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Single- and Two-Phase Turbulent Mixing Rate between
Subchannels in Triangle Tight Lattice Rod Bundle*

Akimaro KAWAHARA™, Michio SADATOMI**, Hiroyuki KUDO** and Keiko KANO**

In order to obtain the data on turbulent mixing rate between triangle tight lattice subchan-
nels, which will be adopted as the next generation BWR fuel rod bundle, adiabatic experi-
ments were conducted for single- and two-phase flows under hydrodynamic equilibrium flow
conditions. The gas and liquid mixing rates measured for two-phase flows were found to be
affected by the void fraction and/or flow regime, as reported in our previous study on a simu-
lated square lattice rod bundle channel having hydraulic diameters of about four times larger
than the present tight lattice channel. Comparing the present mixing rate data with those for
the square lattice channel and a triangle one in other institution, we found that the mixing
rate was considerably smaller in the present channel than the other ones, i.e., a channel size

effect.
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1. Introduction

As a next generation nuclear reactor, a high-
conversion BWR is planningV. A higher conversion ra-
tio is anticipated by narrowing the flow area among the
fuel rods in the reactor since the moderation of neutron
decreases with the area. In the fuel assembly, therefore, a
triangle tight lattice array of the rods is planning, and the
spacing between the rods will be narrowed to about 1 mm
to get a conversion ratio higher than unity. In the develop-
ment of such a reactor, an accurate prediction of a critical
power is essential because the deterioration of cooling per-
formance is apprehended compared with a conventional
BWR fuel rod bundle. For predicting the critical power in
a conventional BWR fuel rod bundle, a subchannel anal-
ysis code is usually used. In addition, the use of the code
is under consideration also for a tight lattice fuel rod bun-
dle. However, there are few experimental data on such a
bundle to validate the code, especially the data on an inter-
subchannel fluid transfer, which is one of key parameters
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in the subchannel analysis.

The fluid transfer in a gas-liquid two-phase flow sys-
tem has been modeled as three independent components;
turbulent mixing, void drift and diversion cross-flow®>®,
Therefore, we started an experimental program for study-
ing each fluid transfer component between tight lattice
subchannels»®_ In the program, a newly constructed test
channel, consisted of two vertical subchannels simplifying
a triangle tight lattice rod bundle, has been used.

In this study, using the above mentioned channel, we
obtained the data on the turbulent mixing rate between the
subchannels as well as the void fraction for single- and
two-phase air-water flows under hydrodynamic equilib-
rium flow conditions, i.e., in the absence of both the void
drift and the diversion cross-flow. Furthermore, correla-
tions and models of the turbulent mixing rate in literatures
have been tested against the present data. Regarding the
prediction of the single-phase mixing rate, a new correla-
tion has been developed based on the present data as. well
as available data for triangle lattice rod bundle channels.
Results of such experiments and tests are described in this

paper.
2. Experiments

2.1 Test channel
Figure 1 shows the cross-section of the test channel.
The channel consisted of two identical subchannels, each
surrounded by four partial rods in a triangular array. The
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Gap clearance: S=1.0 mm

Rod diameter: d = 12.0 mm

Rod to rod pitch; p = 13.0 mm
Pitch/rod diameter: p/d = 1.083
Hydraulic diameter: D, = 3.19 mm

Flow area of one subchannel: A, = 16.6 mm?

Fig. 1

Cross-section of the test channel

rod diameter, d, and the rod-to-rod pitch, p, were 12.0 mm
and 13 mm, so the pitch to the rod diameter ratio, p/d, was
1.083. The gap clearance between the rods, S, was 1.00
+0.02mm. The hydraulic diameter, D, and the cross-
sectional area of the subchannel, A;, were 3.19 +£0.06 mm
and 16.6 +0.3mm?. These are about a quarter and one-
eighth of those of the center subchannel in a typical BWR.
In order to get hydraulically smooth inner walls and to
observe a flow, the test channel was machined from trans-
parent acrylic slabs and polished quite well.
2.2 Test rig and method
Figure 2 shows the flow loop of the test appara-
" tus. Water and air at an atmospheric pressure and at a
room temperature were used as the working fluids. The
flow loop was mainly divided into three sections, entry
(#1, 0.31 m in length), test (#2, 1.6 m) and discharge (#3,
0.31 m) sections from the bottom to the top. In the entry
and the discharge sections, as seen in the left side of Fig. 2,
a 1 mm thick partition inserted in the gap portion com-
pletely blocked the movement of the fluids between the
subchannels. Therefore, the inter-subchannel fluid trans-
fer could occur only in the test section.

After measuring the gas and liquid flow rates at the
inlet of the respective subchannels with calibrated ro-
tameters (#5) and positive displacement flowmeters (#4),
the fluids were introduced into the respective subchannels
from mixers (#6). In order to set a hydrodynamic equilib-
rium flow in the test section, the flow rate of each phase in-
troduced into each subchannel had to be the same between
the subchannels. ~ At the inlet of the discharge section,
the pressure difference between the subchannels was min-
imized in order to realize isokinetic discharge. This was
done by controlling the openings of the respective air dis-
charge valves connected to two separator rooms (#7). The
accuracy of the flow rates measurement was confirmed to
be 1% for water and 3% for air from the calibration of the
flowmeters.

After setting the equilibrium flow, the turbulent mix-
ing rate of k-phase (k = G for gas, k = L for liquid) be-
tween the subchannels, W,;, were measured with a tracer
technique®. Firstly, the respective tracers (methane for
the gas phase and acid orange II water solution for the
liquid phase) were injected into one of the two subchan-
nels from a position upstream of the flow meters. Small
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Fig. 2 Test apparatus

amounts of gas and liquid containing the tracers were ex-
tracted from four different axial positions in each subchan-
nel in the test section. The concentrations of tracers in the
fluids extracted were measured within an accuracy of 3%
with a calibrated gas chromatograph for the gas phase and
within 1.5% with a calibrated spectrophotometer for the
liquid phase. As a result, the axial concentration profile
for the each phase tracer was obtained. Finally, we could
determine the turbulent mixing rate, W;, by fitting the con-
centration data to the following equation®:
. GuA-GpAs
¥ AZ(GuA +GiAr)
xln{ Cu(2)-Cia(2) }
Cril(Z+AZ)-Cro(Z+AZ)

Here, Gy, is the k-phase mass velocity in subchannel 1
(Ch.1 for short), Cy1(Z) the k-phase tracer concentration
in Ch.1 at an axial position Z, A| the cross-sectional area
of Ch.1, and AZ the distance between two axial positions.

We injected the tracer fluid alternately into each sub-
channel and confirmed that the turbulent mixing rates ob-
tained for both cases agreed within 8%. From this repro-
ducibility and from the accuracy of the measurements of
tracer concentrations and flow rates, the probable error of
W, was estimated. The resulting error was within +15%
for single-phase flow and both phases in two-phase bubble
and annular flows, and within +25% for the liquid phase
and +40% for the gas phase in two-phase slug or churn
flow.

In addition to measurement of the turbulent mixing
rate, mean void fraction was measured with the well-
known quick shut valve method. The paired valves,
300 mm apart each other, were installed in the middle of
the test section. The valves were simultaneously closed
with solenoids very quickly within 0.1 second. In order to
obtain accurate void fraction data within +0.1%, the oper-
ation were repeated 10 to 20 times depending on the flow
condition.

2.3 Flow conditions
In single-phase flow experiments, the range of

(D
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Reynolds number, Re (= puDy/u), was 1700 - 24 000. In
two-phase flow experiments, the ranges of the volumet-
ric fluxes of water and air for the whole channel were 0.1
< jir £20m/sand0.1 < js <20m/s. Flow patterns
observed were bubble flow, slug or churn flow and annular
flow.

3. Results and Discussion

3.1 Single-phase flow

3.1.1 Turbulent mixing rate data Figure 3
shows turbulent mixing rate data obtained from the single-
phase flow experiments. The ordinate is the dimensionless
mixing rate,W’/u, and the abscissa the Reynolds number
for the whole channel, Re. Here, u is the dynamic vis-
cosity. Data points are labeled according to the working
fluids. No difference is seen between the mixing rates,
W’/u, of air and water within a scatter of the data. W'/u
increases with Re. The increment in W’/u against Re is rel-
atively small in 2x 10% < Re < 10*, while large in Re > 10*,
The reason of the difference in the increment is probably
due to the difference in flow in the subchannels. That is,
the flow in 2x 10° < Re < 10* is considered to be in a
transition region where laminar flow and turbulent flow
alternately occur, while a fully developed turbulent flow
in Re > 10*. According to Chen and Todreas’ criteria”,
Rey; and Rey,, at which the laminar-to-transition and the
transition-to-turbulent occur, are respectively defined as
the following correlations:

R
10g(_e_bl)= 1.7(£ - 1.0) laminar-transition )

300 d 7
Rey, ) (P ) ..
—]=0.7{=-1. - .
og( 10000 0 y 0] transition-turbulent. (3)

In the upper side of Fig. 3, Rey,; and Rey, calculated from
Eqgs. (2) and (3) are depicted. In addition, Rey, from Yang’s
criterion® and Rey,, from Johannsen’s one® are drawn in
the lower side. The Rey; in the present experiment agrees
approximately with Yang’s criterion, while the Rep, with
Chen and Todreas’ criterion, Eq. (3).

Figure 4 shows the comparison of the present turbu-
lent mixing rate data with those for triangle lattice rod

102 T
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Fig. 3 Single-phase turbulent mixing rate data and the
prediction of the several correlations
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bundle reported in literatures"® =3, From the compar-
ison, the complicated effects are noticed of channel size,
e.g., the hydraulic diameter, Dy, the gap clearance, S;;,
the pitch to rod diameter ratio, p/d on W’. That is, W’/u is
different depending on the differences in those sizes. The
present data lie on the lowest part.

3.1.2 Assessment of correlations and models
In this section, the applicability of the existing correla-
tions and models for triangle lattice fuel rod bundles are
assessed against the present data. The correlations and
models are briefly introduced below.

Petrunik!® proposed the next correlation based on
his own data, which are shown in Fig. 4.

(4

L 0.009Re"8?7 . 4)
M

Rogers and Tahir!? developed the following correla-
tions for bundle and simple geometries:

W Si; ~0.46 o
—=0.0058 i " Re™” : Bundle geometry (5)
7

W g, \"04
— =0.001 8(#) Re%? : Simple geometry (6)
M

Rehme'¥ obtained the following correlation from a
number of experimental data for various square and trian-
gular lattice bundles.

(4

w_ 0.009 21 )Re°-9. 7
U

( 1+S ij /d
Sadatomi et al.'> proposed a model, in which the tur-

bulent mixing rate was calculated as the sum of two com-
ponents, i.e., turbulent diffusion and convective transfer:

W =W+ Wer. (8)
In Eq. (8), W, is calculated from

PED

Wip="— 9)
D 5 7
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Fig. 4 Single-phase turbulent mixing rate data for several
triangle lattice channels
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where p is the density, €p the turbulent diffusivity and
F? the subchannel geometry factor. &p is calculated from
Elder’s equation!®:
ep/v=0.040Re \/f, (10)
f=0.079Re™*%. ' (11)
In Eq. (10), v is the kinetic viscosity. The subchannel ge-
ometry factor, F7, in Eq. (9) is calculated from

. 1. _/[p/d pld _
e B e
; 5 sin v +\/WT n

(p/d+ 1)tan{% sin”! ((p/d)/ \/5)}
Vp/d)*~1

for a triangle lattice rod bundle. W, in Eq.(8) is calcu-
lated from

Wer =BerSiiG, (13)

where G is the mass flux, and Scr the mixing Stanton
number expressing the convective transfer effect:

Ber =0.000023(S ;;/d)~'26, (14)

for a triangle lattice rod bundle.

A comparison of the above correlations with the
present data is also made in Fig.3. The result shows
that all the correlations over-predict the present data in
Re>4x10%

Since no correlation could predict the present data,
we tried to modify the Sadatomi et al.’s one. In the mod-
ification, instead of Blasius equation in Eq. (11), the fol-
lowing Chen and Todreas’ correlation”’ was used:

f=HA-v)+ 1y, , (15)

_logRe—logRey, (16)
B logRey; —logRey,; ‘

(12)

¢ defined as Eq. (16) is called an intermittency factor. Ac-
cording to the description in section 3.1.1, Rey, is taken
as a constant value of 1400, while Rey, is calculated from
Eq.(3). f; and f; in Eq. (15), the friction factors respec-
tively for laminar and fully developed turbulent flows, are
calculated from

fi=CiRe™, f,=C,Re "%, (17)

Cj, the geometry factor for laminar flow in a triangular lat-
tice rod bundle can be evaluated from Rehme’s study!!”.
C; for fully developed turbulent flow can be calculated
from Sadatomi et al.’s correlation!® by substituting the
above C|.

E’—z i/0.0154—(-j—l-—0.012+0.85.~ (18)
Co Cho
Here, C,y and Cyy are the geometry factors for a circular
channel, i.e., Cyp = 0.079 and Cjy = 16.

In order to obtain a new correlation of WéT, we eval-

uated the W[, by substituting the present W’ data and the
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Fig. 5 Mixing Stanton number due to convective transfer for
the present tight lattice subchannel

calculated value of Wz, from Eq. (9) along with Egs. (10),
(12) and (15)—(18) into

Wep =W =Wy, 19)

In addition, we determined S¢r by substituting the above
W(; into Eq.(13). Figure 5 shows Scr data evaluated
from the above procedure. S¢r decreases with increasing
of Re in the laminar to fully developed turbulent transi-
tion region and is constant in the turbulent flow region.
Therefore, by fitting the data, we obtained the following
correlation:

Ber =Bery(L=y)" +Ber .

Here, y = 1.3, and B¢r,; and B¢y, is respectively the mix-
ing Stanton number at Re = Rey; and at Re > Rey,. fScry
was taken as a constant value of 0.007. On the other side,
Ber. was correlated from available W’ data for various tri-
angular lattice bundles!!9-(3),

Bers=0.00055{1+1.3x10%exp(-33S;;/D;)}. (21)

In Fig. 6, Bcr, data, obtained from Egs. (9), (10), (12),
(13), (15)—~(19) and the W’ data, are well correlated with
Eq. (21) besides one data points by Petrunik'9).

Figure 7 shows the comparison of the present W’
data with the present calculations, i.e., the sum of W’TD
(from Egs. (9), (10), (12) and (15)—(18)) and W/, (from
Egs. (13), (20) and (21)). Good agreement was obtained
between the calculations and the data in the transition re-
gion as well as the turbulent flow region. In order to
confirm the validity of the present prediction method, we
tested against the data for the above triangle lattice bun-
dle!'9-U3 Figure 8 (a) — (d) shows the test results. The
present method can predict well the data by Walton!"),
Rogers and Tahir'?, and Kelly and Todreas!®, irrespec-
tive of channel size, i.e., the hydraulic diameter, the gap
clearance and the rod diameter etc., and a little under-
predict the data by Petrunik!'?.

- (20)
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3.2 Two-phase flow

3.2.1 Effect of flow regime Figure 9 shows W,
data obtained from the two-phase flow experiments. The
data for the liquid and the gas are plotted against the su-
perficial gas velocity, jg, for the liquid velocity, ji, as a
parameter. The following characteristics are seen with the

|
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Fig. 6 Mixing Stanton number due to convective transfer for
fully developed turbulent flow region in several triangle
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increase in js at-a fixed j.. In bubble flows, the liquid
mixing rate, W;, solid symbol, is close to that of single-
phase liquid flow at j; = O and gradually increases with
the approaching of bubble-slug transition point. In slug
or churn flows, W] is about five times larger than that of
the single-phase flow and decreases with the approaching
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Fig. 7 Assessment results of the proposed prediction method
against the present data

lattice channels
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Two-phase turbulent mixing rates data for tight lattice
subchannel :

Triangular lattice

Gap clearance: S = 1.02 mm

Rod diamter: d = 19.7 mm

Rod to rod pitch: p = 20.9 mm

Pitch to rod diameter ratio: p/d = 1.05
Hydraulic diameter: d, = 3.99 mm

Cross-sectional area of one subchannel: A = 33,9 mm?

_ Square lattice

Gap clearance: S = 0.89 mm

Rod diamter: d = 20.8 mm

Rod to rod pitch: p = 21.7 mm

Pitch to rod diameter ratio: p/d = 1.04
Hydraulic diameter: d,, = 8.75 mm

Cross-sectional area of one subchannel: A = 52.4 mm?

Fig. 10 Cross-sections of Rudzinski et al.’s test sections®@?

of churn-annular transition point. In annular flows, W}
decreases monotonically with the increase in jg. On the
other side, the gas phase mixing rate, W/, open symbol,
is about zero for bubble flows. In slug or churn flows, W’G
drastically increases with jg. In annular flows, W, tend to
approach to a line corresponding to the mixing rate of the
single-phase air flow. Such a flow pattern dependency is
similar to that observed for square lattice channel as well
as simple channels in our previous studies(®>(!9-D,
3.2.2 Effect of size and/or geometry of subchan-
nel In order to see the effects of the size and/or ge-
ometry of subchannel on W;, the present data were com-
pared with those of Rudzinski et al.?? Figure 10 shows
the cross-sections of their test channels. The gap clear-
ances of these channels are about 1 mm, being similar to
that of ours. The hydraulic diameter and cross-sectional
area of the subchannel in their triangular lattice channel
are respectively 1.25 and 2 times larger than ours, while in
their square one 2.7 and 3.2 times larger. Figure 11 shows
Rudzinski et al.’s W, data, obtained at about 0.34 MPa (ab-
solute) using air-water as the working fluids. Though the
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Fig. 11 Turbulent mixing rates data by Rudzinski et al.®®
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Fig. 12 Comparison of the turbulent mixing rates among
several channels

abscissa in the original paper®® was quality, it was re-
placed in Fig. 11 by void fraction, «, calculated from an
empirical correlation for the present channel to facilitate
comparison with the present data. Their data appear to be
well represented by two solid curves for the liquid and gas
phases, irrespective of the rod lattice and the mass veloc-
ity, G. To compare the present W, data with Rudzinski
et al.’s data, the same curves are drawn on Fig. 12. The
trend of W, against « is qualitatively the same between
the Rudzinski et al.’s and the present data, but not quanti-
tatively. That is, the W/ for both phases is much smaller in
the present channel than the Rudzinski et al.’s one, espe-
cially for slug or churn flow and annular flows in the void

JSME International Journal

NI | -El ectronic Library Service



The Japan Soci ety of Mechani cal

Engi neers

Gap clearances: Sy, = Sy, = S, =4.0 mm

Rod diameter: d = 16.0 mm

Rod to rod pitch: p = 20.0 mm

Pitch/rod diameter: p/d = 1.25

Hydraulic diameter: D, = 14.3 mm, D,, = 11.2 mm

Flow area of one subchannel: A, = 194 mm?, A, = 138 mm?

40 mm

Fig. 13 Cross-section of Sadatomi et al.’s 2 x 3 rod channel "

fraction range of a > 0.4. Two broken lines are also drawn
on Fig. 12. These represent our air-water data®"’ obtained
between two central subchannels in a 2X 3 rod channel
simulating square lattice BWR fuel rod bundle shown in
Fig.13. The hydraulic diameter and cross-sectional area
of Ch.1 is 4.5 and 12 times larger than those of the present
triangle lattice channel. The turbulent mixing rate is much
larger in the 2 X3 rod channel than the present channel,
especially for the liquid phase. One reason why the tur-
bulent mixing rate is smaller in the present channel than
the other channels is presumably due to the reduction in
turbulence in the present channel. The turbulent mixing
rate in two-phase flows has been considered to be the sum
of the three components of turbulent diffusion, convec-
tive transfer and pressure difference fluctuations between
subchannels!!?- 9, Regarding the Reynolds numbers in
the respective channels under the same mass flux condi-
tion, the Reynolds number is smaller in the present tight
lattice subchannel than the other channels because of the
smaller hydraulic diameter. Thus, the turbulent diffusion
component becomes smaller in the present channel since
turbulence becomes weaker with the decrease in Reynolds
number.

As for the channel size effect on two-phase flow char-
acteristics, it is reported that the effect appears in a capil-
lary channel with hydraulic diameters of the order of, or
smaller than, the following Laplace constant®®,

Fig
La= | —————, 22
“ Y 9oL —pc) 22)

where o is the surface tension, g is the gravitational ac-
celeration. This length scale gives a criterion to determine
whether two-phase flow is dominated by surface tension
force. For the present air-water flow under atmospheric
pressure and room temperature conditions, La is around
2.7 mm, which is close to 3.19 mm, the hydraulic diame-
ter of the present tight lattice subchannel. As a result, it
can be said that the channel size, e.g., the hydraulic di-
ameter and cross-sectional area, significantly affects the
two-phase turbulent mixing rate. Therefore, any predic-
tion model of the mixing rate should include the channel
size effects.

3.2.3 Assessment of correlation In this section,
the latest correlation of Carlucci et al.?¥ is assessed
against the present two-phase flow data. Carlucci et al.?¥

JSME International Journal

293

.s)

Calculation by Carlucci et al.’s
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Fig. 14 Comparison of two-phase turbulent mixing rates

between the present experiment and the calculation by
Carlucci et al.’s model®¥

developed a new correlation, on the basis of observations
by Rowe and Angle®, Rudzinski et al.??, Sadatomi et
al.©® and Kawahara et al.?? In the correlation, the two-
phase mixing rates are the sum of a homogeneous mix-
ing rate and an additional mixing rate resulting from flow
regime enhancement effects:

WIC = Wz,,hom + AW;,,?.(#’ Wl/,,hom = (1 - x)Wk,mm' (23)

W(,3 = Wéz‘,hom + AVV’G,2¢’ W(,Y,hom = xwk,lom' (24)
The homogeneous mixing rate, Wy, for a triangle lat-
tice is calculated from Rogers and Tahir’s correlations!?,
Eq. (6), with a mixture Reynolds number, Re,,, and a ho-
mogeneous Viscosity, tUnom:

G +G)D 1-x\"
=_(_E+_L)’" ﬂhom:(i_,._x) . (25)
Hbom MG UL

The additional mixing rate, W,Z 2% is calculated from

Re,,

0.1794
AW 5, =0.002 64exp[—8.332{In(1 — 1.9412
(@—0.758 84)}%]. (27)

Equations (26) and (27) were obtaining by fitting data of
Rudzinski et al.*? for triangular lattice channel as well as
square one.

Figure 14 shows assessment results of Carluccietal’s
model against the present data. Their model roughly ten
times over-predicts the present data, especially for slug
or churn flow and annular flow regions. The reason of
the over-prediction is that the Carlucci et al.’s model was
based on the Rudzinski et al.’s mixing rates, being larger
than those of the present channel, as described in section
3.2.2. Thus, there is a room for improvement in their
model by accounting for channel size effects.

-0.53\
AWLM:O.OSISexp{—O.S(a ) } (26)
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Fig. 15 -Relation of gas volumetric flow fraction between axial

and lateral directions

3.2.4 Relationship between gas and liquid turbu-
lent mixing rates In two-phase flows, W; and W, are
not independent of each other. Thus, one of them is ex-
pected to be determined from the other through a gas vol-
umetric flow fraction of lateral flow, 32?9 defined as

B=Ve/(Ve+ V). (28)

Here, V and V; are the lateral volumetric fluxes of gas
and liquid phases due to the turbulent mixing:

Vo=W,/(pcSi)), Vi=W,/(oLS ). (29)

Figure 15 compares 5 data for the present triangle tight
lattice channel, Rudzinski et al.’s triangle lattice channel
and Sadatomi et al.’s square lattice channel. The data are
plotted against the following gas volumetric flow fraction
of axial flow,

B=jc/(e+JjL). (30)

Here, j; and j;, are the volumetric fluxes of gas and liquid
in the channel, respectively. There is a unique relationship
between j and 3, irrespective of channel size and rod lat-
tice, though the scatter of the data exists depending on the
inaccuracies of W, and W; data. This relationship seems
useful to predict one of W[, and W, if the other of them
could be well predicted.

4. Conclusions

In order to obtain data on the turbulent mixing rate
between triangle tight lattice subchannels, adiabatic air-
water experiments were conducted for single- and two-
phase flows under hydrodynamic equilibrium flow condi-
tions. By analyzing the data, we found the followings:

o _ For single-phase turbulent mixing rate, a new pre-
diction method was developed by modifying Sadatomi et
al.’s model!>. The method could predict well the present
data as well as the data for several triangle lattice channels
in literatures.

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

e The two-phase turbulent mixing rates in the
present experiments were considerably smaller than those
for our square lattice channel and Rudzinski et al.’s square
and triangle lattice channels, i.e., a channel size effect was
observed. '

e Carlucci et al’s model
present two-phase mixing rate data.

e A unique relationship of 3 and S, gas volumetric
flow fractions for the lateral flow and the axial flow, held
irrespective of the rod lattice and the channel size.

As a future study, we are planning to conduct a sim-
ilar experiment using air and low surface tension liquid
as working fluids. The reason are (I) in an actual BWR,
the working fluids are steam and water under high pres-
sure and temperature condition, and the surface tension
for the fluids is much lower than that for air and water;
and (IT) it is known that the reduction of surface tension
leads to the reduction bubble size in bubble flows and the
reduction of roughness in liquid film in annular flows, and
thus may affect the turbulent mixing phenomena: Also, a -
similar experiment will be needed in a multi-subchannel
system®"- @7 which is close to an actual tight lattice fuel
rod bundle because it is important to know that the results
from the experiment in the present two-subchannel sys-
tem are applicable to the prediction of flow characteristics
in the multi-subchannel system.

@9 over-predicted the
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