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In light water reactors each fuel rod is arranged in the shape of a square lattice with an interval of around 3 mm. Several

spacers are installed on the surface of the fuel rod with arbitrary axial positions. Water flows vertically along fuel rods and is

heated by those, and then many bubbles generate. In order to improve the thermal design procedure of the nuclear reactor

core, it is needed to clarify velocity, pressure, temperature and void fraction distributions precisely based on the bubbly flow

behavior in a vertical minichannel under the water-vapor two-phase flow condition. However, it is not easy to get those three-

dimensional distributions by the experimental study. Then, large-scale two-phase flow simulations were performed to predict

the three-dimensional bubby flow configurations in the simply simulated nuclear coolant channel. Regarding both mecha-

nisms of the coalescence and fragmentation of bubbles the useful knowledge was obtained.
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1. Introduction
In light water reactors each fuel rod is arranged in the

shape of a square lattice with an interval of about 3 mm.

Several spacers are installed on the surface of the fuel rod

with arbitrary axial positions. Water flows vertically along

fuel rods and is heated by those, and then many bubbles gen-

erate. The flow configurations of the liquid-gas two-phase

flow change with some parameters such as the mass veloci-

ty, channel geometry, flow rate, pressure, heat transfer, etc.

These give a large effect to the pressure drop, void fraction,

heat transfer and so on. Therefore, in case of conducting the

thermal design of the nuclear reactor core, it is requested to

clarify the liquid-gas two-phase flow configurations in detail

according to the above parameters. To satisfy this request,

many two-phase flow experiments using large-scale test

facilities have performed, and then a lot of composition

equations [1]–[3] which specify the two-phase flow configu-

rations (i.e., bubbly flow, slug flow, annular flow, mist flow,

etc.) were proposed based on those experimental data.

Two-phase flow analyses with the two-fluid model codes

[4]–[6] have been carried out using the composition equa-

tions. Therefore, it is not easy to get high prediction accura-

cy by using the two-fluid model when experimental data are

not enough as an advanced light-water reactor [7], [8]. That

is, the two-fluid model is only effective to the average and

macroscopic phenomenon in the flow range as the fluid flow

characteristic is already clarified. Therefore, it is not the

mechanistic numerical method which predicts the unstable

interface structure characterizing the liquid-gas two-phase

flow behavior. 

On the other hand, predicting directly the two-phase flow

behavior including complex transient phenomena such as

phase change and flow transition without the experimental

data, development of a direct two-phase flow simulation

method has been performed [9]. Here, "Predicting directly"

means that the mathematical models based on the physical

phenomena are only used and the composition equations

obtained from the experimental data are not used. This paper

describes the results of the large-scale numerical simulation

on the bubbly flow in a tight-lattice fuel bundle using a

newly developed two-phase flow analysis code with the

interface tracking method.

2. Advanced Light-Water Reactor
The advanced light-water reactor (RMWR: Reduced

Moderation light Water Reactor) [10, 11] which is being

developed by Japan Atomic Energy Agency has a higher

conversion ratio more than unity by controlling the water

flow rates. In order to obtain 1.0 or more conversion ratios, it

is expected from the results of the previous studies that a vol-

ume ratio of water and fuel must be decreased to about 0.25

or less. To satisfy this condition, the fuel bundle with a trian-
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gular tight-lattice arrangement is required: a fuel rod diame-

ter is around 10 mm; and, the gap spacing between each rod

is around 1 mm. Although the coolant is 100% liquid water

at the core inlet, it changes a mixture of water and vapor

along the flow direction, and then, the vapor occupies 90% or

more at the core outlet. Therefore, the RMWR has very

severe cooling condition on the viewpoint of the thermal

engineering.

Figure 1 shows a bird-eye view of the actual RMWR

design. It consists of a core, control rod, separator and dryer

region, and a pressure vessel. The pressure vessel diameter

and height are around 9 and 19 m. The core region is com-

posed of 282 fuel bundles. Each fuel bundle has a hexagonal

shape horizontally. A length of one side of a hexagonal

shape is about 0.13 m and the axial length of a fuel bundle is

about 2.9 m. A heating section in the core consists of two

seed and three blanket regions and its length is about 1.3 m

(i.e., around 0.2 m in each seed region and 0.3 m in each

blanket region). In the core, MOX (mixed oxide) is used to

the seed region and then the depleted UO2 is used to the

blanket region.

2. Numerical Analysis
2.1 Analytical Model and Boundary Conditions

Figure 2 shows the present analytical geometry. It simu-

lates a part of the coolant channel of the RMWR and con-

sists of a square duct with a side of 1 mm and an axial length

of 25 mm. The hydraulic diameter of this duct is 1 mm and it

is almost equivalent to the RMWR condition. 

Calculation conditions are as follows:

- Three dimensional duct;

- Dimension of 1 mm × 1 mm × 25 mm; 

- Inlet velocity of 0.5 m/s;

- Working fluids of water and air;

- Bubble diameter of 0.1 mm; and,

- Bubble number of 594.

The duct is filled with water first. For 66 axial positions

of the duct, the total number of 594 bubbles is put in initially

(i.e., 9 bubbles for one axial position). The non-uniform

mesh division was applied. The minimum and maximum

mesh sizes were 0.001 and 0.1 mm. The number of mesh

division in the x, y and z directions are 80 × 80 × 1000, and

the total mesh number is around 6,400,000. 

On the other hand, boundary conditions are as follows: 

- fluid velocities for x, y and z directions are zero on

every wall; 

- Developed velocity profile is given to the duct inlet; and,

- Periodic boundaries are applied to the duct inlet and out-

let for any bubbles.

2.2 Computational Ways
The detailed description on the numerical analysis code is

already presented by previous ES annual reports. The calcu-

lations were performed under the non-heated condition.

Although bubbles generally generate by heating, in this cal-

culation the bubbles were given as an initial condition. 

The following computational ways were applied:

1) The water flow is calculated by the condition of the initial

velocity 0.5 m/s, and a developed velocity profile inside

the duct is obtained; 

2) Many small bubbles are set to the inside of the duct under

the developed velocity condition; 

3) A bubbly flow calculation is started; 
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Fig. 2  Analytical geometry of a bubbly flow analysis.  
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4) Coalescence and fragmentation of bubbles are analyzed;

and,  

5) The shape of each bubble is repeated at the inlet and out-

let of the duct with the cyclic boundary conditions, and

bubbly flow calculation is continued. 

4. Results and Discussion 
Three-dimensional predicted results of the bubbly flow in

a square duct are shown in Fig. 3. Water and bubbles flow

from a bottom of the duct to a top. Small bubbles are coa-

lesced each other flowing to the outlet of the duct and then

gradually large bubbles are formed. An interface between

water and bubble changes greatly by coalescence of bubbles.

It is promoted by the mixing effect of turbulence generating

around each bubble. 

Figure 4 shows the axial velocity distributions at the verti-

cal center plane with time. The color contour indicates the

axial velocity amplitude: blue is 0 m/s in minimum and red

is 0.7 in maximum. The white volume represents one bub-

ble. With progress of time, small bubbles coalescence and a

big bubble occurs. According to that, a complicated flow is

seen around big bubbles, and the bubble motion becomes

dynamic. 

Figure 5 shows the relation of the enlargement of micro

bubbles and the duct size. Here, Fig. 5(a) is the case that the

hydraulic diameter of the square duct is 2 mm, and Fig. 5(b)

is the case that it is 10 mm similarly. The color contour

shows the axial velocity distribution on the interface of bub-

ble. In Fig. 5(a), coalescence of bubbles is promoted in the

center of the duct. Conversely, it is hardly seen near the side

wall of the duct. On the other hand, in Fig. 5(b), it is remark-

able near the side wall. Moreover, in the center of the duct, it

hardly takes place. The tendency that small bubbles go up

spirally is seen. For both figures the following tendency is

confirmed that the velocity on the interface becomes high

near the center of the duct. This is the effect of axial velocity

distribution in a core region of the duct. 

Fig. 3  Predicted bubbly flow configurations.

Fig. 4  Predicted axial velocity distributions and bubble motion.
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5. Conclusions
For a vertical minichannel simulating the narrow coolant

channels in the RMWR core, the large-scale bubbly flow

calculations were carried out. The useful knowledge on the

coalescence and fragmentation of microbubbles in a

minichannel was obtained and the two-phase flow dynamics

of the interface between the liquid and gas phase is clarified

numerically. 
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Fig. 5  Effect of the hydraulic diameter to the bubble dynamics. 
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