe signal processing algorithm can
only obtain the corresponding local Sauter mean bubble diameter
determined by the ratio of 6 times the local time-averaged void
fraction to the local time-averaged IAC and the corresponding 1D



Fig. 6. Radial profiles of local IAC at z/DH = 149.
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approximate interfacial or bubbly velocity determined by the ratio
of the front and one rear sensor tips’ axial separation to the time
difference when the interface pass through the two sensor tips.
The data in Figs. 7–9 are the number-averaging values of the
instantaneous local bubble diameter and bubble velocity vector.
So, the present database is valuable in understanding the mecha-
nisms governing the mass, momentum and energy transports in
two-phase flows in the vertical rod bundle flow channel.



Fig. 7. Radial profiles of local bubble diameter at z/DH = 149.
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4.1.1. Distributions of local void fraction
Fig. 5 shows the gradual evolution of local void fraction distribu-

tion with the changes of both hjf i and hjgi in the rod bundle cross
section at z/DH = 149 for the present experiments. In the high hjf i
flow conditionswithhjf i = 0.970 and 1.37 m/s, the local void fraction
distributions demonstrate a wall-peaking shape with high void
fractions near the channel box wall and low void fractions in the
center region in the cross section. In the low hjf i flow conditions



Fig. 8. Radial profiles of local bubble velocity component in the main flow direction at z/DH = 149.
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with hjf i = 0.195 and 0.584 m/s, the local void fraction shows a
trend to change from its radial wall-peaking distributions to the
radial core-peaking distributions with low void fractions near the
channel box wall and high void fractions in the center region in
the cross section. When hjf i = 0.195 m/s, the radial void fraction
profiles at hjgi = 0.0418, 0.0735, and 0.106 m/s show the typical
core-peaking distributions and the sharpness of the core-peaking
increases with the increasing of hjgi in the same hjf i conditions.
The radial void fraction distribution appears neither core-peaking
nor wall-peaking in four flow conditions (namely, hjf i = 0.195 m/s



Fig. 9. 2D local bubble velocity vector at z/DH = 149.
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and hjgi = 0.00981 m/s, hjf i = 0.584 m/s and hjgi = 0.0410 m/s,
hjf i = 0.586 m/s and hjgi = 0.0725 m/s, and hjf i = 0.587 m/s and
hjgi = 0.0104 m/s). These radial void fraction distributions can be
regarded as the transitional distribution pattern between the radial
core-peaking and wall-peaking shapes. In the left low hjf i flow con-
dition of hjf i = 0.581 m/s and hjgi = 0.00907 m/s, the radial distribu-
tion of void fraction appears in the typical wall-peaking profile. In
the flow conditions with the nearly same hjgi, the radial distribution
pattern of void fraction changes from core-peaking to wall-peaking
shapes with the increase of hjf i. Comparing with the prediction of
Shen et al. [26] phase distribution pattern transition criterion
shown in Fig. 3, we can find that only one flow condition
(hjf i = 0.195 m/s withhjgi = 0.0418 m/s) near the phase distribution
pattern transitional region is not properly judged and the other flow
conditions are reasonably predicted by Shen et al. [26] phase distri-
bution pattern transition criterion. Shen et al. [27] and Sun et al.
[28] carried out local measurement experiments in upward
air-water two-phase flow in the vertical large diameter square
ducts with the cross-section of 100 mm � 100 mm and
136 mm � 136 mm respectively by using the state-of-the-art
four-sensor optical probe and X-type hot-film probe. Comparing
with the local void fraction data taken in these experiments, the
radial local void fraction profiles taken in the present rod bundle
flow channel with the 100 mm � 100 mm square duct are flatter
under the similar local flow conditions. It can be attributed to the
presence of the 6 � 6 rods, which has greatly increased the bound-
ary flow area with high liquid velocity gradient and the production
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of turbulent kinetic energy and resulted in the increases of the tur-
bulent mixing and the lateral void drift between neighboring sub-
channels in the rod bundle flow channel. In view of the complex
geometry of the rod bundle flow channel, it may be difficult to
get the whole picture of the radial core-and wall-peaking distribu-
tion patterns for various local parameters including the void frac-
tion. To facilitate the understanding of the future readers, here we
have presented the schematics of the typical radial core-and wall-
peaking distribution patterns for a local parameter in Fig. 10(a)
and (b) respectively, based on our knowledge of the two-phase flow
in the present 6 � 6 rod bundle flow channel.

4.1.2. Distributions of local IAC
Fig. 6 shows the continuous change of local IAC profile with the

increases of both hjf i and hjgi in the rod bundle cross section at
z/DH = 149 for the present experiments. There exist two kinds of
radial IAC distribution patterns, namely, core-peaking and wall-
peaking. In the low hjf i flow condition with hjf i = 0.195 m/s, we
can find the core-peaking radial IAC distribution pattern, in which
the measured local IAC peaks at the center region of the measured
octant triangular region and the radial void fraction profiles shows
a gradual descending trend with the x/a and y/a increases. In the
high hjf i flow conditions with hjf i = 0.970 and 1.37 m/s, all flow
conditions show the wall-peaking radial IAC distribution pattern,
in which the measured local IAC shows low values at the center
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(b) Radial wall-peaking distribution pattern

Fig. 10. Schematics for typical radial core- and wall-peaking distribution patterns.
region of the measured octant triangular region and the radial void
fraction profiles shows a gradual ascending trend with the x/a and
y/a increases. In the same hjf i condition, the heights of both IAC
core peak and wall peak increases with the increase of hjgi. In the
low hjf i flow conditions with hjf i = 0.195 and 0.584 m/s, we can find
the radial IAC distribution pattern transition from wall-peaking to
core-peaking shapes. After comparing with the radial local void
fraction distributions in Fig. 5, it can be found that the measured
local void fraction and IAC are analogous in their general trends
of radial distribution and its changes with the flow conditions. This
can be attributed to the similar size of bubbles prevailing in the rod
bundle cross section at z/DH = 149 in the same flow condition (see
Fig. 7 in following section). Relative to the local IAC data taken in
the blank square duct with the cross-section of 100 mm � 100 mm
[27], the local IAC data taken in the present rod bundle flow chan-
nel with the same square duct are greater under the similar local
flow conditions. This is due to the presence of the 6 � 6 rods since
the high wall-induced turbulent intensity has accelerated the bub-
ble breakup mechanism and resulted in smaller sizes of bubble
diameter and larger IAC values in the rod bundle flow channel.
4.1.3. Distributions of local bubble diameter
From Fig. 7, we know that the bubbles moving in the rod bundle

cross section at z/DH = 149 generally keep the nearly similar size in
each flow condition. In the low hjf i and high hjgi flow conditions,
the bubbles moving in the central region are larger than those
moving near the channel box wall. This may result from the rela-
tive high void fraction increasing the bubble coalescence probabil-
ity and causing the lateral migration of the large bubble to the
central region. In the high hjf i flow conditions, the bubbles moving
near the channel box wall are slightly larger than those moving in
the central region. Although the bubbles tend to break up due to
the high turbulent shear force in the high hjf i flow conditions,
the relatively large bubbles near the channel box wall can be
formed since the wall-peaking phase distribution (see Fig. 5) and
the low bubble rising velocity near the channel box wall (see
Fig. 8) may increase the bubble coalescence probability by increas-
ing the local concentration of bubbles and the touching time of
neighboring bubbles near the channel box wall. As a result of these
facts, the measured local bubble diameter increases with the hjgi
increase and the hjf i decrease. Comparing with the local bubble
diameter data taken in the 100 mm � 100 mm square duct [27]
and the 136 mm � 136 mm square duct [28] without rod bundle,
the local bubble diameter data taken in the present rod bundle
flow channel are smaller under the similar local flow conditions.
This can be explained by the presence of the 6 � 6 rods. Although
the geometrical shape of the vertical rod bundle flow channel is
quite different from that of vertical large diameter pipe, their
two-phase flow characteristics are similar to each other in some
degree. The appearance of large bubbles (occasionally penetrated
by one or more than one rods in rod bundle) and the increase of
bubble diameter in the channel central region are clearly observed
in both types of flow channels in the low hjf i and high hjgi flow con-
ditions [29–31]. The presence of the rod bundle cannot greatly
influence the behavior of the large bubbles since their buoyant
force is much greater than the wall-induced viscous drag. So, the
large-bubble-induced void fraction reduction phenomenon, i.e.
the N-shape axial void fraction changing behavior in the vertical
large diameter pipe [32–36], will happen in the vertical rod bundle
flow channel.
4.1.4. Distributions of local bubble velocity
Fig. 8 shows that local bubble velocity component in the main

flow direction (vgz) keeps a radial core-peaking distribution with
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high velocity in the central region and low velocity near the chan-
nel box wall in all flow conditions in the present experiment. The
vgz increases with the hjf i increase. The hjgi increase does not
greatly affect the averaging vgz, but significantly sharpens the
radial core-peaking distribution shape of the vgz in the low hjf i
and high hjgi flow conditions, corresponding to the radial core-
peaking phase distribution in Fig. 5. This phenomenon is caused
by the high velocity of the large bubbles accelerated by the
density-difference-induced buoyancy force and their lateral migra-
tion to the central region. In the whole cross section under high hjf i
flow conditions with hjf i = 0.970 and 1.37 m/s and in the region
close to the channel box wall under low hjf i flow conditions with
hjf i = 0.195 and 0.584 m/s, the vgz measured at the subchannel
edge point is smaller than that measured at its corresponding sub-
channel center point. The bubble velocity difference at the center
and the edge points can be explained by the liquid phase velocity
gradient caused the wall-induced shear force in the subchannel.
Comparing with the local vgz data taken in the 100 mm � 100 mm
square duct [27] and the 136 mm � 136 mm square duct [28]
without rod bundle, the radial local vgz profiles taken in the present
rod bundle flow channel show a flatter tendency under the similar
local flow conditions. This results from the presence of the 6 � 6
rods since these rods have increased the turbulent mixing and lat-
eral void drift which cause the velocity profile to be flatter. The

cross-sectional distributions of local 2D velocity vectors (vgxy
*

) at
the center (red arrows, represented by c) and the edge (blue
arrows, represented by e) points in Fig. 9 tell us that there exists
a significant 2D average movement of bubbles from the center to
the channel box walls in the cross section in the rod bundle flow
channel. This lateral bubble movement can be explained by the
small diameter of most bubbles in the flows (see Fig. 7) since the
lift force has caused small bubbles with the diameter less than
4.5 mm to concentrate near the channel wall in the upward air-
water bubbly flow [37]. This phenomenon is in accordance with
the formation of radial wall-peaking phase distribution in the high
hjf i flow conditions in Fig. 5. In the low hjf i and high hjgi flow con-
ditions, the radial core-peaking phase distributions have been
observed in Fig. 5. Although the corresponding number averaging
bubble diameter (Db) is less than 4.5 mm, a certain number of
much larger bubbles do exist in the flow. According to the research
result of Tomiyama et al. [37], the bubbles larger than 5.5 mm tend
to flow in the central region of the flow channel in the upward air-
water bubbly flow. So, the lateral migration of the large and
relatively-large bubbles to the central region is expected to have
happened to form the resultant radial core-peaking phase distribu-
tions in the low hjf i and high hjgi flow conditions. However, the lat-
eral migration of the large bubble to the central region has not be

reflected in the corresponding vgxy
*

data. This is due to the weak-
ness of the number averaging method used to obtain the present
averaging values of the bubble velocity components in the x and
y directions. Although the large bubbles make a great contribution
to the gas phase velocity, they are small in number and their large
contribution has not properly been reflected in the bubble number
averaging. So, the net movement of gas phase from the channel box
walls to the center in the cross section in the rod bundle flow chan-

nel has not been displayed in the vgxy
*

data in Fig. 9 for the low hjf i
and high hjgi flow conditions.
4.2. Area-averaged parameters and their comparison with model
predictions

In view of the needs of the 1D nuclear reactor safety analysis
code for the 1D physically-based constitutive correlations/models,
the area-averaged values of the locally measured parameters are
obtained by following the averaging way described in Section 3.
The database of 1D parameters is also used in the following evalu-
ations of the existing models.

4.2.1. Area-averaged void fraction and its comparison with drift-flux
model predictions

Up to now, many empirical or semi-empirical models have been
developed to predict the area-averaged void fraction, hai, for two-
phase flows. The 1D drift-flux model originally developed by Zuber
and Findlay [38] is the most successful model for its simplicity and
accuracy in predicting the hai of two-phase flows. It is expressed as

hjgi
hai ¼ C0hji þ hhvgjii ð6Þ

The distribution parameter (C0) and drift velocity (hhvgjii) are
two important parameters to close the model. They should be
determined by using the radial non-uniform profiles of local void
fraction and local two-phase velocities. Due to the difficulties in
the local measurement of local parameters in two-phase flows,
they are usually given by developing the physical-mechanism-
based correlations. The drift-flux correlations for the C0 and
hhvgjii often show different forms for different flow regimes and
different flow channels.

For the vertical rod bundle flow channel, several drift-flux cor-
relations for the C0 and hhvgjii [39,40] have been developed and
Bestion [41] correlations and Chexal et al.[42] correlations (see
Table 7) as two important ones among them are selected in the fol-
lowing comparison with the present experimental data. Bestion
[41] correlations for the C0 and hhvgjii were developed for the rod
bundle geometry in nuclear reactor safety analysis code of CATH-
ARE [41]. The hhvgjii correlation of Bestion [41] possesses the pos-
sibility of scaling-up by taking the hydraulic diameter of the rod
bundle into consideration. So, it has been implemented in the other
nuclear reactor safety analysis codes such as TRACE [1] and TRAC-
BF1 [43]. Coddington and Macian [39] also reported that Bestion
[41] correlation predictions agree well with their collected experi-
mental data. Chexal et al. [42] correlation is composed of several
drift-flux correlation packages which cover a wide range of rod
bundle experimental flow conditions in the adiabatic and diabatic
two-phase flows, in the vertical, inclined and horizontal two-phase
flows and in the co-current upward and downward and counter-
current two-phase flows. The correlation has been used in
RELAP5/MOD3.3 code [44] to predict the two-phase flow evolution
in the nuclear reactor system.

The measured area-averaged void fractions (hameai) from the
four-sensor probe in the present experiments are compared with
the predicted area-averaged void fractions (haprei) from the drift-
flux model with Bestion [41] and Chexal et al. [42] correlations
by using the void fraction relative error, Rvoid, defined by

Rvoid ¼ haprei � hameai
hameai ð7Þ

The obtained Rvoid data in the left upper, right upper, left down
and right down figures in Fig. 11 are respectively for the flow con-
ditions of hjf i = 0.195, 0.584, 0.970 and 1.37 m/s. The predictions of
Chexal et al. [42] correlations are always greater than those of Bes-
tion [41] correlations in each flow condition. The averaging values
of the absolute void fraction relative errors are ± 51.3% and ± 110%
for Bestion [41] and Chexal et al. [42] correlations respectively. For
the experimental data set taken at void fraction larger than 0.05,
the averaging values of the absolute void fraction relative errors
are ± 74.3% and ± 46.1% for Bestion [41] and Chexal et al. [42] cor-
relations respectively. The predictions of Bestion [41] correlation
are good for the low void fraction experimental data, but turn
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Drift-flux correlations.
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Fig. 11. Comparisons of area-averaged void fraction from experiments with their
corresponding drift-flux model predictions.
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bad for the relatively high void fraction experimental data. The
performance of Chexal et al. [42] correlation is contrary to that of
Bestion [41] correlation. The high prediction errors of Bestion
[41] correlation stem from its overprediction of the drift velocity.
The predicted drift velocity from Bestion [41] correlation is over
2 m/s (an impossible value). The high drift velocity has resulted
from the large hydraulic diameter (DH = 18.7 mm) corresponding
to the high pitch-to-diameter ratio of the rod bundle (p/D = 1.67)
in the present experiments. The high drift velocity causes the
drift-flux model to greatly underestimate the void fraction under
low hji flow conditions with relatively high void fraction. The high
drift velocity contribution to the drift-flux model is weakened
under high hji flow conditions with low void fraction. So, Bestion
[41] correlation has given good predictions for the present low void
fraction experimental data, but has underestimated the void frac-
tion under low hji flow conditions with relatively high void frac-
tion. The high prediction errors of Chexal et al. [42] correlation
are due to its great underprediction of the distribution parameter.
The predicted distribution parameters from Chexal et al. [42] cor-
relation are in the range from 0.197 to 0.659. The low distribution
parameter contribution to the void fraction prediction is weakened
by the hji under low hji flow conditions with relatively high void
fraction and is strengthened by the hji under high hji flow
conditions with low void fraction. So, Chexal et al. [42] correlation
has given good predictions for the present relatively high void frac-
tion experimental data, but has greatly overestimated the void
fraction under high hji flow conditions with low void fraction. So,
a further study on the drift-flux correlation evaluation and devel-
opment is necessary for the various rod bundle geometries in the
future.
4.2.2. Area-averaged IAC and its comparison with IAC correlation
predictions

The area-averaged IAC (haii) describing the available interfacial
area for the transfer of mass, momentum, and energy between two
phases has to be predicted in the two-phase flow simulations using
two-fluid model. Its constitutive correlation plays a significant role
in predicting the haii for two-phase flow in active nuclear reactor
safety analysis codes. Although many researchers have conducted
their experimental and analytical studies to develop the IAC corre-
lations for the two-phase flows in various flow channels so far,
there is no IAC correlation that has been developed specially for
the two-phase flows in rod bundle geometry. In view of this fact,
here we select 2 recently-developed IAC correlations of Hibiki
and Ishii [45] and Shen and Deng [46] shown in Table 8 to compare
their predictions with the present measured haii. The IAC correla-
tion of Hibiki and Ishii [45] was derived from the interfacial area
transport equation and has showed a good agreement with the
experimental data in bubbly flows in both vertical small and large
diameter pipes [47–49] and the vertical large square duct [27].
Shen and Deng [46] separated the IAC contributions from group
1 bubbles (namely, spherical and distorted bubbles) and group 2
bubbles (namely, cap and churn turbulent bubbles) by using the
two-group bubble classification of Fu and Ishii [50] for the bubbly,
slug and churn turbulent flows. They developed the group 1 bubble
void fraction correlation by fitting the experimental data of two-
group bubbles, group 1 bubble IAC correlation from the drag coef-
ficients of distorted bubbles (Ishii and Zuber [51] and Tomiyama
et al. [52]) and group 2 bubble IAC correlation from the slug bubble
length model of Sakaguchi et al. [53]. Since all those 2 IAC correla-
tions were developed mainly based on the experimental data taken
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Fig. 12. Comparisons of area-averaged IAC from experiments with their corre-
sponding IAC correlation predictions.

X. Han et al. / International Journal of Heat and Mass Transfer 144 (2019) 118696 17
in the vertical circular pipes, they were originally for the general
two-phase flows in the flow channels with simple geometries.

The measured area-averaged IACs (hai;meai) from the four-sensor
probe in the present experiments are compared with the predicted
area-averaged IACs (hai;prei) from the IAC correlations of Hibiki and
Ishii [45] and Shen and Deng [46] by using the IAC relative error,
Riac , defined by

Riac ¼ hai;prei � hai;meai
hai;meai ð8Þ

The obtained Riac data in the left upper, right upper, left down
and right down figures in Fig. 12 are respectively for the flow con-
ditions of hjf i = 0.195, 0.584, 0.970 and 1.37 m/s. The predicting
results of the 2 IAC correlations are generally in good agreement
with the experimental data. The averaging values of the absolute
IAC relative errors are ± 10.6% and ± 13.8% for the IAC correlations
of Hibiki and Ishii [45] and Shen and Deng [46] respectively. The
agreements show that the IAC databases collected in this study
are reasonable and the IAC correlations of Hibiki and Ishii [45]
and Shen and Deng [46] can be used to predict the IAC behaviors
in the two-phase flows in a rod-bundle flow channel.
5. Conclusions

This study has performed the vertical adiabatic air-water two-
phase flow experiments under a total of 16 flow conditions in a
vertical 6 � 6 rod bundle test facility. By using the four-sensor
optical probe measuring technique, local void fraction, IAC, bubble
diameter and bubble velocity vector were measured at 16 measur-
ing points in the octant triangular measuring region of the rod bun-
dle cross section at z/DH = 149. It’s worth noting that the database
of the local bubble diameter and bubble velocity vector was first
collected for the two-phase flow in the rod bundle flow channel.
The flow characteristics of the measured local parameters were
analyzed and their cross-sectional area-averaged values were
obtained. The area-averaged void fraction and IAC were compared
with the predictions of drift-flux model with its distribution
parameter and drift velocity correlations and the IAC correlations
respectively. The main conclusions of this paper are as follows.

(1) A complete database of local void fraction, IAC, bubble diam-
eter and bubble velocity vector at an axial position has been
established for a total of 16 flow conditions in the vertical
6 � 6 rod bundle flow channel. Both radial core-peaking
and wall-peaking void fraction distributions were observed
and their distribution patterns change from the core-
peaking to the wall-peaking with the increase of superficial
liquid velocity and the decrease of superficial gas velocity.
The pattern change can be approximately predicted by the
phase distribution pattern transition criterion of Shen et al.
[26]. Since the radial distributions of local bubble diameter
are nearly flat, the radial distributions of local IAC are similar
to their corresponding radial distribution of local void frac-
tion. The local bubble velocity component in the main flow
direction (vgz) shows a typical radial core-peaking distribu-
tion. The bubbles tend to move significantly from the central
region to the channel box wall region in the cross section in
the rod bundle flow channel especially under high superfi-
cial liquid velocities. The present database of local parame-
ters, together with the available database of other
researchers, is expected to be an important base for the
future development of the physical-based constitutive cor-
relations/models for the nuclear reactor thermal–hydraulic
system codes.

(2) In order to obtain the cross-sectional area-averaged values
from the locally measured parameters, an area-averaging
method has been proposed and verified by comparing with
the cross-sectional area-averaged void fraction obtained
from the differential pressure gauges.

(3) The drift-flux correlations of Bestion [41] and Chexal et al.
[42] cannot satisfactorily predict the present measured
area-averaged void fractions and a further drift-flux correla-
tion evaluation and development is necessary for the various
rod bundle geometries in the future. The IAC correlations of
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Hibiki and Ishii [45] and Shen and Deng [46] can reasonably
predicted the present measured area-averaged IACs and can
be used in predicting the IAC behaviors in the two-phase
flows in a rod bundle flow channel.
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Appendix A. Ac;i And Asubc;i (1 � i � 36) calculation

(1) 1/8 center subchannel component, 1 � i � 25.
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(2) Type A 1/4 wall subchannel component, 26 � i � 30.
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(3) Type B 1/4 wall subchannel component, 31 � i � 35.
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(4) 1/2 corner subchannel component, i ¼ 36.
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