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Abstract. Hot spots appearing in an operating high temperature gas-cooled reactor (HTGR) core have been 
considered as the most possible reason leading to a severe accident like fission production releasing to the 
environment, therefore, investigation on their positions and thus seeking ways to reduce the possibility of 
their  appearance  have  attracted  scientists’  attention.  In  our  previous  studies,  heat  transfer characteristics of a 
face-centered-cubic (FCC) structured pebble-bed have been discussed, and a correlation on heat transfer 
coefficient with Reynolds number was presented. In this study, a method, placing a small sphere in the gap 
area, which is able to enhance the convective heat transfer was proposed and the effect verified as well. The 
influence of the sphere diameter on heat transfer performances was investigated in details. It is concluded 
through results analysis that (1) inserted sphere lowered the local surface temperature of adjacent pebbles by 
varying surrounding flow field;(2) maximum velocity of the fluid and average heat transfer coefficient 
increased with sphere diameter, particularly, comparing with no small sphere case, 12.95% enhancement 
was achieved. Such findings may provide data and information for reactor designers, and help to develop a 
safer HTGR pebble-bed core. 

1 Introduction  

Pebble-bed type high temperature gas-cooled reactor is 
considered as a candidate reactor for the very high 
temperature reactor (VHTR) which is one of the 
Generation-IV reactor types and could be used for 
hydrogen production because of high outlet temperature 
of the coolant. Its design concept exhibits excellent 
safety features due to the low power density and a large 
amount of graphite present in the core which gives large 
thermal inertia in an accident such as loss of coolant. 
However, the possible appearance of hot spots on pebble 
surfaces may affect the integrity of the pebbles and cause 
a serious accident like fission products releasing[1], 
which has driven researchers to investigate flow patterns 
of the coolant [2,3] and to observe the temperature 
profiles of structured pebble-beds by simulations [4,5]. 
Experimentally, measurement of pebble surface 
temperature has been performed by Chen and Lee [6] in 
a face-centered-cubic (FCC) pebble-bed, in that study, 
heat transfer characteristics were analyzed and possible 
hot spots locations pointed out. Furthermore, based on 
the experimental results, a CFX model was created and 
validated as a tool to investigate the flow and thermal 
fields in the pebble-bed [7]. In fact, the above studies 
suggested the hot spots originated from pebbles 
contacting one another, which is obviously inevitable in 
a reactor core. However, if the convective heat transfer is 
enhanced, then temperatures of the hot spots will be 
lowered down, which helps to sustain the integrity of 

pebbles and safety of the reactor as well. Therefore, in 
this present study, a method of enhancing heat transfer in 
an FCC structured pebble-bed was proposed for the first 
time and its effect was examined through simulations. 
The results indicated that placing an additional small 
sphere in the gap formed by adjacent pebbles improved 
heat transfer performance, in addition, average heat 
transfer coefficient of the pebble bed increased as the 
additional sphere got larger. This study showed the 
possibility to optimize the heat transfer in a pebble-bed 
and might contribute to a better design of an HTGR core.  

2 Modelling and analysis 

CFX model, including turbulence model, fluid inlet 
temperature, heat power density, which was created 
previously [7] is being used in the present study. That 
model has been validated by experimental results, and 
the only difference exists in geometry part, that is a small 
sphere without heat generation with changeable diameter 
is placed in the gap formed by pebbles, therefore it is 
believed even with such a small change the model is still 
applicable to this study.  

2.1 Geometry 

Geometry is shown in Fig. 1 and parameters are listed in 
Table 1. The geometry consists of the fluid part and the 
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solid part; the duct stands for the fluid, and the solid part 
is formed by 14 pebbles, 14 heaters, and 1 small sphere.  

   
(a)           (b) 

Fig. 1. Geometry of (a) FCC pebble-bed and (b) the solid part 

Table 1. Parameters of geometry components 

Fluid Solid 
Width 

[m] 
Depth 
[m] 

Height 
[m] 

Pebble Heater Sphere 

0.17 0.17 0.5 0.12 0.06 <0.025 
  Quantity 14 14 1 

As for the position of the small sphere, Fig. 2 shows 
more details. Only cases of D=0, 0.03, and 0.05m are put 
here to make the concept be clearly understood, and two 
more cases (D=0.02, 0.04m) were simulated during the 
analysis process. The rule is the way of placing a small 
sphere has to be based on reality, which means small 
sphere has to contact with at least 3 surrounding pebbles. 
If the sphere is too small, it is impossible to make it 
touch 3 pebbles, therefore, spheres with diameter less 
than 0.01m are not considered in this study. 

 
Fig. 2. Geometry with small sphere diameter of (a) 0m (b) 

0.03m (c) 0.05m 

2.2 Meshing 

It is worth noting that since thermal field one/beneath the 
pebble surface is strongly influenced by the flow pattern 
and velocity, therefore in order to observe both fields 
and verify their coupling mechanism, boundary layers 
were applied to both sides of a pebble surface, as shown 
in Fig. 3. 

 
Fig. 3. Meshing of (a) the fluid part (b) pebble and heater (c) 

fluid-solid interface (d) small sphere 

Selected element size of each component and total 
number of nodes and elements are put in Table 2. 

Table 2. Element size and numbers. 

Element size [m] Numbers 
Fluid Pebble Heater Sphere Nodes Elements 

2×10-3 2×10-3 2×10-3 2×10-3 ~3M ~14.7M 

2.3 Boundary conditions 

Boundary conditions including coolant inlet velocity, 
inlet temperature, and heat power density are listed in 
Table 3. Therein, inlet velocity and power density were 
calculated from original HTR-PM operation parameters 
according to the similarity principle.  

Table 3. Boundary conditions. 

Turbulence model k-ε 
Turbulence intensity 5% 

Boundary layers 5 
Power density 1×106 W/m3 

Inlet velocity 2.1 m/s 
Inlet temperature 298.15 K 

Pressure 1 atm 

2.4 Measurement locations 

Comparing with the previous measurement positions, 
coordinates of No. 1, 6,7,17,18, and 23 have been shifted 
by 2o in order to avoid pebble-pebble and pebble-sphere 
contact points, since heat transfer at those points is not in 
a way of convection but conduction. In addition, to make 
the results convincible, another set of 23 measurement 
lines as shown in Fig. 4 was applied since the pebble-bed 
structure was no longer symmetric when a small sphere 
was placed in. 
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Fig. 4 46 temperature measurement lines 

In terms of heat transfer coefficient (HTC) 
calculation, a second temperature is necessary besides 
the surface temperature, therefore temperature at 10mm 
beneath the surface was obtained at each position. The 
average HTC is calculated using the following equation: 


 




























46

1

12

2 46
11

)11(i surf

isolid
avg TT

rr
r

Tk
h

                (1)

 

Where k is thermal conductivity; T, temperature; r, 
r1, and r2 are the radius of the pebble, distance from 
pebble center to surface, and distance from pebble center 
to 10mm under the surface respectively; subscript avg 
and surf denote average value and surface; i means the ith 
measurement point. 

3 Results and discussion  

The effect of inserted sphere size on heat transfer 
performances was investigated according to simulation 
results. Out of total 5 cases, 3 representative cases (D=0, 
0.03, 0.05m) are particularly analyzed. Velocity and 
thermal fields of the fluid, surface and inside 
temperatures and heat transfer coefficients were obtained 
for each case. To simplify analysis processes, one 
representative plane (YZ plane at X=0.085m) was 
selected as the target of this study. 

3.1 Velocity field in the gap 

Velocity field formed in the gap area is shown in Fig. 5. 
Comparing cases with and without small sphere, It can 
be easily seen that placing a sphere in has significantly 
reduced the stagnant area (Blue zones in Figure 5a), 
which were found typically existing on top and bottom 
of a pebble [6]. Besides, the maximum velocity of the 
fluid increases and the flow field varies as the small 
sphere gets bigger. Down the contact points and near the 
side vertex are the fast flowing areas when there is no 
small sphere placed, but fast flowing areas are migrated 
after the sphere is being inserted as can be seen in Fig. 
5b, 5c. It is worth mentioning that from the case of 

D=0.03m, velocity field at the side where the small 
sphere was placed is stronger than that at the other. 
Therefore, such stagnant zones reduction and velocity 
increasing induced by small sphere will greatly improve 
heat transfer performances between the pebble and fluid, 
and then substantially reduce the possibility of hot spots 
appearance.  

(a)

(c)

(b)

 
Fig. 5 Velocity field of the case with small sphere diameter at (a) 

0m (b) 0.03m (c) 0.05m 

3.2 Temperature field in the gap 

Temperature of the coolant is originated from the pebble 
and influenced by it, as shown in Fig. 6, the upper side 
temperature is higher, which is because the upper pebble 
has the relatively higher temperature than the middle and 
bottom pebbles. The maximum temperature is found 
near the upper pebble, as the fluid flows, it gets cooled 
down. It is really difficult to tell how overall temperature 
profile is affected by the small sphere only based on 
these 3 figures at this moment, thus, pebble surface 
temperatures at positions shown in Fig. 4 were obtained 
and their variation trends were analyzed in details.  
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(a)

(c)

(b)

 
Fig. 6 Temperature field of the case with small sphere diameter at 

(a) 0m (b) 0.03m (c) 0.05m 

3.3 Surface temperature of pebbles 

Surface temperatures of the pebbles are shown in Fig. 7. 
The upper pebble is not likely to be strongly influenced 
by the small sphere, and only the vertex shows a slight 
decrease when the sphere is with a diameter of 0.05m. 
The middle and bottom pebbles show fierce variations 
comparing cases with and without small sphere. 
Temperature decreases as the sphere grows bigger, 
particularly, such a trend is found with the bottom 
pebble. The variation trend indicates that inserted small 
sphere lowers surface temperatures of adjacent pebbles, 
which suggests inserting small sphere reduce the 
possibility of hot spots appearance, however, it is still 
not sure that whether it is by improving convective heat 
transfer or not. For cases of D=0 and D=0.05m, the 
pebble bed is symmetric, that is why temperatures of half 
measurement positions are in good agreement with that 
of the other half. In terms of case D=0.03m, due to effect 
of the small sphere, temperatures of the half with sphere 
are lower than those of the other half. 
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Fig. 7 Surface temperature of pebbles under 3 cases of (a) D=0m 
(b) D=0.03m (c) D=0.05m 
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3.4 Heat transfer coefficient analysis 

Following the temperature measurement at 46 positions, 
local heat transfer coefficient at the same positions was 
obtained as well in order to evaluate the effect of small 
sphere on heat transfer characteristics. 2 extra cases 
(D=0.02,0.04m) together with the previous 3 cases were 
considered, and the results are shown in Fig. 8. 
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Fig. 8 Average heat transfer coefficient of all cases under 

coolant inlet velocity of 2.1 m/s 

It can be easily seen that average heat transfer 
coefficient increases with the sphere diameter (L is the 
characteristic length, 0.12m), comparing with the case 
without sphere, heat transfer was enhanced by 12.95% if 
a sphere with a diameter of 0.05m was placed in. Since 
0.05m is the biggest diameter a sphere can have in an 
FCC structured pebble-bed, 12.95% will be the largest 
enhancement that can be obtained under conditions 
considered in this study. One thing that needs to be taken 
into account is the newly added sphere has a different 
size from fuel elements, and the stress imposed on it may 
be bigger than that imposed on fuel pebbles. Therefore, 
in order to apply such method into a real HTGR pebble-
bed, stress analysis on the sphere is required and 
certainly necessary. Acquiring a diameter with it a sphere 
can help pebble-bed have the best heat transfer 
performance, meanwhile, be able to sustain its integrity 
under extremely heavy load condition, which is the next-
step work. 

4 Conclusions 

Effect of an inserted small sphere on the heat transfer 
characteristics of an FCC structured pebble-bed has been 
investigated, therein, sphere diameter was considered as 
a parameter that influenced heat transfer performance. 
Velocity and thermal fields in the gap were obtained, in 
addition, the surface temperatures of certain pebbles 
were measured. Furthermore, the average heat transfer 
coefficient of the pebble-bed with small sphere under 
inlet velocity of 2.1m/s was acquired. It was found that: 

(1) the maximum velocity of fluid increased with sphere 
diameter; (2) surface temperatures of the middle and 
bottom pebbles lowered down as sphere got bigger, 
particularly, temperatures of the half side with a sphere 
were lower than those of the other half; (3) average heat 
transfer coefficient increased as sphere diameter varied 
from 0 to 0.05m, and the largest enhancement comparing 
with case of no sphere placed was obtained as 12.95%. It 
is believed that these findings have provided one more 
solution sustaining safe HTGR operation and will help 
design a better pebble-bed.  

This work was supported by start-up young researchers fund 
(2019BJ-07), granted by Shaanxi University of 
Science&Technology. 
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