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ABSTRACT 
 

This study proposes to upgrade the security of spent fuel pool (SFP) by passive 
heat transfer. In case SFP is waterless after accident, air is the only medium to remove 
the heat out of the pool. The flow phenomena will be investigated via mainly 
computational fluid dynamics (CFD) and the auxiliary of experiments. The internal and 
viscous resistances of air flow in the fuel assemblies are important parameters when 
the technique of porous media, which can tremendously reduce the amount of 
numerical meshes, is employed. For the reliability of the research, this study also sets 
up experiment equipment to verify the CFD simulation. This study has investigated to 
find out the important parameters to improve the design of the SFP. Results of 
experiments and simulations have indicated that the arrangement of opening and 
height of backplane significantly influence the temperature distribution in the SFP 
(about 10% to 20%). In addition, arrangement of fuel bundles and the gap of air 
channel are also important factors. 
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1. INTRODUCTION 
 
The Fukushima Daiichi nuclear disaster caused the loss of adequate cooling 

capability to spent fuel pool and the releases of radioactive materials (ANS 2012). 
Accordingly, the safety of spent fuels has been in the spot issue among all the 
concerns, and it’s important to assure safety removing the decay heat of spent fuels 
completely. Spent fuel rods discharged from the reactors have massive decay heat 
(Bodansky 2000), and stored in wet-storage pools or dry-storage casks in practice 
(Iqbal et al. 2006). Compared with dry storage, wet storage has the advantage of 
removing decay heat and providing a barrier for any releases of radioactive (e.g., Biro 
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and Rodna 2003, Arndt et al. 2003, Steinberg and Afanasyev 2003). For a dry-storage 
system, it’s only suitable for lower-rate of decay heat spent fuel (U.S. NRC 
1997).However, after accident, SFP is waterless soon, and air is the only medium to 
remove the heat from the pool. Therefore, it’s necessary to take measures to upgrade 
the security of spent fuel pool (SFP) by a passive cooling design. This investigation was 
made mainly to find out the important parameters for the design. 

Navarro et al. (2011) used the k-ε model that presents results of flow simulations 
performed with the CFD code in a PWR 5 × 5 rod bundle segment with a split-vane 
spacer grid. Smith et al. (2002) compared several test results with CFD predictions in a 
5 x 5 rod bundle with the mixing vane spacer grid using the renormalization group 
(RNG) k-ε model, and proved the validity of CFD as a tool to investigate flow and 
temperature distributions in a PWR fuel bundle. Besides, Conner et al. (2010) 
presented a specific 5 × 5 rod bundle CFD model and showed how the results of CFD 
simulation match the test data, thus validating the CFD methodology. For this study，
we will also use the k-ε model in a 5 × 5 rod bundle. Since Hung et al. (2013) have 
successfully simulated the thermal-hydraulic behavior of the spent-fuel pool using the 
technique of porous-medium to simplify the analysis. In this research, we will use this 
method to reduce the amount of numerical meshes. Niyogi and Tseng (1983) illustrate, 
with examples, the design of effective cooling systems for spent fuel pools, following 
various operational with thermal-hydraulic, and that give us lots of revelations about the 
parameters. 

In order to find out the important parameters to improve the design of the SFP, CFD 
is employed to investigate the air cooling capacity of the spent fuel pool in this study. 
Meanwhile, experiment will been set up to verity the CFD simulation. 

 
 
2. A PASSIVE AIR COOLING EXPERIMENTAL SFP MODEL 

 
2.1 Experiment’s equipment 
 
As shown in Fig. 1, the equipment of the experiment is mainly a combination of 

aluminum extrusion, tempered glass and five assemblies of heaters. In the present 
study, only 5 bundles are installed. The concept of passive heat transfer is  

 
 

 
Fig. 1 Experimental equipment 

464



 
Fig. 2 Passive heat transfer concept diagram 

 
 
demonstrated in Fig. 2. Due to temperature caused density difference along the fuels, 
buoyancy force drives air flowing from the external channel, the bottom of fuel bundles 
to the outflow of the internal tank.  

 
2.2 Measurement installation 
 
As shown in Fig. 3, the measurement tools include k-type thermal couple, wind 

gauge, current transformer, variable resistor, silicon-controlled rectifier (SCR) and data 
logger. The thermal couple was installed at the height of 10 cm and 70 cm on a rod and 
every rod located at the center of a bundle will have an additional thermal couple at 40 
cm. In this paper, the input powers are 1000 W, 3000 W and 4000 W, and they can by 
adjusted by the variable resistor. 

 
 
 

 
Fig. 3 Thermal couple, wind gauge, variable resistor and current transformer 

 
 
 

2.3 Passive heat transfer experiment  
 
The purpose of this study is mainly to compare the temperature distribution of 

different parameters. The parameters include the openings arrangement of backplane, 
the height of the backplane, forced convection, width of inlet air channel, etc. This 
paper mainly explores the effect of power of rod bundles, openings arrangement and 
height of backplanes. Three openings arrangements for the backplane are as shown in 
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Fig. 4. From left to right, the first arrangement has only one row of square holes for rod 
bundles open (Case 1). The second arrangement has all the round holes and three 
rows of square holes for rod bundles open (Case 2). The third has all the round holes 
and one row of square holes for rod bundles open (Case 3). Height of the backplane, 
as shown in Fig. 5 are set with H = 10 cm and H = 30 cm. 

 
 

Case 3               Case 1              Case 2 

 
Fig. 4 Openings arrangement for backplane 

 

 
Fig. 5 Height of backplane 

 
 
3. CFD SIMULATIONS FOR RESISTANCES OF AIR IN SCALED-DOWN SINGLE 
ASSEMBLY 

 
3.1 Physical modeling 
 
As shown in Fig. 6, it is an eighth of rod bundle model with 5  5 square-arrayed 

rods for CFD simulation. The rod diameter and length are 10 mm and 1.1 m, 
respectively. In order to reduce the time of calculation, the model of rod bundle can be 
simplified to eighth model and all section of rod bundle are unified. Fig. 7 shows the 
mesh structure on one of the section, and the mesh element is chosen the “Quad” type. 

 
3.2 Mathematical modeling 
 
The purpose of rod bundle simulation is mainly to obtain the viscous and inertial 

resistances coefficients with pressure drop of air. The air pressure drop of rod bundle is 
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Fig. 6 CFD rod bundle modlel 

 
 

  
Fig. 7 Mesh structure 

 
 

too difficult to measuring, so CFD simulations were employed to obtain it. The steady 
state problem was employed and the time ratio number was not a parameter to be 
concerned in present study. 

The Darcy-Forchheimer-Brinkman model (Nield and Bejan 2006) is adopted to 
simulate the flow in porous medium, where both the inertia and viscosity effects are 
considered. The governing equations describing the conservations of mass, momentum 
and energy are listed as: 

Continuity equation 
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Momentum equation in x-direction 
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Momentum equation in y-direction 
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Momentum equation in z-direction 
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Energy equation 
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where ε is the porosity; m and f are the effective and fluid kinetic viscosity, 
respectively; f is the thermal diffusivity;  is thermal expansion; V


 is the velocity 

vector; u,  and w represent the velocity components in x-, y-and z-directions; T is 
temperature and T0 is environment temperature; km is the effective thermal conductivity 
of porous media, fsm kkk   )1( , where ks and kf are the thermal conductivities of 

solid and fluid, respectively; qm is the effective energy source term. Porous media are 
modeled by the addition of a momentum source term to the standard fluid flow 
equations. The source term is composed of two parts: a viscous loss term, and an 
inertial loss term. The source term is as follow 
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In which, S is the source term for momentum equation;  is fluid viscosity;  is 

density; V  is the magnitude of velocity;  is the permeability and C2 is the inertial 

resistance factor. This momentum sink contributes to the pressure gradient in the 
porous cell, creating a pressure drop that is proportional to the fluid velocity in the cell. 
The radiation transfer equation (Cheong and Song 1997, Tseng et al. 2007) can be 
written as 
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where anet is the net absorption coefficient; s is the scattering coefficient; sneta    

is the extinction coefficient;  is the ordinate direction vector; ),( rI  is the intensity of 

radiation at location of r in a direction ; )(rIb  is the black body intensity of radiation at 

a location r; ),( rS  is a source term. 

 
 
4. RESULTS AND DISCUSSION 

 
4.1 Pool model experiment 
 
Fig. 8 presents the top view of a rod bundle and the front view of a pool model. As 

an example in the following discussion for Figs. 9-11, 3A3 represents rod bundle No. 3 
with the rod located at A and thermal couple located at the height of 70 cm. In this 
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study, it aims to observe temperature distribution of the pool.  
 
 

 
Fig. 8 Schematic illustration of rod location 

 
 

As shown in Fig. 9, the temperature at the center of the pool is lower than other 
bundles particularly for higher power and at the location with greater height. This 
phenomenon does not happen around the bottom of the bundles. It is due to the effect 
of buoyancy driven heat transfer, air flows through the gap and converges center region 
of the pool and therefore less air will flow through the edge bundle such as No. 5. 
However, the rod at center of the specific bundle always has the higher temperature 
than other rods. 

The influence of the backplane height is shown in Fig. 10, the temperature of a 
backplane at the height of 30 cm is lower than 10 cm about 10% to 20%. In the 

 
 

 
Fig. 9 Temperture distribution under various power 
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experiment of a backplane at 10 cm, the air accumulated at the bottom of pool model 
results in a poorer convection effect than the other one no matter which rod in the 
bundle. 

The temperature influence on openings arrangement is shown in Fig. 11. 
Comparing the results of the three cases, temperature distribution of case 1 and case 3 
are all about the same; case 2 has the lower temperature distribution. The purpose of 
case 1 was expected to guide the most air flow through the rod bundles, but the results 
of the experiment implies that Cases 1 and 3 cause greater flow resistance than that of 
Case 2. Because case 2 has more tunnels than other ones, it has the best convection 
to remove the heat. 

 
4.2 Simulation for a pool with multiple fuel bundles 
 
CFD simulation data of rod bundle is available in the form of pressure drop against 

velocity through the porous component, which can be extrapolated to determine the  
 
 

 
Fig. 10 Influence of backplan height 

 

 
Fig. 11 Temperature distribution of three arrangements of openings 
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coefficients for the porous medium. As shown in Fig. 12, the relation between pressure 
drop and velocity can be obtained by interpolation method as follows 

 
5.424.2775.1 2  P                                            (8) 

 
Comparing Eq. (5) to Eq. (7) yields 
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In present study,  and  of air are 1.18 kg/m3 and 1.9  10-5 N-s/m2, respectively 

and thus, the inertial resistance and the permeability are C2 = -2.966 1/m and  = -6.94 
 10-8 m2, respectively. As shown in Fig. 13, a quarter of the pool model was employed 
for CFD simulation because the phenomena are expected to be symmetrical in both x-
and y-axis. 

 
 

 
Fig. 12 P-  diagram 

 

 
Fig. 13 A quarter of the pool model (top view) 
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Fig. 14 Temperature distribution with radiation and non-radiation mode 

 
 
Case 2 of the Fig. 4 has been implemented via CFD simulation. The temperature 

distributions of the pool model are shown in Fig. 14, in which the CFD simulations with 
radiation (left one) and without radiation (right one) mode are shown, respectively. The 
simulation results indicate that case including thermal radiation has a relatively higher 
average temperature than the right one (not including radiation). That is because the 
bottom of left one is heated by radiation. However, the right one has a peak value of 

 
 

 
(a) front                                          (b) left-side of 3rd bundle 

Fig. 15 Velocity vector of the symmetrical cut-planes 
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temperature, which is higher than left one for about 6°C. Since thermal radiation exists 
in the real world and the above results indicate the difference, thermal radiation mode 
would be included in the following discussion. 

The distributions of the velocity vector on the two symmetrical cut-planes are shown 
in Fig. 15; they are the front view and the view of left side, respectively. In the front view 
of pool model, because the effect of buoyancy force, the down-flow air from the gap will 
reflow to the rod bundles. The air in the rod bundles has a faster velocity, because the 
heating effect in the fuel region induces stronger buoyancy force. As shown in view of 
left side, air flows downward along the gap and mainly flows through the rod bundles. 
There is an interesting and important finding: the distribution of velocity and 
temperature in all the rod bundles are very uniform. 

The comparisons between experiment and the CFD simulation are shown in Fig. 16. 
The parameters include the effect of backplane height and the effect of opening 
arrangement of the backplane. The temperature decreasing ratios are closed; the 
deviations of experiment and CFD simulation are between 6% and 20%. It can be seen 
that the behavior from CFD simulation is similar to that from experiment in present 
study. However, why the temperature values from measurement are much higher than 
that from numerical simulation? It is because the measured point is on the surface of 
the rod, which temperature is for sure higher than the porous like surface with fluid flow 
inside the porous region. Meanwhile, since there have many thermocouple wires above 
the experimental model, this somewhat enhances the flow resistance for air flow 
through the bundles in the central region of the pool. 

 
 

 
(a) Height of backplane 

 

 
(b) Opening arrangement 

 
Fig. 16 Comparison between experiment and CFD simulation 
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5. CONCLUSIONS 
 
The radiation mode in CFD simulation must be considered under the possible 

temperature range and the concept of passive heat transfer is useful for present study. 
The viscous resistance and permeability have been determined based on the 
experiment data and detailed CFD simulations. Layout of the openings and the height 
of backplane are the important parameters to be investigated their influence in 
temperature of the pool and the fuel rods in present study. Buoyancy induced passive 
air convection could efficiently remove the decay heat for those fuels that have been 
moved out of the core for several years. The temperature distribution of the pool is truly 
influenced by the number of openings and their layout. Also, the temperature for the 
case with backplane height, H, of 30 cm is lower than the case of H = 10cm. The 
results indicate a faster air speed in the region of rod bundles than the neighbor 
spacing, and the fastest speed is occurred in the bundle No. 3. From above analysis, 
the CFD simulation is creditable in present study.  
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