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Abstract 
A 3 m high vertical rod bundle flow channel consisting of 6×6 rods with the rod diameter of 10 mm 
and the pitch of 16.7 mm and a channel box with the cross section of 100 mm × 100 mm was used 

to study the local two-phase flow characteristics under influences of the 36 rods and the channel 
box. The air and water were selected as the two-phase working fluids in the present experiments. 
A double-sensor probe installed at the axial position of z/DH = 149 and six evenly-installed 

differential pressure (DP) gauges measured the upward-moving two-phase flow in the rod bundle 
flow channel under the atmospheric condition. Since the local parameters of void fraction, 
interfacial area concentration (IAC), bubble diameter, and gas velocity are essential to know the 

internal structures of the two-phase flow, their data at 16 points within an octant symmetric 
triangular area of the flow channel cross section were collected by the double-sensor probe 
under various flow conditions in the experiments. The local measurements of double-sensor probe 

were found to agree well with the void fractions from the DP gauges and the superficial gas 
velocity from a gas flowmeter. Both the measured void fractions and IACs displayed a transition 
from radial wall-peaking profile to radial core-peaking profile in the low superficial liquid velocity 

flow conditions and pure radial wall-peaking profiles in the high superficial liquid velocity flow 
conditions. The measured Sauter mean diameters showed their radial wall-peaking profiles with 
the peaking degree decreasing with the increasing superficial gas velocity in both the low and 

high superficial liquid velocity flow conditions. The measured gas velocities in the main flow 
direction showed a transition from a radial nearly-flat profile or a radial mid-peaking profile to 
radial core-peaking profiles in the low and high superficial liquid velocity flow conditions. The 

area-averaged void fractions and IACs integrated from their measured local values were respectively 
compared with the predictions of existing drift-flux and IAC correlations. The comparison results 
showed that the drift-flux correlation of Ozaki et al. (2013) and the IAC correlation of Shen and 

Deng (2016) give the reasonable prediction and can be recommended for the predictions of the 
void fraction and the IAC respectively in the bubbly flows in the rod bundle flow channel.  
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1 Introduction 

To meet the needs of design and licensing of the nuclear 
reactor system, enough cooling capability of the reactor 
core is required to withstand the anticipated operational 
transients and primary coolant effluent accidents. The rod 
bundle flow channels providing a compact structure and an 

efficient way to remove the heat from its component 
heated rods are widely utilized in the core of pressurized 
water reactor (PWR) and boiling water reactor (BWR). 
Although the cross-sectional size of each subchannel in the 
rod bundle is not large, the cross-sectional size of the rod 
bundle (an integration of the subchannels) with or without 
channel box is usually greater than the maximum stable 
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size of bubble taking an approximate value of 30 or 40 times 
of Laplace length (Kataoka and Ishii, 1987). The large bubbles 
greatly deformed by their corresponding neighboring rods 
move in the rod bundle flow channel. The bubble coalescence 
due to the wake entrainment process resulted from the relative 
motions of the bubbles with different size and the bubble 
breakup due to the shearing-off and interfacial instability 
of large bubbles happen in the flow. As the major bubble 
coalescence and breakup mechanisms, the bubble coalescence 
due to the random collision between bubbles driven by 
turbulence and the bubble breakup due to the turbulent 
impact are prevailing along the flow. The rod wall and the 
channel box wall (in BWR fuel assembly) may cause the 
radial liquid velocity gradient and bubble distribution to be 
entirely different from those in a circular pipe with small or 
large diameter (Shen et al., 2005a, 2012). The unique wall 
effect significantly affects the mass, momentum, and energy 
transport processes of the two-phase flow in the rod bundle 
flow channel. 

To establish an extensive database of local flow parameters 
such as void fraction, IAC, and pressure drop and further 
develop reliable models for the two-phase flow in the rod 
bundle flow channel, some experimental and analytical studies 
have been performed in the past several decades. Many past 
studies (Rehme, 1973; Morooka et al., 1989; Tamai et al., 
2006; Kamei et al., 2010; Chen et al., 2012; Zhang et al., 2016) 
have carried out the measurements of global characteristics 
parameters such as the cross-sectional area-averaged void 
fraction (<α>), pressure drop, flow regimes, and gas/liquid 
flow rates only in the two-phase flow in the rod bundle 
flow channel. The void fraction data were collected for 
the evaluation and improvement of the drift-flux model 
correlations and pressure drop data were obtained for the 
assessment and development of two-phase friction multiplier 
model and two-phase spacer-grid-loss coefficient model in 
the rod bundle flow channel. Some studies (Yun et al., 2008; 
Yang et al., 2013; Hosokawa et al., 2014; Ren et al., 2018) 
have focused on the local measurements of radial void 
fraction, IAC, and two-phase velocity profiles in the rod 
bundle flow channel. The obtained radial profile data of the 
flow parameters were mainly used for the development for 
two-phase interfacial transfer model, which is required to 
close the two-fluid model (Ishii, 1975; Ishii and Hibiki, 
2010), and the validation of numerical simulations in the 
rod bundle. It is no doubt that the local measurements   
of two-phase flows in the rod bundles provide much more 
detailed information on the flow than the global charac-
teristics parameter measurements do. However, the available 
radial profile database for the local flow parameters are not 
enough to thoroughly know the whole picture of the flow 
characteristics and correctly make the constitutive models 
required for accurate predictions using the two-fluid model 

in the rod bundle flow channel. The available databases from 
local measurements, moreover, only consist of the 3×3 rod 
bundle data of Yun et al. (2008), the 4×4 rod bundle data of 
Hosokawa et al. (2014), the 5×5 rod bundle data of Ren et al. 
(2018), and the 8×8 rod bundle data of Yang et al. (2013). 

In view of these facts, the present paper will perform 
the local measurements of air–water two-phase flows with 
a double-sensor optical probe in a vertical 6×6 rod bundle. 
The collected experimental data will be used to construct a 
database on the radial profiles of local flow parameters (void 
fraction, IAC, bubble diameter, and gas velocity) in the rod 
bundle flow channel, which can be an important extension 
of the currently available rod bundle databases. These 
databases are expected to be very helpful to the development 
of reliable interfacial transfer models to support the design 
and safety analysis of the future light water reactors. 

2 Experimental setup and instruments 

2.1 Experimental loop 

Figure 1 shows a schematic diagram of KU (Kyoto University) 
joint-research experimental loop used in the present 
experiments. The loop consists of a centrifugal pump, a degas 
plenum, an electromagnetic flowmeter for water, a vertical 
6×6 rod bundle test section, an upper reservoir tank    
(a separator), a low water storage tank with a cooling system, 
a mass flowmeter for air, and an air compressor and so on. 
The channel box of the rod bundle is made of a transparent 
acrylic square duct with a cross section of 100 mm × 100 mm 
(namely, 2a × 2a (a = 50 mm)). A total of 36 (= 6×6) 
aluminum rods with a diameter of 10 mm are positioned 
in a pitch of 16.7 mm by four simplified spacer grids (see 
Fig. 2(a)) inside the channel box. The hydraulic equivalent 
diameter (DH) of the rod bundle flow channel is accordingly 
18.7 mm. Purified water and air were used as the working 
two-phase fluids in the experimental loop. The water was 
kept in the lower reservoir tank and was pumped with a 
centrifugal pump. The water, which flowed through an 
electromagnetic flowmeter (uncertainty: ±0.5% reading), 
was divided into 4 separate flows and then mixed with the 
air in the center of the mixer. A compressor supplied the air. 
After flowing through a gas mass flowmeter (rated range: 
0–50 L/min (25 °C and 1 atm), uncertainty: ±3.0% full scale), 
it was introduced into a mixing chamber through an air 
injector made of 100 fine pipes with the inner diameter of 
0.51 mm and the outer diameter of 1.59 mm. In the adiabatic 
air–water flow experiments, the two-phase mixture flowed 
out of the test section to enter a separator, namely, the open 
upper reservoir tank. The air was discharged there, and 
the water was circulated through the loop. The water tem-
perature in the loop was kept at an approximately-constant  
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Fig. 1 Schematic diagram of experimental facility. 

 
Fig. 2 Spacer grid for rod bundle and double-sensor probe. 

temperature with the deviation of ±1 °C during each 
experimental period by a heat exchanger (cooling system) 
installed in the low water storage tank. The height of the 

test section is about 3 m. 
The local flow measurements using a double-sensor 

optical probe (see Fig. 2(b)) were performed at the axial 
location (z) of z/DH = 149. The detailed double-sensor probe 
methodology will be explained in the next section. Because 
of the symmetrical structure of the present carefully- 
fabricated rod bundle flow channel and the symmetrically- 
arranged water and air inlet flows in the mixer, the flow 
can be assumed to be symmetrical in the cross section. So, 
an octant triangular region is chosen as the measuring area. 
The 16 points in the half of (x/a = 0, 0.167, 0.334, 0.501, 
0.668, 0.835, 0.9675) × (y/a = 0, –0.334, –0.448, –0.9675) 
region (namely, 0< x/a < (–y/a) <1) were measured in the 
measuring area. These points are in the centers of the 
subchannels, the neighboring two-rod gaps, and/or the gap 
between one rod and the channel box wall. To keep the 
precise positioning of the double-sensor probe in the local 
measurements, a two-dimensional probe-moving system 
was designed and installed in the probe instrumentation 
port and the strong pipe working as the probe support was 
used to minimize the flow-induced vibration. As a result of 
that, the positioning uncertainty of the double-sensor probe 
is below 0.1 mm. The sampling frequency is 10 kHz and the 
measuring time is 2×100 s for each point in each flow 
condition in the double-sensor probe measurement, together 
with the WE7000 control data acquisition system of Japanese 
Yokogawa Electric Corporation. The inlet pressure and the 
following axial pressure variation along the rod bundle 
flow channel were measured by a compact pressure sensor 
(rated pressure range: 0–1.0 MPa, uncertainty: ±0.5% full scale) 
and six evenly-installed differential pressure (DP) gauges 
(rated pressure range: –5000 – +5000 Pa, uncertainty: ±0.5% 
full scale). The axial void fraction changes along the flow 
were accordingly estimated by further considering their 
corresponding frictional pressure drop (Shen et al., 2006, 
2010a, 2017). 

2.2 Local measurement method of double-sensor optical 
probe  

2.2.1 Double-sensor optical probe methodology 

The present double-sensor optical probe consists of two 
sensors made of optical fiber with a diameter of 0.125 mm. 
The two sensors are aligned with each other with a distance 
of Δs (Δs took the value of approximate 1 mm in the 
present experiment) in the fiber-axial direction and form a 
front sensor and a rear sensor in the respective upstream 
and downstream in a two-phase flow (see Fig. 2(b)). The 
information to be recorded by the ith sensor (i = 1 (front 
sensor) or 2 (rear sensor)) is the touching time (Ti,2h) and the 
leaving time (Ti,2h+1) when the hth bubble passes through 
the sensor. 
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Void fraction is defined by total gas phase volume per 
unit volume of the mixture. Considering a linear control 
volume with an infinite small cross-sectional area along the 
bubble-moving direction (Shen and Nakamura, 2013), the 
time-averaged void fraction at a measuring point (α) can be 
extended in its definition and measured simply by the 
following equation: 
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+=
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where αi and Ni (i = 1, 2) respectively denote the time- 
averaged void fraction and the bubble number sensed by 
the ith sensor within a sampling time of Ω at a measuring 
point. Since most bubbles touch the front sensor tip ahead 
of the rear sensor tip in the practical double-sensor probe 
measurement, the time-averaged void fraction from the 
front sensor is usually used as the representative value of 
the double-sensor probe, namely:  
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The IAC is defined by total interfacial area per unit 
volume of the mixture. Ishii (1975) derived the time-averaged 
expression for the IAC at a point (ai) in his development of 
the two-fluid model. The IAC expression is given by 
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where Vl and nl represent the velocity vector and the 
normal direction unit vector (at the interfacial point where 
the lth interface is pierced by the probe) of the lth interface, 
respectively. The factor, 2, before N1 means that each bubble 
passing the measuring point has two interfaces. Considering 
a linear control volume with an infinite small cross-sectional 
area along the bubble-moving direction, Eq. (3) can be 
re-derived according to the original IAC definition (Shen 
and Nakamura, 2014). Based on the assumptions that    
(1) measured interfacial number is large, (2) magnitude of 
the lth interfacial velocity, Vl, is statistically independent of 
the angle between Vl and nl, (3) the interfaces consist of 
spherical bubbles, (4) the probe touches every part of a 
bubble with an equal probability, and (5) the bubble flows 
along the main flow and the transverse direction components 
of the Vl are random, Hibiki et al. (1998) developed the 
following double-sensor probe measurement method for the 
time-averaged IAC at a measuring point (ai) from Eq. (3): 
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where ω0 and I(ω0) are the maximum value of the angle 
between the Vl and the main flow direction and a factor 
reflecting the probability density function of the angle 
between the Vl and the main flow direction respectively.  
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where Neff and Vszl are the number of the effective bubble 
touching both the front and rear sensors and the velocity of 
the lth interface passing through the double-sensor probe 
in the main flow direction respectively. The Vszl is defined by 

V
2, 1,

Δ
szl

l l

s
T T

=
-

               (6) 

So, N1–Neff is the number of the missing bubbles which 
cannot be counted as the effective bubbles and have been 
assumed to take the average value of all effective bubbles. 
The effective bubbles are selected according to the interface- 
pairing signal processing scheme of Shen et al. (2005b, 
2008) in the double-sensor probe signal processing. I(ω0) is 
given by 
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The ω0 is determined by using the following method of 
Kataoka et al. (1986): 
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where Vasz  and zσ  are the average interfacial velocity in the 
main flow direction (namely, the z-directional interfacial 
velocity component or vertical gas velocity) and the root 
mean square of the z-directional interfacial velocity 
fluctuations respectively. They are obtained by 
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As the key parameter in modeling the two-phase flow, 
Sauter mean bubble diameter at a measuring point (DSm) is 
measured by 
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6

i

αD
a

=                 (10) 



X. Shen, S. Miwa, Y. Xiao, et al. 

 

190 

2.2.2 Cross-sectional area-averaging for local double-sensor 
probe measurement 

In order to obtain the area-averaged parameters of the rod 
bundle from the integration of the double-sensor probe local 
measurement results, the unmeasured regions are covered 
by the measured octant triangular region according to the 
symmetry of the test section and the values at the unmeasured 
locations are interpolated by using the measured values at 
the center of the subchannel and the centers of the gaps 
between 2 rods and/or between one rod and the channel 
box wall in the subchannel. Paranjape (2009) studied the 
radial core- and wall-peaking profiles observed in the 
subchannel, assumed their corresponding profile functions, 
and succeeded in realizing the interpolation over the whole 
subchannel from the measured values at its center and its 
neighboring two-rod gap centers. For an octant triangular 
area (yellow dot line triangle) of a subchannel in Fig. 2(b), 
Paranjape (2009) derived the following equation to relate the 
area-averaged value (<f>) of the subchannel octant triangular 
area to the measured values in the subchannel center (o) and 
the neighboring two-rod gap center (g). 

fo o fg gf C f C f= +               (11) 

where <f>, Cfo, and Cfg are area-averaging over cross-sectional 
flow area, the conversion coefficients for the subchannel 
center value (fo) and the rod gap center value (fg) respectively. 
Following the way of Paranjape (2009), the obtained con-
version coefficients of the subchannel center values and 
the rod gap center values are 0.662 and 0.243 respectively 
for core-peaking profiles and 0.479 and 0.430 respectively 
for wall-peaking profiles in the present experiments. The 

approach of Yang et al. (2012) to determine the radial 
core-peaking or wall-peaking profile according to the com-
parison between the subchannel center value and the rod 
gap center value was adopted in the present experiments. 
In our obtaining the conversion coefficients for the wall- 
peaking profiles, the values at the rod gap center were chosen 
as the peak values of the profiles, which was not clearly 
explained in the thesis of Paranjape (2009). The cross- 
sectional area-averaged quantities of the rod bundle flow 
channel are finally obtained by integrating the local flow 
parameters of all subchannels over the whole flow channel. 

2.2.3 Verification of local double-sensor probe measurement 

The local double-sensor probe measurements are verified 
by comparing its measured area-averaged void fractions 
(<α>) with those obtained from the DP gauges and its 
measured area-averaged superficial gas velocities (<jg>) with 
those from the gas flowmeter. The cross verifications for 
the <α> and <jg> are shown in Fig. 3. The <jg> from the 
double-sensor probe in Fig. 3 is calculated based on the 
measured local void fraction and gas velocity in the main 
flow direction (<jg> = <αVasz>). The average relative errors of 
the <α> and <jg> are ±9.95% and ±14.2% respectively.  

2.3 Experimental flow conditions 

The superficial liquid velocities, <jf>, and the superficial gas 
velocities at the axial position of z/DH = 149, <jg>, ranged in 
0.195–1.17 m/s and 0.00818–0.0874 m/s respectively in the 
present experiments. The matrix of the <jf> and <jg> is 
shown in Fig. 4. The black solid line and the red dashed 
line respectively represent the bubbly-to-slug transition for 

 
Fig. 3 Measured void fraction comparison between double-sensor probe and DP gauges and measured <jg> comparison between double-
sensor probe and gas flowmeter. 
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small-diameter pipes (Mishima and Ishii, 1984) and the 
bubbly-to-cap bubbly transition for large-diameter pipes 
(Schlegel et al, 2009) based on the hydraulic diameter of the 
present rod bundle flow channel. So, the present experimental 
flow conditions are in the bubbly flow regime. The detailed 
local parameters of the experimental flow conditions 
including <jf>, <jg>, P (local pressure), Tf (liquid phase 
temperature), and Tg (gas phase temperature) are listed in 
Table 1. The <jg> is the local value (at z/DH = 149) calculated 
from the corresponding local pressure, P, and gas phase 
temperature, Tg, shown in Table 1. 

 
Fig. 4 Experimental flow conditions. 

Table 1 Experimental flow conditions 

Normal 
<jf> (m/s) <jf> (m/s) <jg> (m/s) z/DH P (MPa, 

abs.) Tf (°C) Tg (°C)

0.195 0.00825 0.1065 25.8 21.9 

0.196 0.0306 0.1054 25.8 21.8 

0.198 0.0643 0.1041 25.8 21.9 
0.197 

0.199 0.0874 0.1034 25.9 22.0 

0.388 0.00818 0.1067 25.8 21.9 

0.390 0.0300 0.1064 25.8 21.8 

0.393 0.0631 0.1056 25.9 21.9 
0.392 

0.395 0.0855 0.1051 26.0 22.0 

0.777 0.00824 0.1076 35.1 34.0 

0.779 0.0309 0.1075 35.3 34.0 

0.781 0.0642 0.1075 35.3 33.7 
0.779 

0.781 0.0865 0.1075 35.3 34.0 

1.16 0.00821 0.1081 35.3 34.0 

1.17 0.0307 0.1082 35.3 34.0 
1.17 0.0637 0.1081 35.4 34.0 

1.17 

1.17 0.0859 

149 

0.1081 35.4 33.9 

3 Results 

3.1 Radial profiles of local void fraction 

Figure 5 shows the characteristics of local radial void fraction 
(α) profiles in the octant triangular region of the rod bundle 
cross section at z/DH = 149 in the flow conditions of low 
and high superficial liquid velocities (<jf> = 0.197 and 
1.17 m/s). When the two-phase flows are in the flow 
conditions with low <jf> in Fig. 5(a), void fraction forms a 
radial wall-peaking profile at the low <jg> and gradually 
evolves into the radial core-peaking profiles with the 
increasing <jg> in the cross section at z/DH = 149. The 
measured void fraction at the subchannel center is much 
greater than those at the centers of the gaps between 2 rods 
and/or between one rod and the channel box wall in each 
subchannel in the low <jf> flow conditions. When the 
two-phase flows are in the flow conditions with high <jf> in 
Fig. 5(b), void fractions with the radial wall-peaking profiles 
happen in all <jg> flow conditions and the measured void 
fraction at the subchannel center is much smaller than those 
at the centers of the gaps between 2 rods and/or between 
one rod and the channel box wall in each subchannel. Both 
core-peaking and wall-peaking heights of the void fraction 
increase with the increase of the <jg>. The radial core- 
peaking phase profiles may be due to the formation and 
growing-up of relatively large bubbles and their immigration 
from the relative low liquid velocity regions to the relatively 
high liquid velocity regions in the low <jf> flow conditions. 
The radial wall-peaking profiles may be due to the bubble 
breakup mechanism resulting from the bubble impact with 
the energetical turbulent eddies and the shear-induced lift 
force acting on the resultant small bubbles and causing them 
to move toward the wall and corner of the flow channel in 
the high <jf> flow conditions. The accumulated small bubbles 
near the walls may rotate and roll along the wall, move 
forward slowly, and further coalesce with other small bubbles 
there in the high <jf> flow conditions. 

3.2 Radial profiles of local IAC 

Figure 6 shows the characteristics of local radial IAC (ai) 
profiles in the octant triangular region of the rod bundle 
cross section at z /DH = 149 in the flow conditions of   
low and high superficial liquid velocities (<jf> = 0.197 and 
1.17 m/s). The IAC transition from the radial wall-peaking 
profile to the radial core-peaking profile is illustrated in the 
low <jf> flow conditions in Fig. 6(a). The typical radial 
core-peaking profiles of the IAC are observed in the high 
<jf> flow conditions in Fig. 6(b). Both core-peaking and 
wall-peaking heights of the IAC increase with the increase 
of the <jg>. The measured IACs at the centers of the gaps  



X. Shen, S. Miwa, Y. Xiao, et al. 

 

192 

between 2 rods and/or between one rod and the channel 
box wall are smaller than those in their corresponding 
subchannel center in the low <jf> flow conditions and greater 
than those in their corresponding subchannel center in the 
high <jf> flow conditions. Although the general trends of the 

radial IAC profiles are analogous to those of the radial void 
fraction profiles, the sharpness of their core-peaking and 
wall-peaking profiles and the relative difference between the 
values at subchannel center and at the center of the gaps 
between 2 rods and/or between one rod and the channel  

 
Fig. 5 Radial profiles of local void fraction. 
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box wall are decreasing in the radial IAC profiles. This can 
be accounted for the relatively smaller bubble size in the 
center regions of the rod bundle flow channel and the centers 
of the subchannels, which will be explained in the next 
section.  

3.3 Radial profiles of local bubble size 

Figure 7 shows the characteristics of local radial Sauter mean 
diameter (DSm) profiles in the octant triangular region of 
the rod bundle cross section at z /DH = 149 in the flow  

 
Fig. 6 Radial profiles of local interfacial area concentration (IAC). 
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conditions of low and high superficial liquid velocities (<jf> = 
0.197 and 1.17 m/s). The measured Sauter mean diameters 
generally decrease with the increasing <jf> and increase with 
the increasing <jg>. This can be accounted for the fact that 

the increasing <jf> enhances the wall-induced turbulent shear 
force resulting in the increase of the bubble breakup and 
the decrease of the bubble coalescence and the increasing 
<jg> increases the bubble number and the void fraction 

 
Fig. 7 Radial profiles of local bubble Sauter mean diameter. 
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resulting in the increasing bubble collision probability and 
the increasing bubble diameter. The measured Sauter mean 
diameters near the channel box wall are greater than those 
in the center region of the rod bundle flow channel 
(namely radial wall-peaking profiles) in both low and high 
<jf> flow conditions. The wall-peaking degree decreases with 
the increasing <jg>. The measured Sauter mean diameters 
at the subchannel centers are smaller than those at their 
neighboring centers of the gaps between 2 rods and/or 
between one rod and the channel box wall in low <jg> and the 
measured Sauter mean diameter difference in the subchannel 
gradually decreases or tends to disappear with the increasing 
<jg> in both low and high <jf> flow conditions. It should be 
mentioned here that, although the radial core-peaking void 
fraction profiles result from the relatively large bubble 
transition from the relative low liquid velocity regions to 
the relatively high liquid velocity regions in the low <jf> flow 
conditions, the measured DSm in the relatively high velocity 
center regions is not greater than that in the relative low 
velocity wall regions. This is because the large bubbles are 
small in number and their contribution to the time-averaged 
IAC and the Sauter mean bubble diameter is small. 

3.4 Radial profiles of local gas velocity 

Figure 8 shows the characteristics of local radial gas velocity 
(Vasz) profiles in the octant triangular region of the rod bundle 
cross section at z /DH = 149 in the flow conditions of low and 
high superficial liquid velocities (<jf> = 0.197 and 1.17 m/s). 
When the two-phase flows are in the flow conditions with 
low <jf> in Fig. 8(a), gas velocities show a radial nearly-flat 
profile with the very small difference within each subchannel 
(namely the difference between the measured values at the 
subchannel center and its neighboring centers of the gaps 
between 2 rods and/or between one rod and the channel 
box wall) at the low <jg> and gradually develops into the 
radial core-peaking (typical power-law) profiles keeping the 
small difference within each subchannel with the increasing 
<jg> in the cross section at z /DH = 149. When the two-phase 
flows are in the flow conditions with high <jf> in Fig. 8(b), 
gas velocities show the radial mid-peaking profile at the low 
<jg> and the radial core-peaking (typical power-law) profiles 
at the other high <jg>, the gas velocity difference in circum-
ferential direction is small within each subchannel at the low 
<jg> and the difference increases with the increasing <jg> in 
the cross section at z /DH = 149. The mid-peaking feature of 
the radial gas velocity profile in flow condition of <jf> = 
1.16 m/s and <jg> = 0.00821 m/s at z /DH = 149 in Fig. 8(b) 
may attribute to the synergetic effect of the radial core- 
peaking (typical power-law) profile of local liquid velocity and 
the radial wall-peaking of gas phase happening at the special 
flow condition with high <jf> and very small void fraction. 

4 Area-averaged flow parameters and their com-
parison with model predictions 

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

Area-averaged void fraction (<α>) is a key parameter to 
design the nuclear reactor and to evaluate its safety. The 
drift-flux model (Zuber and Findlay, 1965) is often used to 
predict the one-dimensional area-averaged void fraction of 
two-phase flow. The drift-flux model is shown as 
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where <j>, C0, and Vgj are mixture volumetric flux, 
distribution parameter, and drift velocity respectively. Ishii 
(1977) developed the following drift-flux correlations for 
the C0 and Vgj in the bubbly flow in circular pipes:  
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where σ, ρf, ρg, and g are surface tension, liquid and gas 
phase densities, and gravitational acceleration respectively. 
Hibiki et al. (2018) reviewed various drift-flux correlations 
of the C0 and Vgj for the rod bundle flow channel. They 
recommended the following correlations of Ozaki et al. 
(2013) for the two-phase flow in the rod bundle flow channel, 
which were developed from the upwardly-flowing boiling 
water data taken in a vertical 8×8 rod bundle under high 
temperature and pressure conditions: 
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(16) 

where Vgj,B denotes the drift velocity calculated by Ishii 
(1977) correlation for bubbly flow given in Eq. (14) and Vgj,P 
denotes the drift velocity calculated by Kataoka and Ishii 
(1987) correlation for pool condition two-phase flow in 
large-diameter pipes. 

The measured cross-sectional area-averaged void fractions 
(<α>) are plotted against the <jg> in Fig. 9. The measured 
<α> obviously decreases with the increasing <jf> and increases  
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Fig. 8 Radial profiles of local vertical gas velocity. 
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with the increasing <jg>. In the flow conditions with high 
<jf> and low <α>, the <α> almost linearly increases with 
the <jg>. This is because all bubbles are small, and no violent 
large bubble behavior happens in the flow. In the flow 
conditions with low <jf> and relatively high <α>, the <α> 
does not linearly increases with the <jg>. This is because 
the relatively large bubbles have been formed in the flow 
conditions with the low <jf> and the high <jg>. The relatively 
large bubbles increase the drift velocity of the two-phase 
flow, which causes the void fraction increasing rate along  
the increasing <jg> decreases. The experimental data are 
compared with the void fractions predicted from the drift-flux 
correlations of Ishii (1977) and Ozaki et al. (2013) in Fig. 9. 
The average predicting errors of Ishii (1977) correlations 
and Ozaki et al. (2013) correlations are ±18.1% and ±16.7% 
respectively. Although the present curved increase of void 
fraction along the increasing <jg> in the relatively high void 
fraction flow conditions cannot be reliably predicted by these 
two drift-flux correlations, the void fraction prediction from 
the drift-flux correlation of Ozaki et al. (2013) is better than 
those from the drift-flux correlation of Ishii (1977) and the 
drift-flux correlation of Ozaki et al. (2013) has already been  

verified by the void fraction data taken in the vertical rod 
bundle of Japan Atomic Energy Research Institute (Kondo 
et al., 1993) and the vertical 8×8 rod bundle of Yang et al. 
(2013). The drift-flux correlation of Ozaki et al. (2013) 
applicable for various rod bundle flow channels is accordingly 
recommended for the void fraction prediction of the bubbly 
flows in rod bundle flow channel. 

4.2 Area-averaged IAC and its comparison with IAC 
correlation predictions 

The area-averaged IAC (<ai>) plays an important role in 
reliably predicting the interfacial transfer in one-dimensional 
two-phase flow with the two-fluid model. The IAC correlation 
working as the important constitutive model for the two-fluid 
model is often used to predict the <ai> in the two-phase 
flow. Limited work has been conducted on developing the 
IAC correlation in a rod bundle flow channel (Hibiki et al., 
2018). The existing IAC correlations developed for circular 
pipes are usually tested in the two-phase flow in the rod 
bundle flow channel as Hibiki et al. (2006), Shen and Hibiki 
(2015), and Shen and Deng (2016) did. Here we reviewed  

 
Fig. 9 Void fraction comparison of the double-sensor probe measurement results with their corresponding drift-flux model predictions.
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the following two typical IAC correlations and further applied 
them to predicting the area-averaged IAC data taken in the 
present rod bundle flow channel. 

Hibiki and Ishii (2002) developed a semi-theoretical 
IAC correlation for the bubbly flow in circular pipes by 
simplifying the one-dimensional interfacial area transport 
equation. Their correlation for the <ai> is expressed by 
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where νf and ε denote liquid kinematic viscosity and energy 
dissipation rate per unit mass respectively. Hibiki et al. (2006) 
modified this correlation by adding a factor reflecting the 
boiling bubbly flow and reported that this correlation has 
satisfactorily predicted the boiling bubbly flow data of Yun 
(1996) taken in a vertical 3×3 rod bundle. 

Shen and Deng (2016, 2018) classified the bubbles 
into group 1 bubbles (spherical and distorted bubbles) and 
group 2 bubbles (cap, slug, and churn-turbulent bubbles) 
based on the two-group bubble categorization (Hibiki and 
Ishii, 2000; Fu and Ishii, 2003), modeled the void fraction  

(<α1> and <α2>) and IAC (<ai1> and <ai2>) contributions 
of the two group bubbles and developed an IAC correlation 
for bubbly, slug and churn flows in small-diameter circular 
pipes. Their IAC correlation is expressed by 
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where μf and μg refer to viscosities of liquid phase and gas 
phase respectively. The void fraction of group 2 bubble 
(<α2>) is given by 

 
Fig. 10 IAC comparison of the double-sensor probe measurement results with their corresponding IAC correlation predictions. 
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This IAC correlation has been verified by the adiabatic 
two-phase flow data of Yang et al. (2012) taken in a vertical 
8×8 rod bundle flow channel. 

The measured cross-sectional area-averaged IACs, <ai>, 
are plotted against the <jg> in Fig. 10. The measured <ai> 
decreases with the increasing <jf> and increases with the 
increasing <jg>. The variation tendency of the <ai> is like that 
of the <α>. The present experimental data are compared 
with the IACs predicted from the IAC correlations of Hibiki 
and Ishii (2002) and Shen and Deng (2016) in Fig. 10. The 
average predicting errors of Hibiki and Ishii (2002) correlation 
and Shen and Deng (2016) correlation are ±20.1% and ±14.8% 
respectively. Since the cap bubbles (group 2 bubbles) start 
to form when the void fraction reaches about 5% in the 
bubbly flow (Shen et al., 2010b, 2015, 2016; Sun et al., 2014), 
the IAC correlation of Shen and Deng (2016) considers the 
contributions of the two group bubbles and accordingly 
gives a better prediction for the IAC experimental data taken  
in the present 6×6 rod bundle flow channel. In view of the 
performance of Shen and Deng (2016) IAC correlation in 
reasonably predicting the IAC data taken in the present 
6×6 rod bundle and the 8×8 rod bundle of Yang et al. (2012), 
the IAC correlation should be applicable for the other cases 
of rod bundle flow channel and is accordingly recommended 
for the IAC prediction of the bubbly flows in rod bundle 
flow channel. 

5 Conclusions 

The study has performed the air–water experiments in a 
vertical 6×6 rod bundle flow channel (rod diameter: 10 mm, 
pitch: 16.7 mm, channel box cross section: 100 mm × 100 mm, 
height: 3 m) under atmospheric pressure to investigate the 
two-phase flow behaviors under influences of the 36 rods 
and the channel box. The double-sensor optical probes using 
the methodology of Hibiki et al. (1998) were applied in the 
local measurements at 16 radial locations in the axial location 
of z/DH = 149. The local parameters including void fraction, 
IAC, Sauter mean bubble diameter, and gas velocity were 
obtained from the local measurements. The average relative 
measurement errors are ±9.95% and ±14.2% respectively 
for area-averaged void fractions between the double-sensor 
probe and differential pressure gauge measurements and for 
superficial gas velocities between the double-sensor probe 
and gas flowmeter measurements. The transition from radial 
wall-peaking profile to radial core-peaking profiles was 
observed in both the measured void fraction and IAC in 
the low superficial liquid velocity flow conditions. The pure 

radial wall-peaking profiles were observed in both the 
measured void fraction and IAC in the high superficial 
liquid velocity flow conditions. The measured Sauter mean 
diameters showed their radial wall-peaking profiles with 
the peaking degree decreasing with the increasing superficial 
gas velocity in both the low and high superficial liquid 
velocity flow conditions. The measured gas velocities in 
the main flow direction showed a transition from a radial 
nearly-flat profile or a radial mid-peaking profile to radial 
core-peaking profiles in the low and high superficial liquid 
velocity flow conditions. The measured local void fractions 
and IACs were area-averaged, and their values were compared 
with the predictions of 2 drift-flux correlations and 2 IAC 
correlations. The comparisons showed that the drift-flux 
correlation of Ozaki et al. (2013) and the IAC correlation 
of Shen and Deng (2016) could be recommended for the 
predictions of the void fraction and the IAC respectively in 
the bubbly flows in the rod bundle flow channel. 
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