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In order to predict the water-vapor two-phase flow dyanamics in a fuel bundle of an advanced light-water reactor, large-
scale numerical simulations were carried out using a highly parallel-vector supercomputer, the Earth Simulator. Conventional
analysis methods such as subchannel and system analysis codes need composition equations based on the experimental data.
When experimental data regarding the thermal-hydraulics in the tight-lattice core are insufficient, therefore, it is difficult to
obtain highly prediction accuracy on the thermal design of the advanced light-water reactor. Then, the large-scale direct simu-
lation method of two-phase flow was proposed. The axia velocity distribution in afuel bundle changed sharply around a spac-
er. The bridge formation occurred at the position of adjacent fuel rods where an interval is narrow, and vapor positively flows
the triangular region where the interval of adjacent fuel rods is large. From the results of the present study, the high prospect
was acquired on the possibility of establishment of a new thermal design method for the advanced light-water reactor cores

with the large-scal e two-phase flow simulation.
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1. Introduction

Subchannel [1]-[3] and system analysis [4],[5] codes are
used for the thermal-hydraulic analysis of fuel bundles in
nuclear reactors from the former, however, many composition
equations and empirical correlations based on experimental
results are needed to predict the water-vapor two-phase flow
behavior. When there are no experimental data such as an
advanced light-water reactor [6]-[8] which is currently studied
by the Japan Atomic Energy Research Ingtitute and named as
the reduced moderation water reactor (RMWR), therefore, it
isvery difficult to obtain highly precise predictions.

The RMWR core has remarkably narrow gap spacing
between fuel rods (i.e., around 1 mm) and a triangular tight-
lattice fuel rod configuration in order to reduce the modera-
tion of the neutron. In such a tight-lattice core, there is no
sufficient information about the effects of the gap spacing
and the spacer configuration on the two-phase flow charac-
teristics. Then, the author considered analyzing the water-
vapor two-phase flow dynamics in the tight-lattice fuel bun-
dle with a large-scale simulation under the full bundle size
condition. Although lots of calculation memories are
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required to attain the two-phase flow simulation for the
RMWR core, the Earth Simulator [9] enabled such a request.
In JAERI, numerical investigation on the physical mecha-
nisms of complicated thermal-hydraulic characteristics and
the multiphase flow behavior with phase change in nuclear
reactors is carried out In this numerical research the author
pointed out the improving points of the conventional reactor
core thermal design procedures and then proposed predicting
two-phase flow characteristics inside the reactor core more
directly than the conventional procedures for the first time in
the world by controlling the concept of composition and
empirical equations based on experiment data as much as
possible [10]. Based on this idea, a new thermal design pro-
cedure for advanced nuclear reactors with the large-scale
direct simulation method is developed. Especialy, thermal-
hydraulic analyses of two-phase flow positively for a fuel
bundle simulated by the full size using the earth simulator are
performed [11]. Thisis the largest in the world as the reactor
core thermal design analysis. This paper describes the prelim-
inary results of the large-scale water-vapor two-phase flow
simulation in atight-lattice fuel bundle of the RMWR core.
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2. Numerical Analysis

The two-phase flow analysis code, TPFIT, which was
developed by Yoshida et a. [12] is discretized by the CIP
method [13] using the modified interface-tracking method
[14]. The surface tension of bubble is calculated using the
continuum surface force model proposed by Brackhill [15].
The tracking of an interface between the liquid and gas
phase is accomplished by the solution of a continuity equa-
tion for the volume fraction of a couple of the phases. A
detail of governing equations for the present two-phase flow
analysisis shown in Reference [16].

Figure 1 shows the analytical geometry consisting of 37
RMWR fuel rods. The geometry and dimensions simulate
the experimental conditions of JAERI [17]. Here, the fuel
rod outer diameter is 13 mm and the gap spacing between
each rod is 1.3 mm. The casing has a hexagonal cross sec-
tion and alength of one hexagonal sideis51.6 mm. An axial
length of the fuel bundle is 1260 mm. The water flows
upward from the bottom of the fuel bundle. A flow areaisa
region in which deducted the cross-sectional area of al fuel
rods from the hexagonal flow passage. The spacers are
installed into the fuel bundle at the axial positions of 220,
540, 750 and 1030 mm from the bottom. The axial length of
each spacer is 20 mm.

Inlet conditions of water are as follows: temperature
283°C, pressure 7.2 MPa, and flow rate 400 kg/m3s.
Moreover, boundary conditions are as follows: fluid veloci-
ties for x, y and z directions are zero on every wall (i.e., an
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Fig. 1 Outline of three-dimensional analytical geometry of a tight-lat-
tice fuel bundle
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inner surface of the hexagona flow passage and outer sur-
face of each fuel rod, and surface of each spacer); velocity
profile at the inlet of the fuel bundle is uniform. The present
simulations were carried out under the non-heated isother-
mal flow condition in order to remove the effect of heat
transfer due to the fuel rodsto the fluid. A setup of a mixture
condition of water and vapor at the heating was performed
by changing the initial void fraction of water and vapor at
theinlet of the analytical domain.

3. Results and Discussion

Figure 2 shows the void fraction distributions around fuel
rods in the horizontal direction. Here, the void fraction is
defined as the ratio of the gas flow (i.e., vapor) cross sec-
tiona area to the total cross sectional area of the flow chan-
nel In Fig. 2 the void fraction is indicated using color grada-
tion from blue to red: 100% liquid water at blue and 100%
pure vapor at red. Fig. 2 (a) is the predicted result. Each fuel
rod surface shown with a circle is enclosed by thin water
film, and vapor flows the outside. In the region where the
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Fig. 2 Comparison of predicted void fraction distributions around fuel
rods in the horizontal direction obtained from predicted and
experimental results
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Fig. 3 Predicted water and vapor distributions in the vertical direction
around a spacer

gap spacing between fuel rods is narrow, the bridge forma-
tion of water in which adjacent fuel rods are connected by
the water film is confirmed. On the other hand, vapor flows
through the center area of the fuel rods arranged in the shape
of atriangular pitch. Because it is easier for vapor to flow,
since the frictional resistance in this area is low compared
with the narrow area.

Figure 2 (b) is an example of the experimental result of
the void fraction distribution around the fuel rods which is
obtained by an advanced neutron radiography technique
which was developed by Kureta [18]. The general neutron
radiography technique has been established based on the fol-
lowing features; neutron passes through materials but is
blocked by water. It is possible to measure the void fraction
inside afuel bundle by non-contacting using this technology.
The result was translated by the experimental result using a
new image processing procedure. A tendency of the water
and vapor distributions shown in Fig. 2 (a) and (b) isin good
agreement.

Figure 3 shows the two-phase flow configurations around
a spacer position in the axia direction. Fig. 3 (a) shows the
water distribution. Here, blue represents a region where the
void fraction is 0.1 or less and it is occupied with water of
about 100%. Moreover, Fig. 3 (b) shows the vapor distribu-
tion. Here, red represents a region where the void fraction is
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Void fraction

Fig. 4 Predicted vapor structure around fuel rods; where, red indicates
100% pure vapor and the void fraction is 1, and green indicates
an interface between water and vapor and the void fraction is 0.5.

0.9 or more and it is occupied with vapor of about 100%.
Much water can be seen at to the circumference of a fuel
rod. Water exists as the liquid film. A bridge formation can
be checked. In addition, much vapor exists along the spacer
in the axial direction. Thus, a difference in the water and
vapor distributions in the vicinity of the fuel rods and spacer
isclear.

Figure 4 shows an example of the predicted vapor struc-
ture around the fuel rods. Here, the distribution of void frac-
tion within the region from 0.5 to 1 is shown: 0.5 indicates
just an interface between the water and vapor and is shown
by green; and 1 indicates the non-liquid vapor and is shown
by red. Vapor flows from the upstream to downstream like a
streak through the triangular region, and the interaction of
the vapor stream to the circumferencial direction is not seen.
On the other hand, since the vapor is disturbed behind a
spacer, the influence of turbulence by existence of the spacer
can be predicted.

4. Conclusions

In order to predict the water-vapor two-phase flow
dynamics in the RMWR fuel bundle and to reflect them to
the thermal design of the RMWR core, alarge-scale smula
tion was performed under a full bundle size condition using



Annual Report of the Earth Simulator Center April 2004 - March 2005

the Earth Simulator. Details of water and vapor distributions
around fuel rods and a spacer were clarified numerically. A
series of the present preliminary results were summarized as
follows:

1) Thefuel rod surface is encircled with thin water film;

2) The bridge formation by water film appears in the
region where the gap spacing between adjacent fuel
rodsis narrow;

3) Vapor flows into the triangular region where the gap
spacing between fuel rodsislarge.

4) A flow configuration of vapor shows a streak structure
along the triangular region.

The author would like to establish the large-scale smula-
tion method for detailed reactor core thermal design, and
furthermore, to build the hybrid thermal design method with
higher prediction accuracy, combining the conventional ther-
mal design procedure and the presently proposed the large-
scale simulation method.
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