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Void Fraction and Pressure Drop in Two-Phase Equilibrium
Flows in a Vertical 2 x 3 Rod Bundle Channel — Assessment of
Correlations against the Present Subchannel Data*

Michio SADATOMI**, Keiko KANO**, Akimaro KAWAHARA™ and Naoki MORI**

In order to increase void fraction and pressure drop data in a multi-subchannel system
like an actual fuel rod bundle, air-water experiments have been conducted using a vertical
23 rod bundle channel made up of two central and four side subchannels as the test chan-
nel. Void fraction and pressure drop in each subchannel were measured and the frictional
pressure drop was determined mainly for slug and churn flows. The results show that both
the void fraction and the frictional pressure drop are higher in the central subchannel than
the side one. In order to analyze the data, the data on gas and liquid flow rates in each sub-
channel undet the same flow condition have been used. In the analysis, the calculations by
various correlations reported in literatures have been compared with the present data for val-
idation. The recommended correlations respectively for the void fraction and the frictional
pressure drop have been clarified. Results of such experiments and analyses are presented

and discussed in this paper.

Key Words:

Multiphase Flow, Nuclear Reactor, Flow Measurement, Void Fraction, Pres-

sure Drop, Subchannel, Rod Bundle

1. Introduction

Subchannel analysis is a familiar method to predict
thermal and hydraulic behavior of coolant in a fuel rod
bundle in boiling water nuclear reactors (BWR). However,
the reliability of the analysis is not perfect. So, studies
aiming at the improvement of the analysis are still contin-
uing, e.g., Ninokata et al.(") In order to improve it, accurate
experimental data are necessary to validate it especially
for a multi-subchannel system like a fuel rod bundle. Stud-
ies by Lahey et al.?>® were the pioneering works which
presented experimental data on flow distribution in two-
types of multi-subchannel systems. Unfortunately, how-
ever, the data for other flow parameters, such as fluid trans-
fer between subchannels, pressure drop and void fraction
in each subchannel etc., were not obtained.

In our previous studies in this series, experiments and
analyses have been conducted for two-phase flows in a
vertical 2 X 3 rod bundle channel made up of two central
and four side subchannels. Turbulent mixing rate between
the subchannels®, flow distribution and flow character-
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istics®, prediction of the distribution in annular flow for
hydraulically equilibrium flows®, and flow redistribution
due to void drift for the non-equilibrium flows!”’ had been
studied. Following these, void fraction and pressure drop
in each subchannel have been measured and analyzed in
the present study in order to obtain more reliable predic-
tion method for these parameters. In the experiments, air
and water were used as the working fluids, and the data
were obtained for bubbly, slug, churn, and annular flows,
but the major regimes were slug and churn flows. In the
analyses, several correlations of the void fraction and the
frictional pressure drop reported in literatures have been
tested against the present data. Results of such experi-
ments and analyses are described in this paper.

Nomenclature

Symbol Description  Unit
Dy, : Hydraulic diameter of subchannel m
- F : Force per unit control volume  N/m?
j : Volumetric flux m/s
P : Pressure Pa '
u : Mean velocity m/s
Z : Axial distance m
Greek Symbols
« : Volume fraction -
¢ : Relative error = (Cal — Exp)/Exp -
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&4ps : Absolute error = (Cal — Exp) -
p : Density  kg/m?
Subscripts
Cal : Calculation
Exp : Experiment
f : Frictional component
g : Gravitational component
.G : Gas
I : Gas-liquid interface
L : Liquid
RMS : Root-mean-square value
M : Mean value
W : Wall
1, 2, i : Subchannel identifier
All the parameters without a subchannel identifier re-
fer to those for the whole channel made up of six subchan-
nels.

2. Experiment

Figure 1 show the cross-section of the test channel.
The channel had six subchannels, i.e., two central and four
side subchannels, by inserting two full rods and four half
rods, both 16 mm O.D., in a 40 mm X 44 mm rectangular
duct. The gap clearance between the two rods and that
between the rod and the duct wall were all 4.0mm. The
hydraulic diameter and the flow area of each subchannel
and the channel as a whole are listed in an attached ta-
ble. The walls of the brass full rods and the transparent
acrylic half rods and duct were hydraulically smooth. A
pin spacer of 2.0 mm O.D. was inserted every 0.5 m in the
axial positions to support the full rod. In addition, the di-
ameter of the rods was enlarged from those in actual BWR
to prevent vibrations.

The flow loop of the vertical test channel, shown in
Fig. 2, is almost the same as that used in our previous stud-
ies®=(_ The test channel consisted of four main sec-
tions, i.e., 1.25m entry, 0.75m tracer injection, 2.25m
mixing and 0.5 m discharge sections, and the total length
was 5.0 m. Water and air at ambient temperature and pres-
sure were introduced into three subchannel groups, i.e.,
Ch.1-1 group and two Ch.2-2 groups, from the bottom end
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E E Ch.1 14.3 194
= | |Ch2 1.2 138
Whole 12.3 941

Gap size: S17 = S12= 822 =4.0mm

72 mm

Fig. 1

Cross-section of the test channel with 2 x 3 rods
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of the entry section. The flow rates of water and air in each
group were so controlled for the flow in the mixing section
to become hydraulically equilibrium flow, as described in
Sadatomi et al.®) In the mixing section, both phases could
go through all the gaps between the subchannels. In the
other three sections, however, they could not because of
the insertion of 1.0 mm thick fins into the grooves on the
duct and the rods walls, as shown in the left hand side of
the figure.

The difference from the previous test section was the
insertion of a test section with paired quick shut valves
at both ends into the mixing section. In the test section,
mean void fractions in the three subchannel groups were
measured with the quick shut valve method, and the mean
value of the two Ch.2-2 groups was taken as the mean
void fraction in Ch.2 because of the symmetry of the flow.
The valves were simultaneously operated with a pair of
solenoids within about 0.1s. In order to obtain accurate
void fraction data within the uncertainty of +1% in read-
ing, the operations were repeated 15 to 30 times depend-
ing upon the flow condition. Besides the void fraction,
the total pressure drop and the system pressure at the test
section was measured with a differential-type and a gauge-
type pressure transducers within the uncertainties of +1%
and +2% in reading. The frictional component of the pres-
sure drop in subchannel i, (AP;/AZ);, was obtained by
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Fig.2 Flow loop of the test channel with 2x 3 rods
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neglecting the acceleration component and inserting the
measured total pressure drop, AP;, and the volume frac-
tion, ay; (k=G for the gas phase and k = L for the liquid
phase), into:

|APf[AZ|; =|AP/AZ]; — (PG i + pLaLi)g. (1)

The uncertainty of the frictional pressure drop data

was estimated to be within 5%.

In addition, some pictures were taken with a high-
speed video camera and a digital camera to determine the
flow regime. The ranges of volumetric fluxes of air and
water in the channel as a whole were 0.1 < jg < 35m/s
and 0.1 < j; < 2.0m/s. The flow regimes covered were
bubbly, slug, churn, and annular flows. The number of
data points in each flow regime is 11 in bubble flows, 25
in slug and churn flows and 7 in annular flows.

3. Experimental Results

3.1 Flow rates of both phases in each subchannel

Figure 3 shows typical flow distribution data in a hy-
draulically equilibrium two-phase flow at j; = 1.0m/s®.
The ordinate is the ratio of flow rates in one subchannel to
the whole channel. The data points are plotted with differ-
ent symbols depending on the phases and the subchannels,
ie., Ch. 1A, 1B and 2C. Bubble flow to slug and churn
flow transition occurred at nearly the same js in both sub-
channels, and the transition line is drawn on the figure. In
bubble flows, the ratios for the both phases are similar to
those in single-phase flow. In slug and churn flows, the
ratio of gas phase in Ch. 1A and 1B is higher than that
in single-phase flow and the ratio of liquid phase is lower,
and vice versa in Ch. 2C. This means that the larger sub-
channel is rich in the gas and poor in the liquid while the
smaller one is poor in the gas and rich in the liquid. In
annular flows, the ratios approach to those in single-phase
flow again though the data are not seen in this figure. The
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Fig.3 Flow distribution data in a hydraulically equilibrium
two-phase flow at j; = 1.0 m/s®
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trend of such data is quite similar to those reported by La-
hey et al.?*® In addition, we could confirm the symmetry
of the flow from Ch. 1A and 1B data. So, the data in Ch.
1A and 1B were averaged and the averaged value was used
in the following discussions.
3.2 Void fraction in each subchannel
Figure 4 shows void fraction data for Ch.1 and 2
against jg at j; = 1.0m/s. Corresponding to the flow dis-
tribution data mentioned above, the void fraction of Ch.1,
is higher than that of Ch.2 especially in slug-churn flow
region of jg >0.35 m/s. A similar trend was also observed
under other j;, conditions though the related data are not
plotted to minimize confusion. This data trend agrees
with the calculations by Carlucci et al.’s correlations®.
However, the agreement is not quantitatively enough as
reported by Sadatomi et al.®®
3.3 Total pressure drop in each subchannel
Figure 5 shows total pressure drop data in each sub-
channel. The pressure drop is almost identical between
Ch.1 and Ch.2 because the flow under consideration is a
hydraulically equilibrium flow in which both the pressure
difference and the net fluid transfer do not exist between
the subchannels as a time averaged value.
3.4 Frictional pressure drop in each subchannel
Figure 6 shows frictional pressure drop data in each
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Fig. 4 Void fraction data in each subchannel at j; =1.0m/s
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Fig. 5 Total pressure drop data in each subchannel
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Fig. 6 Frictional pressure drop data in each subchannel

subchannel. The frictional pressure drop is higher in Ch.1
than Ch.2 especially in slug and churn flows as is expected
from the void fraction and the total pressure drop data. The
general trend of the data is identical between the present
channel and.circular pipe data, i.e., the frictional pressure
drop increases with j; andj;.

4. Assessment of Correlations

4.1 Void fraction in each subchannel

Tables 1 and 2 respectively show assessment results
for 7 correlations in traditional two-phase mixture models
(Dix®, Chisholm'?, Chen-Spedding', Bestion!?, In-
oue'®, Mishima-Hibiki'¥, Maier-Coddington") and in
the well-known two-fluid models (TRAC-PF1/MOD1 by
Liles et al.'®, RELAP5/MOD2 by Ransom et al.!'”, and
their modifications by changing the combination of wall
and interfacial friction correlations). The correlations in
Table 1 were selected by considering the assessment re-
sults by Coddington-Macian'®, and the combinations in
Table 2 by considering the assessment results by Sadatomi
et al.’ Here, the definitions of the mean absolute error,
eaps,m and the RMS absolute error, 45 gyys are as fol-
lows:

N
EABS. M= ZSABS,j/Ns 2

J

[N
EABS.RMS = ZEE,BSJ/(N— 1). 3)
J

In the calculation of two-fluid model (See Appendix
for details), 6 combinations of the wall friction force, Fy;,
including separated flow correlation in Chierici et al.’s ver-
sion!” and the interfacial friction force, F; were tested.
However, when RELAP5/MOD?2 was used for the calcula-
tion of the interfacial friction force, the solution and there-
fore g4p5 were not obtained in a void fraction range of
0.64 <ag <0.79. So, the total number, N, in Egs. (2) and
(3) in that case was less than other cases. .

In the mixture model, Dix’s correlation gives the best
prediction for both Ch. 1 and Ch. 2 data, and Chisholm’s
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Table 1  Assessment of mixture model in void fraction predic-

tion
£ABS M EABS,RMS
Correlations
Ch.1 Ch.2 Ch.1 Ch.2

Dix 0.004 0.025 0.033 0.042
Chisholm 0.015 0.041 0.039 0.063
Chen- Spendding 0.011 0.037 0.041 0.061
Bestion -0.067 -0.055 0.093 0.078
Inoue -0.007 -0.003 0.056 0.050
Mishima-Hibiki -0.001 0.027 0.052 0.062
Maier-Coddington -0.049 -0.045 0.089 0.084

Table 2 Assessment of two-fluid model in void fraction

prediction
Wall Interfacial £ABS, M £ ABS, RMS

friction friction Ch.1 Ch.2 Ch.1 Ch.2

TRAC TRAC 0.028 0.029 0.064 0.068
RELAP5 RELAP5 0.026 0.010 0.093 0.088

TRAC RELAP5 0.053 0.047 0.089 0.093
RELAP5 TRAC 0.006 0.003 0.052 0.066
Separated TRAC 0.018 0.019 0.058 0.061
Separated RELAP5 0.037 0.020 0.084 0.074

and Inoue’s ones are the second best respectively for Ch.

1 and Ch. 2 data. In the two-fluid model, the combina-

tion of RELAPS for Fy,; and TRAC for F; gives the best

prediction for both Ch. 1 and Ch. 2 data, and that of the

separated flow correlation for Fy; and TRAC for Fy is the
second best.

Figure 7 (a)-(d) compares the experiment with the
calculations by Dix’s correlation in the mixture model,
and the combinations of the original TRAC-TRAC, the
original RELAPS-RELAP5 and the RELAP5-TRAC in
the two-fluid model. In the Dix’s correlation, all the data
points are within the error band of +0.1 regardless of j,
and the subchannel. In the RELAPS5-TRAC combination,
the agreement in 0.4 < ag; < 0.7 became better than those
for the original TRAC-TRAC and the RELAPS-RELAPS.

4.2 Frictional pressure drop in each subchannel

Tables 3 and 4 respectively show assessment results,
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Fig. 7 Assessment of void fraction prediction

Table 3 Assessment of mixture model in frictional pressure
drop prediction

& % £rys %
Correlations
Ch.1 Ch.2: Ch.1 Ch.2
Homogeneous (McAdams) -27.8 -20.4 30.7 26.9
Homogeneous (Dukler et al.) -42.7  -36.3 44.8 38.1

Homogeneous (Beattie-Whalley) -33.0 -25.2 34.9 28.0

Separated (Chierici et al.) -20.3 -12.6 29.0 25.1
Chisholm -32.7 -29.2 35.7 33.7
Storek-Brauer ’ 1.0 8.8 23.0 27.0

i.e., the mean relative error, &y, and the RMS relative er-
ror, erus, for 6 correlations in the mixture models (Ho-
mogeneous flow correlations with different mixture vis-
cosities by McAdams®??, Dukler et al.?" and Beattie-
Whalley®?, separated flow correlation in Chierici et al.’s
version'?, Chisholm®® and Storek-Brauer®) and for

JSME International Journal

‘Table 4 Assessment of two-fluid model in frictional pressure
drop prediction

Interfacial em % erms %
Wall friction
friction Chl | Ch2 | Chl | Ch2

TRAC " TRAC -54.6  -521| 577 545
RELAP5 RELAP5 311 199 551 ‘ 271

TRAC RELAP5 -34 -34.7 85.1 ‘ 82.7
RELAP5 TRAC 382 265 682 383
Separated TRAC 64.5 20.2 190 70
Separated RELAP5 -3.6 -11.6 35.7 259

the 6 combinations in the two-fluid models. The correla-
tions in Table 3 were selected by referring to the previous
assessments in our laboratory.

In the calculation of single-phase or two-phase homo-
geneous friction factor, the effects of subchannel geometry
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Fig. 8 Assessment of frictional pressure drop prediction

were taken into account by a Sadatomi et al.’s geometry
factor® whenever possible.

In the mixture model, Storek-Brauer’s and the sepa-
rated flow correlations are the best respectively for Ch.1
data and for Ch.2 data. In the two-fluid model, the sepa-
rated flow-RELAPS5 combination is the best for both Ch.1
and Ch.2 data.

Figure 8(a)—(e) compares the experiment with the
calculations by Storek-Brauer’s and the separated flow
correlations in the mixture model, ‘and the combina-
tions of the original TRAC-TRAC, the original RELAPS-
RELAPS and the separated flow-TRAC in the two-fluid
model. In Storek-Brauer’s correlation, most data points
are within the error band of +30% regardless of j,
and the subchannels. The separated flow correlation
under-predicts about 20% the data. The original TRAC-
PF1/MOD1 under-predicts considerably the data while
the original RELAP5/MOD?2 over-predicts. In compari-

Series B, Vol. 49, No. 2, 2006

son with the original TRAC-PF1/MOD1 and the original
RELAP5/MOD?2, the combination of the separated flow-
RELAPS shows extremely good agreement.
4.3 Total pressure drop in each subchannel

The best correlations in the mixture model and the
best and the second best combinations of Fy; and F; in
the two-fluid model in the sections 4.1 and 4.2 were used
to calculate the total pressure drop in each subchannel.

|AP;/AZ|;=|AP¢ [ AZli + (pe i + PLaL)g- “4)

Figure 9 (a)—(c) is the results of the comparison be-
tween the experiment and the calculations. In Fig. 9 (a),
Dix’s correlation and Storek-Brauer’s one respectively for
ag and AP;/AZ were used in the mixture model, and the
agreement is roughly within +30%. In Fig. 9 (b), the sep-
arated flow correlation and RELAP5/MOD?2 respectively
forFw; and F; were used in the two-fluid model, and the
agreement is within +30% besides one point. These two
cases are the best respectively in the mixture and the two-
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Fig. 9 Assessment of total pressure drop prediction

fluid models. In Fig. 9 (c), the result is shown for the sepa-
rated flow-TRAC-PF1/MOD1 for Fy; and Fy in the two-
fluid model. Although the combination of the separated
flow-TRAC-PF1/MOD1 gave the second best agreement
in the void fraction prediction, the agreement is poor in
the total pressure drop prediction. The poverty must be
caused by the inaccuracy in the frictional pressure drop
prediction seen in Table 4.

5. Conclusions
In order to increase the void fraction and the pressure

drop data in each subchannel in a multi-subchannel system
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under hydraulic equilibrium flow conditions, experiments
have been conducted with water and air as the working
fluids and a vertical 2 x 3 rod bundle as the test channel.
By analyzing the data, the followings have been clarified.

(1) Both the void fraction and the frictional pressure
drop are higher in the central subchannel than the side one
especially in slug and churn flows.

(2) The void fraction data in each subchannel could
be best predicted by Dix’s correlation in the mixture model
and the combination of RELAPS5-TRAC for Fy,-F; (wall
friction force - interfacial friction force) in the two-fluid
model.

(3) The frictional pressure drop data could be best
predicted by Storek-Brauer’s correlation in the mixture
model and the combination of separated flow-RELAPS for
Fw.-F; in the two-fluid model.

(4) The total pressure drop data could be best pre-
dicted by Dix’s void fraction and Storek-Brauer’s fric-
tional pressure drop correlations in the mixture model and
by the combination of the separated flow-RELAPS for
Fy;-Fy in the two-fluid model.
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Appendix

For calculating the void fraction and the frictional
pressure drop in each subchannel, say Ch.i, by a one-
dimensional two-fluid model (Ishii and Mishima®®®) for
an adiabatic flow, the following momentum equations for
the respective phases were solved simultaneously: \

d dPg;

dZ( GaGluGl)+FIz+Fth+a'Gt 77 - =0, (5)
d dpP;,

dZ( LaLluLl)+FWLl F11+Fth+a'Ll —O (6)

Here, the first term in the left hand 51de of these
equations was very small in comparison with other terms,
thus neglected. The wall friction force for the gas phase,
Fwai, could be taken to be zero in the present experimental
range. The gravitational forces for the gas and the liquid
phases, Fyg; and Fgy;, could be determined from the vol-
ume fractions, ag; and a;;. Thus, the correlations of the
wall friction force for the liquid phase per unit volume (=
frictional pressure drop), Fyy;, and the interfacial friction
force per unit volume, F; were required to solve the equa-
tions. Therefore, we tested several correlations in Tables 2
and 4 as a trial.

In addition, since the flow under consideration is a
vertical adiabatic flow, a condition of equal pressure drops
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between the phases,

SEi=—2—

dPg; dPp; _

has to be satisfied as a closure equation. Actually, the cal-
culation was iterated by a numerical method called “Bi-
nary method” until §E; in Eq. (7) became less than 50 Pa/m
by changing the void fraction, ag;.

(1)

(2)

(3)

(4)

(5)

(6)

7)

(8)

(9)

(10)

an
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