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ABSTRACT

Computational  Fluid  Dynamic  is  used  to  simulate  natural  circulation  condition  after  a  research  reactor  
shutdown. A Benchmark problem was used to test the viability of usage such code to simulate the reactor 
model. A model which contains the core, the pool, the reflector tank, the circulation pipes and chimney was 
simulated.  The  reactor  core  contained  in  the  full  scale  model  was  represented  by  a  porous  media.  The 
parameters  of  porous  media  were  obtained  from a  separate  CFD analysis  of  the  full  core  model.  Results  
demonstrate that such studies can be carried out for research and test of  reactors design.

1. INTRODUCTION

On the  nuclear  engineering  field  the  natural  circulation  phenomenon  can  be  used  in  the 
residual heat removal system of nuclear reactors. This kind of system has the objective to 
maintain the temperature of the nuclear reactor core under control in case of forced cooling 
system fault or in case of safe shutdown.
This paper seeks to test  the application of a commercial  CFD code associated with HPC 
technology for the modeling of the natural circulation phenomenon in a pool type research 
reactor of 30 MW similar to OPAL – Open Pool Australian Light water reactor. 
Such tools are widely used for studies in nuclear reactor systems, as they allow knowing, in 
advance, the behavior of systems during the design phase, reducing significantly the costs in 
prototypes tests. This work has been greatly benefited by the development of multiprocessors 
technology, which enables the solution of complex problems that require large computational 
power, using lowest cost computing facilities, simpler and cheaper.
The OPAL [1] is a multipurpose open pool type reactor, which cooling system removes heat 
from the core by forced circulation during normal operation, and by natural circulation when 
the reactor is shutdown. During normal operation the water that runs through the core is 
sucked out of the pool and taken to decay tanks and heat exchangers, later returning to the 
pool through the circulation pipes submerged in the inventory.
With a power of 30 MW, the core of the model was positioned at a depth of 12 m from the 
pool top. This core is surrounded by a tank of heavy water that acts as a reflector media for 
neutrons, and all this set is positioned on the lower and intermediate plena in which circulate 
cooling water to the core and to the irradiation channels.
To study the natural circulation in this model, it was used a commercial computational fluid-
dynamics code called CFX. This software calculates the governing equations of the problem 
using the finite volume discretization. The larger and more complex geometry, the greater the 
number of finite volume. 
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The CFX is widely used in simulations involving  heat removal in turbulent or laminar flow, 
single  or  two  phase  flows,  including  those  where  there  are  combustion  processes  and 
chemical reactions. It has high performance and easy application in many problems in fluid-
dynamics.  This package has been used to evaluate  and solve different  problems types in 
nuclear thermal hydraulics and some tests have been performed by the NEA [3] (International 
Atomic Energy Agency) showing this viability. 

2. METHODOLOGY

2.1 Validation test – square cavity benchmark

Although this software is reliable and robust, it is necessary to verify its reliability and correct 
application  in  a  simple  problem  and  well  known  in  the  literature.  This  is  the  natural 
circulation square cavity, which has benchmark solution published by Davis [8],  Hortman et.  
Al [2], and Sampaio [4]. The problem lies in a bidimensional square cavity with two vertical 
walls kept at different temperatures Th (hot temperature) and Tc (cold temperature), and the 
horizontal  walls kept adiabatic.  Thus the fluid tends to flow naturally  through the cavity. 
Figure 1 shows a scheme of this problem.

Figure 1. Square cavity geometry and boundary conditions

For this evaluation it was  built simulations models for Ra = 10⁴, Ra =10⁵ and Ra = 10⁶. The 
parameters of these simulations are shown in Table 1.

Table 1. Fluid Properties and dimensions of the cavity used in the calculations.
Ra ρ  (kg m-3) μ  (m2 s-1) β  (K-) Pr   g (m s-1) TH (K) TC (K) L (m) H (m)

10⁴ 1.19 1.8 x 10⁻⁵ 0.00341 0.71 9.81 12 2 0.021277 0.021277

10⁵ 1.19 1.8 x 10⁻⁵ 0.00341 0.71 9.81 12 2 0.045841 0.045841

10⁶ 1.19 1.8 x 10⁻⁵ 0.00341 0.71 9.81 12 2 0.098761 0.098761

Ra - Rayleigh number,  density – ρ, viscosity μ, P - Prandtl number, L, H – horizontal and vertical length
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The simulations of these models were executed in the environment ANSYS 12.1 installed on 
a workstation equipped with 12 Intel Xeon X5660 2.8 GHz processors, and operating system 
Suse server 64-bit. For the three cases, all processors were used in parallel, using the MPICH 
protocol, and the numbers of these simulations are shown in Table 2.

Table 2. Simulation and mesh data used in the cavity problem.
Ra Time step

(s)
Total time 

(s)
Element 
numbers

Node 
numbers

10⁴ 0.1 30 1228800 1643524

10⁵ 0.1 30 417316 837218

10⁶ 0.1 30 976144 1956242

In these simulations were evaluated the average Nusselt number between the hot and the cold 
walls of the cavity, and the values were compared with those reported by Hortman et. al [2] 
and Sampaio [4], as shown in Table 3. Figure 2 shows the temperature and velocity fields 
within  each  well  in  the  end  time  of  30  seconds,  which  proved  to  be  sufficient  for  the 
convergence to steady state.
With these results, was possible to conclude that the software works correctly, and can be 
used to study the natural circulation phenomenon in the pool of our model.

Table 3. Results for average Nusselt.
Ra = 10⁴ 
ave. Nu

Ra = 10⁵ 
ave. Nu

Ra = 10⁶ 
ave. Nu

Hortmann et al.[2] 2.24475 4.52164 8.82513

Sampaio[4] 2.23975 4.51231 8.80761

Obtained results 2.22853 4.51895 8.85647
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Figure 2. Temperature and velocity fields for Ra = 10⁴(a,b), Ra = 10⁵(c,d), Ra = 10⁶(e,f)
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2.2 Natural Circulation in reactor pool

After the shutdown of a nuclear reactor, even if the fission reactions have been ceased, there 
is the heat generated by decay of fission products. This residual heat must be removed from 
the reactor core, avoiding that it would be damaged. In the reactor under study this process of 
heat removal takes place by natural circulation of water in the pool, which is released by the 
opening of four valves on the top of circulation pipes, as shown in Figure 3.

Figure 3. Scheme of the natural circulation in pool reactor showing the reflector tank, 
chimney and circulation pipes.

2.3 Pressure loss in the core

To simulate this process of natural circulation it was built a simplified model of the reactor, 
whose core is represented by a porous medium. In this model, all the detailed geometry of the 
fuel plates and their structures were replaced  geometrically by a parallelepiped with the same 
size as the complete core. For this it is necessary to specify the loss directions, as well as their 
coefficients. It was decided to set these losses by the square coefficient KQ established in loss 
model used by CFX, where Ux is a velocity component on flux direction.

To obtain this coefficient KQ, a detailed model for the core containing the fuel plates and the 
channels of irradiation and cooling  was  constructed. This model gave rise to a mesh with 
6682299 elements and 1799767 nodes, which were tested with 14 different input speeds to 
evaluate  the differences in pressure between the inlet  and outlet  of the core.  Thus  it  was 
estimated a value of 3509 kg m-4 for the quadratic coefficient KQ, which characterizes the 
porous medium. The data from this simulation are shown in Table 4 and Fig 5.
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Table 4. Data from the simulation of pressure drop in the core depth.

Figure 5. Estimated value for the quadratic coefficient KQ from table 4 data.

The main phenomenon to be studied with this model is the natural circulation right after the 
reactor shutdown, when there is an insertion of control rods and shutdown of the circulation 
pumps. Under this condition the four valves in the tubes are closed to the forced circulation 
and  open  to  the  inventory  natural  circulation  of  the  pool  water,  which  will  remove  the 
residual heat of fission products.
At the top of the pool was established a boundary condition of the free sliding with heat loss  
to medium at 25 °C.
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Inlet velocity U * Uz 

m/s Pa Pa/m

0,01000 0,82832 0,59166 0,0001418180

0,02000 3,19133 2,27952 0,0005739000

0,02500 4,96228 3,54449 0,0008995240

0,03000 7,13753 5,09824 0,0012996700

0,04000 12,66740 9,04814 0,0023165300

0,05000 19,81060 14,15043 0,0036298200

0,08000 50,92240 36,37314 0,0093757500

0,10000 79,71370 56,93836 0,0147182000

0,30000 722,24800 515,89143 0,1358040000

0,50000 1972,93000 1409,23571 0,3775020000

0,70000 3723,21000 2659,43571 0,7299830000

0,90000 5894,30000 4210,21429 1,1869200000

1,00000 7126,28000 5090,20000 1,4533000000

1,10000 8453,54000 6038,24286 1,7448700000

ΔP (pressure variation) ΔP /ΔZ

(m/s)2



3. RESULTS

After characterizing the core as a porous medium, it was specified a transient type simulation 
lasting two hours, using time step of 1 second and a mesh with 1273579 elements and 216443 
nodes for the reactor model. Below it is shown a picture with the temperature field in time 
steps t = 0s, t = 60s and t = 2 h, as well as the velocity field at the end of the simulation.
With  this  simulation  was  possible  to  obtain  important  information  to  the  problem  of 
similarity in scales and other studies, the value of the flow velocity in the reactor core, which 
has an average value of 0.24 m s-1.

Table 5. Simulation parameters
Initial temperature of hot layer 45ºC

Hot layer inlet mass flow 3.89 Kg/s

Inlet temperature of the hot layer 45ºC

Initial temperature of pool water 35ºC

Initial temperature of reflector fluid 35ºC

Thermal power generated by core at t=0 sec. 3 MW

Total time 2 h

Time step 1 s

Figure 6. Temperature fields at time steps t = 0 s (a), t = 60 s (b) and t = 2 h.
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Figure 7. Velocity field at time step t = 2 h.

4. CONCLUSION

In this work was tested the application of the CFX code in the square cavity problem, which 
showed the possibility of applying that for more complex problems, as the process of heat 
removal by natural circulation in a pool research reactor. Simulations were performed for 
these  reactors  at  full  scale,  using  the  porous  media  model  for  modeling  the  core.  The 
parameters for that modeling were estimated from CFD simulations of a detailed model of the 
core. These simulations show that it is possible to perform full thermal hydraulics analysis of 
research reactors using CFD codes together with the computational power currently available. 
More specifically was observed a gradient of approximately 20 °C in inventory temperature 
after  two hours under natural  circulation with a fixed power of 3 MW,  which is  a super 
estimated value. For that, it was found a value of 0.24 m s-1 for the average velocity of flow in 
the core provided by density gradient. This is an initial study and it is very conservative. For 
future work, will be calculate more realistic situations.
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