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Abstract: Natural circulation in nuclear reactor cooling systems can be modeled based on computational fluid
dynamics (CFD). Modeling is done to study the fluid flow in a closed loop system that occurs due to
differences in fluid density. The closed loop system model is fitted with a heater and cooler on the opposite
side. Because the density of the fluid depends on the temperature, then by adjusting the temperature
difference between the heater and the cooler it can produce a fluid flow that occurs naturally. The initial
condition in this study uses water as a working fluid with flow properties that are laminar and
incompressible. Variations in temperature differences between heaters and coolers are done to get the
temperature distribution and fluid flow velocity. The model is built for time-dependent conditions so that
the time needed to transfer heat in a closed loop system can be known. Variations in temperature differences
between heaters and coolers are carried out until the maximum conditions of water temperature to remain in
the liquid phase. For this condition the maximum temperature is set to 80 °C. This research was also
developed by using several other types of fluids to determine the effect of density on fluid flow velocity.
Other fluids used are gasoline, liquid helium, liquid sodium, and liquid mercury. The height of the closed
loop system at the beginning of this study was used by three meters which then varied for heights of up to
five and eight meters. Model testing is also carried out for working temperatures with differences between
heaters and coolers above 80 °C.

1 INTRODUCTION In this study, the natural circulation in a nuclear

reactor cooling system is modeled using
computational fluid dynamics (CFD). Modeling is
done to study the fluid flow in a closed loop system
that occurs due to differences in fluid density
(Antariksawan, 2019). Calculations are made for
several conditions. First is the wvariation in
temperature  differences between heating and
cooling, then the use of several types of fluid to see
the effect of fluid density on temperature
distribution, and also the height variation of closed-
loop system.

The nuclear reactor accident that occurred at
Fukushima-Daiichi in 2011 made public acceptance
of nuclear reactor technology decrease. Nuclear
reactors that are in operation now and that are being
developed are expected to have a high level of
safety. Some conditions that can cause reactor
accidents such as pump failure or reactor power loss
must be overcome as well as possible.

The phenomenon of natural circulation is used as
a mechanism of passive cooling in nuclear reactors.
This mechanism will help to dispose of residual heat
in nuclear reactors when emergency conditions for
example due to pump failure. Testing natural 2 METHODOLOGY
circulation systems can be done with experiments or
closed-loop system simulations. Previous studies The two-dimensional model for the closed loop
have conducted experiments with closed loop system in this study is shown in Figure 1.
systems with variations in temperature differences
between heaters and coolers.
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Figure 1. Two-dimensional models of the closed-loop
system

The design specifications of this model are the same
as those done in previous studies experimentally
(Abdillah, 2019)

Flow velocity in this simulation is a solution of
the differential form of the Navier-Stokes equation
for incompressible flow (Cengel, 2015)

v

= pg—VP+ 1V
D= P8 %

p

The change in fluid temperature in each region in
this two-dimensional model is determined based on
the relationship of the heat transfer equation for
fluid.
pC £=V-kVT+qm
Dr

7

3 RESULTS AND DISCUSSION

Calculation results for variations in temperature
differences between heating and cooling (AT) are
obtained in the form of temperature distributions and
velocity. The temperature distribution is shown as in
figures 2, 3, 4, and 5.
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Figure 2. Temperature versus time (AT = 30 °C)
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Figure 3. Temperature versus time (AT = 40 °C)
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Figure 4. Temperature versus time (AT = 60 °C)
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Figure 5. Temperature versus time (AT = 80 °C) Figure 8. Flow velocity versus time (AT = 60 “C)

For flow velocity, the calculation results are shown

in Figures 6,7,8,and 9. Velocity(Magnitude) vs time
AT =80 °C
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Figure 6. Fl locit time (AT =30 °C .
1eure ow velocity versus time ( ) From these results it was found that the largest

flow velocity was obtained for AT = 80 °C. The

Velocity Magnitude vs time calculation results show that for all points reviewed

(AT=40°C) have velocity between 20 to 25 cm/s. In accordance

20 with the objectives of the natural circulation system

that is expected to achieve a large fluid flow

15 velocity, so for this research the optimal results are

10 —A at AT = 80 °C. Although this is the optimum value

— B that can be achieved for a cooling material in the

form of water, if it is reviewed again for its

’ —c application to the reactor cooling system of course it

D still needs to be optimized again. Optimization can

be done by choosing another type of fluid because

t(s) the results obtained using water have reached the
threshold of changing the phase of liquid to gas.

The next optimization in this research is to use a
height of 5 and 8 meters. Fluid types used are water,
liquid gasoline, and liquid mercury. The simulation
results are plotted for several observation points
namely point A, B, C, and D. Point A is the point on
the heater, point B is the point after exiting the
heater, point C is the point on cooling, and point D is
the point after exiting the cooler. Calculation results
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Figure 7. Flow velocity versus time (AT = 40 °C)
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for height is 5 m are shown in figures 10, 11, 12, 13,
14, and 15.
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Figure 10. Temperature distribution of water

Figure 10 shows that water reached the saturation
temperature at about 150 s since starting of the
calculation. After saturation, temperature difference
between point A and point B smaller than
temperature difference between point C and point D.
Point A is 52 °C and point B is 55 “C while point C
is 38 °C and point D is 21 °C.
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Figure 11. Temperature distribution of liquid gasoline

Liquid gasoline reaches saturation temperature at 80
s. The temperature at saturation for point A is 52 °C,
point B is 54 °C, point C is 39 °C, while point D is
21°C. Calculation results for liquid mercury show
saturation temperature reached at 125 s.
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Figure 12. Temperature distribution of liquid mercury

The results of the calculation of fluid flow velocity
at saturation temperature indicate that there is no
significant difference between each measurement
point (A, B, C, and D).
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Figure 13. Velocity of water flow

Water has a fluid flow rate of 25 to 30 cm/s for all
points. As shown in figure 13.
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Figure 14. Velocity of liquid gasoline
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Liquid gasoline has a flow velocity for all points that
is between 50 to 60 cm/s. As for liquid mercury, the
value is not much different from water.
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Figure 15. Velocity of liquid mercury

Calculation results for height is 8 m are shown in
figures 16, 17, 18, 19, 20, and 21.
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Figure 16. Temperature distribution of water

The saturation point when given an increase in
system height does not show a significant difference.
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Figure 17. Temperature distribution of liquid gasoline
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Figure 18. Temperature distribution of liquid mercury

Increasing the height of the system causes the
velocity of fluid flow to be increased. The velocity
of the water flow becomes greater, ie between 30 to
35 cm/s for all points.
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Figure 19. Velocity of water flow

For liquid gasoline, the flow velocity increases to
between 60 to 70 cm/s for all points.
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Figure 20. Velocity of liquid gasoline
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Figure 21. Velocity of liquid mercury

The relationship of height variation versus changes
in flow velocity can be seen for heights of 3, 5, and
8 meters for each type of fluid at point D, as follows.
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Figure 22. Height variation versus velocity of water flow
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Figure 23. Height variation versus velocity of liquid
gasoline
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Figure 24. Height variation versus velocity of liquid
mercury

These results show the comparability between
the relationship of fluid density and flow velocity.
As explained in the previous simulation results, the
fluid density values from the smallest to the largest
are liquid gasoline (0.751 gr/cm?®), water (0.999
gr/cm®), and liquid mercury (13.63 gr/cm?®). The
change in flow velocity is also proportional to the
increase in fluid density. For example, from the
results at point D with a height of 3 meters, the
saturation state of the water velocity reaches 25
cm/s, liquid mercury reaches 23 cm/s, and liquid
gasoline reaches 50 cm/. For a height of 5 meters the
saturation state of flow velocity for each fluid is
water reaching 28 cm/s, liquid mercury reaching 26
cm/s, and liquid gasoline reaching 56 cm/s. As for
the loop system with a height of 8 meters, the results
show that water reaches 32 cm/s, liquid mercury
reaches 30 cm/s, and liquid gasoline reaches 66
cm/s.

4 CONCLUSION

A study of heat transfer mechanism by natural
circulation for cooling material in nuclear reactors
has been conducted. Calculations with variations in
the difference between heating and cooling
temperatures show that the greatest flow velocity is
obtained for AT = 80 °C. For AT = 80 °C, the
velocity is between 20 and 25 cm/s. Calculation
results by varying the height of the closed loop
system show that the height of the closed loop
system is proportional to the velocity of fluid flow.
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