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Abstract – In pebble bed high temperature gas cooled reactors (HTR), spherical fuel 
elements pass through the core several times to balance the burnup process in the fuel 
region, resulting in an acceptable shape and peak factor of power density in the 
simulation analysis. In contrast, when fuel elements pass through the core only once, the 
peak of power density occurs at the top of the core and its value is too high to be safe. 
These indicators/parameters can be improved by incorporating burnable poison in the 
fuel elements under certain conditions. In the current study, burnable poison particles 
(BPPs) in fuel elements are evaluated. In spite of the strong absorption capability of 10B, 
BPPs can decrease the depletion speed and increase the duration of 10B because of the 
self-shielding effect, resulting in improved shape and peak factor of power distribution. 
Several BPPs with different radius are discussed in power distribution, following the 
calculation for a full-scale reactor core with modified VSOP code. According the result, 
applying BPPs on fuel pebbles is an effective means to improve the distribution of the 
power density under one-through fuel load in HTR. 
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I. INTRODUCTION 
 

Spherical fuel particles (fuel balls) are used in 
pebble high temperature gas cooling reactor (HTR). 
Fuel balls pass the core of HTR several times to 
extend the power distribution and homogenize the 
burnup process. The uniform distribution of fuel 
balls within different burnup stages/processes makes 
the distribution of power density in the reactor 
relatively flat. If fuel balls pass the core only once, 
the peak of power density is dangerously high and 
its position is close to the top of the core，creating 
operational risk to the reactor. Fig 1 shows the power 
density distributions from the two types of fuel cycle. 
However, using multi-pass fuel cycle poses a very 
high demand on the fuel charging system. The 
burnup value of fuel balls has to be measured 
individually. Any fuel ball having not yet reached 
the threshold are put back into the core, while the 
others are deposited in the waste fuel boxes. This 
process requires high speed of fuel charging system 
and high accuracy of the burnup measurement 
system. On contrast, one-through process simplifies 

the fuel charging system and burnup measurement 
system but the power density distribution needs to be 
optimized. It has been demonstrated a viable 
candidate to incorporate new fuel balls with 
burnable poison to control high excess reactivity in 
the reactor[ 1]. With the consumption of burnable 
poison, the excess reactivity can be released 
gradually, thereby flattening the power density 
distribution. In this study, the burning up behavior of 
fuel ball with burnable poison will be discussed in 
order to study the application characteristics of 
burnable poison in pebble-bed type HTR with 
continuous loads. 
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Fig.1: Power density distribution along theaxial 
direction with different fuel cycle pathways 
 

II. COMPUTATION METHOD AND MODEL 
 

VSOP[2], the abbreviation of Very Superior Old 
Program, is a program system made of several 
well-proven reactor physics calculation modules. It 
can be used forthe physical design of pebble HTR to 
process the unique element, fuel ball, by 
calculatingits double non-uniformity.In this paper, it 
is used to study the characteristics of fuel balls with 
burnable poison with a few modifications. 10B is 
added to the fuel balls as burnable poison. In HTR 
control system, 10B is often selected as neutron 
absorber because of its high thermal neutron 
absorption cross section. In VSOP, the depletion 
of 10B cannot be calculated. So the calculation 
equation of the burnup process of 10B needs to be 
provided, for the lack of it in VSOP. The change rate 
of 10B density with time is below: 
dN𝐵−10(𝑡)

𝑑𝑡
= −𝜎𝑎,𝐵−10𝜙(𝑡)N𝐵−10(𝑡)            (1) 

10B burnup calculation equation can be obtained: 
N𝐵−10(𝑡) = N𝐵−10(0)𝑒−𝜎𝑎,𝐵−10𝜙(𝑡)           (2) 

The density of 10B is fed into VSOP, for each 
nuclear density calculation. According to Eq.(2), the 
density of the 10B is affected by the initial value, 
absorption cross section and neutron flux. So in 
order to achieve the desired result, the initial value 
of 10B, the micro-section of 10B and the flux of 
thermal neutrons should be analyzed. 

HTR-PM[3] is selected as the computation model. 
The dimension of the fuel is the same asthe 
HTR-PM.In all the cases, the temperature of the core 
is the same. The initial uranium mass per pebble is 
7g. UO2 particles embed in a graphite pebble with a 
diameter of 5cm surrounded by a graphite layer with 
thickness of 0.5cm. In this paper we only consider 
burnable poison particles in fuel pebbles. The BPPs 
contain B4C made of boron highly enriched in the 
isotope 10B and the atom density of 10B is 
unchanged. 

 
III.ANALYSIS ON THE CHARACTERISTIC 

WITH BURNABLE POISON PARTICLES 
 
It has been suggested that a better result can be 

achieved in a reactivity swing when each fuel pebble 
contains about BPPs with a radius of 75 μm[4]. So 
the BPPs model with 75 μm is selected as the first 
basic fuel model. The HTR core physics design is 
onethrough-wise with the fuel pebble.There are 
about 420,000 balls in the core thatpassthrough the 
core and are discarded once exit. In the calculation 
model, 300 burnup steps are selected. The fuel 
pebbles stay in the core for about 1000 days. The 
goal of the fuel design is that after 1000 days, the 

fuel pebbles canreach the discharge burnup and the 
burnable poison will burn out. The main parameters 
of the design equilibrium state areshown below table 
1. 
Table 1: Reactor Parameters of the Equilibrium State 

Parameter Value 
keff 0.9182 
Power peaking max./avg 4.09 
Max. power per ball (kw/ball) 2.43 
Core-leakage 15.27% 
Avg. fuel residence time (D) 1057 
Avg. burnup (MWD/T) 88782 

According to the table 1, the power peaking is 
very high, so the fuel pebble which contains BPPs 
with a radius of 75 μm does not suit in the core 
which is suggest under one cell calculation model. In 
this paper, the calculation model is full core. The 
fuel pebbles are moving in the reactor core. In the 
core, the fuel balls have different amount of 10B due 
to the depletion of 10B and influence each other. So 
the behavior of the fuel ball contain BPPs in the 
reactor core must have difference with that in a 
single cell. 

Then the vary radius of the BPPs is set to 
analysis the effect of the size of BPP. The core data 
with the radius of the BPPs different from 0.0065μm 
to 0.0090μm are shown in table 2.The power density 
distribution along the central axisin the core is 
shown in Fig. 2. 

Table 2: Power Density with Different Radius of 
BPPs 

Diameter of BPP Power 
peaking 

Max. power per ball 

0.0065 4.79 2.86 
0.007 4.54 2.71 

0.0075 4.09 2.44 
0.008 3.6 2.15 

0.0085 3.16 1.89 
0.009 2.84 1.69 

 
Fig. 2: Power density curves along thecentral axis 

under different radius of BPPs 
Fig. 2 shows that increasing the size of particle 

flattens the power density distribution and moves the 
peak position toward the center along the axial 
direction. The value of the power peaking is also 
decreased but still greater than that of multi-through 



 
 
 

Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-51157 
 

case. Due to the different radius of the BPPs, the 
amount of 10B is different under the same 
density.The power distribution is influenced with the 
amount of 10B in the fuel. The depletion curves 
of 10B in the fuel pebbles are given in fig3. The 
curve value is the ratio of value of 10B at some time 
to the initial value. 
 

 
Fig. 3 10B burn up curves under different radius of 

BPPs 
The ordinate is the ratio of the concentration of 

the 10B. The concentrations decrease sharply when 
they approach the core. With small radius, the 10B 
are burn out after about 100 burnup steps. When the 
radius reaches 0.009μm, the speed of the depletion is 
different. It can be found the decrease in 10B is slow 
at the beginning. Because of the large amount of 10B 
in the fresh fuel, the neutron absorption rate is large 
and the thermal flux is small. According to the eq. 
(1), the speed of depleting 10B is small. At the same 
time, the power density is very low at the top of the 
core which can be found in Fig2. At the middle in 
the core height, the speed of the depletion at radius 
0.009μm is almost close to the beginning depleting 
speed in other cases. In other words, the process 
with BPPs of radius of 0.009μm is delayed because 
of the high initial mass. So the position of power 
peaking move to the middle of the core as the radius 
of BPPs increases where the quantity of 10B is 
reduced. 

On the other hand, due to the existence of the 
burnable poison, the core is subcritical. This is 
understandable because fuel enrichment must 
increase to keep the corecritical. Table 2 show the 
result with varying enrichments in the fuel with the 
radius of BPPs 0.0075μm. 
Table 3 Power density vs different fuel enrichments 

Fuel 
enrichment 

Power peaking Max. power 
per ball 

8.5% 4.09 2.43 
9.0% 3.74 2.23 
9.5% 3.52 2.1 

10.0% 3.31 1.97 
10.5% 3.1 1.85 
11.0% 2.92 1.74 

When the enrichment increases, the k-effective 
goes up. The core reaches critical at high enrichment, 
another benefit is that the large enrichment decreases 
the power peaking and max ball power. The curves 
of the power density along center axis are shown in 
Fig. 4. It is can be seen the positions of the power 
peaking barely moves. As the flux in the top of core 
is smaller, the speed of the depletion is slower, The 
remain of BPPs in discard pebbles is larger as well. 
The thermal flux of the high enrichment is low 
which cause the low power density shown in Fig 4 
so that the speed of depletion is slow shown in Fig. 
5. 

 
Fig. 4 Power density curves with central axis under 

different fuel enrichments 

 
Fig. 5 10B burn up curves under different enrichment 

with radius of BPPs 0.0075μm 
Based on the above discuss, in the design process 

of HTR core with one-through fuel contained the 
burnable poison, the size of burnable poison is used 
to adjust the position of the power peak and flatten 
the power distribution, and the enrichment is used to 
keep critical state. After several comparisons, two 
models are set which can achieve desirable power 
density distribution.The power density distribution 
of these two cases is given in Fig6. 

Table 4 Critical core parameters 
Index Fuel 

enrichment 
Radius 
of 
BPPs 

Power 
peaking 

Max. 
power 
per 
ball 

model1 11.7% 0.009 2.1 1.25 
model2 12.7% 0.0095 1.73 1.03 
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Fig. 6 Powerdensity distribution in optimized case 

Fig.6 shows that the power density distribution 
of model1 during one-through process resembles the 
multi-through one, but the value of the peaking is 
greater and the decrease speed is faster. At the 
bottom of the core, the power density is lower. The 
position of the power peaking for model2 is lower 
and the pattern of the curve is better. One pitch fall 
with lower position of power peak is it may change 
the thermal hydraulic feature, such as the maxium 
fuel temperature, which needs further analysis.  

 
CONCLUSION 

 
In order to control the excess reactivity and 

pattern the power distribution, burnable poison 
particles are added into the fuel pebble in the HTR 
when one-through fuel load is set. In this paper, 
several radiuses of BPPs and enrichments in the fuel 
is simulated with scientific software. Two models 
emerge with similar power density distribution as 
that of multi-through fuel loads. The result shows 
the usage of BPPs in fuel can change the 
characteristics of the core with one-through fuel load. 
This paper only investigates the power distribution 
and the depletion characteristic of 10B inside the core. 
The burnable poison used in HTR seems acceptable. 
When the radius of BPPs is large, the depleting 
speed of 10B is low due to the large initial amount of 
poison. When the enrichment is high, there are 
remain 10B in the waste fuel is large. The future 
direction may discuss the physics features in HTR 
together with thermal hydraulic analysis. 
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