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ABSTRACT 
The Pebble Bed Modular Reactor (PBMR) is a high-

temperature gas-cooled pebble bed reactor being designed to 
be built in South Africa. 

The PBMR design provides for the unloading of all the 
fuel pebbles from the core into the used fuel tanks to allow 
for possible reflector replacement or inspection. After a full-
core unload the spatial isotopic distribution within the core 
from the previous operational period is lost and it is 
impossible to replicate the fuel sphere positions exactly. 

The purpose of this study is to describe the 
methodology developed to analyse the core neutronic and 
thermal-hydraulic behaviour after a reloading following a 
full-core unload, and to present these results. 

INTRODUCTION 
An online fuel reload scheme is applied in the PBMR 

[1] with the fuel spheres being circulated through the reactor 
core six times (on average) in the so-called MEDUL cycle. 
The spatial isotopic distribution of the fuel in the core is 
therefore related to the operational history and conditions, 
flow paths of the fuel spheres through the core and the 
corresponding loading speed, which defines the time each 
fuel sphere spends in the core.  

The PBMR design provides for the unloading of all the 
fuel pebbles from core into the used fuel tanks to allow for 
possible reflector replacement or inspection. The subsequent 
reloading and re-commissioning of the core raises a number 
of important issues. The knowledge of spatial isotopic 
distribution from the previous operation period is lost and 
cannot be replicated by reloading after such an event. This 
situation leads to uncertainty in the isotopic distribution and 
has an impact on the core neutronics behaviour and safety 
analysis. Historically, there is also no experience with regard 
to this scenario. The purpose of this study is to describe the 
methodology developed to analyse the core neutronic and 
thermal-hydraulic behaviour after a core reloading following 
a full-core unload, and to present these results.  

Although the neutronic analysis code VSOP99 [2] 
allows the user to copy the exact spatial isotopic 
distributions after a full-core unload, in reality this is not the 
case. A probabilistic method is suggested in this paper to 
simulate the position of each pebble or batches of pebbles 
after reloading from the Used Fuel Tank (UFT). To develop 
such a method it is important to know the dimensions of the 
UFT and the unloading strategy for the fuel pebbles, i.e. to 
what extent they can mix in the unloading/reloading process. 
With this information the spatial isotopic distribution of the 
core, which is known from the previous operational period, 
is randomly mixed and reintroduced in the core taking into 
account the constraints on the mixing conditions as imposed 
by the unloading/reloading process. 

This paper is more focused on the methodology 
developed to analyse such a condition in pebble-type high-
temperature reactors. The results are presented in terms of 
reactivity (k-eff); power peaking and maximum temperature; 
Reactivity Control System (RCS) worths and shutdown 
margins. The study will also give insight into the possible 
reductions in power or operational conditions after the 
reload to ensure safe operation within the core design 
criteria. This might be required due to additional power 
peaking or power shape changes. 

VSOP99 CODE SYSTEM 
VSOP is a computer code system for the comprehensive 

numerical simulation of high-temperature gas-cooled 
reactors (HTGR), based on diffusion theory. It involves the 
setup of the reactor geometry, fuel design, processing of 
cross-sections, neutron spectrum evaluations, and neutron 
diffusion calculations in two- or three-dimensions, fuel 
burnup, fuel shuffling, reactor control, thermal-hydraulics 
and fuel cycle cost calculations [2]. VSOP can simulate the 
reactor operation from startup to equilibrium core and 
subsequent operating states. 

In VSOP the basic unit of reactor core is defined as a 
“batch”. The reactor design must be divided into batches and 
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they must be loaded with fuel or with the materials of the 
reflector, etc. if outside the active core. The burnup and fuel 
shuffling calculations are performed in these batches.  

In pebble bed type reactors the simulation of the flow of 
the pebbles can be performed by defining flow lines and a 
conus region. These flow lines refer to the lines that indicate 
the flow of pebbles in the core. The core can be divided into 
several channels to define axial regions within which pebbles 
should flow at equal speed. The different speeds of the 
pebbles within the core can be simulated by defining 
different numbers of layers in these channels. Each of these 
layers might contain a mixture of different fuel element 
batches. They represent the various passes through the core, 
i.e. from fresh to the sixth pass in a six-pass loading strategy.  

In any stage of the analysis it is possible for the code 
user to edit the isotopic distribution in the pebble core and 
reactor structural materials. VSOP99 further allows the user 
to extract the atomic number densities for each isotope per 
batch to the user output file.  

VSOP99 MODEL  
In this paper the 2-D, axisymmetric computational 

model of PBMR 400 MW is used. Figure 1 represents the 
PBMR core and layout of the core structures. For the 
purposes of the neutron physics calculations, the layout of 
the reactor is considered in detail up to the graphite outer 
reflector. The control and shutdown system and helium flow 
channels are also considered. It is to be noted that for 
thermal-hydraulic purposes, the geometrical layout is 
extended beyond the neutronics model. The pebble flow 
through the core is simulated by five pebble flow channels. 
The relative speeds are simulated by the relative number of 
regions per flow line. The annular core is divided into 79 
partial volumes, each of which contains a mixture of six 
different fuel element loads. Reitsma [3] gives more details 

on the VSOP model.  
The equilibrium cycle is calculated with VSOP99/3 by 

performing quasi-static cycle depletion calculations while 
simulating the fuel management, control rod positions and 
temperatures. This calculational process is continued until 
equilibrium is reached, i.e. the results of one burnup cycle 
are reproduced by the following burnup cycle. The cycle 
achieved at this stage is accordingly termed the ‘equilibrium 
cycle’, and is characteristic of the largest part of the reactor 
operational conditions. 

USED FUEL TANK (UFT)  
The maximum amount of used fuel spheres that could be 

loaded into a storage tank is 500 000. This includes a 5% 
additional volume and the volumes of the three defuel 
chutes. The schematic view of a used fuel tank is shown in 
Figure 2 [4]. 

The mechanical brake limits the sphere velocity as it 
drops down inside the tank. It consists of a pipe with a 
number of obstructions along the length of the pipe. The 
obstructions prevent the sphere from falling straight through 
since it hits every obstruction as it goes down. In this way 
the spheres are not allowed to accelerate to a velocity that is 
too high. In the pipe wall, there are exit openings at intervals 
of 50 cm that allow fuel spheres to exit the brake pipe at that 
position.  

When the tank is empty, the spheres run all the way 
through the brake system. As the tank is filled the pebble bed 
height gradually increases until it reaches the bottom of the 
brake-pipe. When the spheres cannot exit at the bottom, they 
start to build up inside the pipe until they reach the first side 
opening. Subsequent spheres then hit the last stacked sphere 
in the pipe, and bounce out through the opening. This goes 
on until the pebble bed reaches this opening level height.  
The tank is thus filled from the bottom, with minimum 
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Figure 1: PBMR 400MW core and internals layout 
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Figure 2: Schematic of a used fuel tank 
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increments of 50 cm.  The side openings alternate between 
front and back in order to load the tank more evenly.  Figure 
3 illustrates the process described [5]. 
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Figure 3: Pictorial view of a section of the mechanical 
brake along with the functioning of it 

RELOADING METHODOLOGY 
The reloading after a full-core unload strongly depends 

on the mixing of the pebbles during the process. The mixing 
process can be analyzed in two different cases, namely: (1) 
inside the core, and (2) inside the UFT.  
In-core Mixing 

During the unloading process different flow speeds of 
the pebbles will cause valleys above the defuel chutes. Since 
the pebbles touching the reflector surfaces will flow down 
slower than the pebbles in the middle, they will start to roll 
down onto the other pebbles in these valleys. The differences 
in the axial flow speeds due to this delayed flow close to the 
annulus boundary will cause some axial pebble mixing. 

The annular core will also be filled with graphite 
pebbles before the reloading process is started. These 
graphite pebbles will form heaps and valleys at the top of the 
core due to the three equally spaced loading positions. The 
graphite pebbles will start flowing down when the fuel 
pebble reloading starts. During the reloading process the 
position where a specific fuel sphere ends up is random and 
thus a total mixing of fuel spheres being loaded at the same 
time will take place within the annulus radius. 

During the reloading process, the three different loading 
positions will also cause an azimuthal mixing of the pebbles. 
Since the power production at the equilibrium condition is 
symmetric in the azimuthal direction, this is not expected to 
have an important effect. Due to the 2D modelling of the 
core in VSOP99, this effect is omitted from the mixing 
model.  
UFT mixing 

During the loading of the UFT, the pebbles at the same 
axial height in the core (unloaded together) will mix, and 
pebbles in different positions will also mix together due to 
the 50 cm separation and 180o offset of the openings in the 

mechanical break-pipe. The pebbles will start dropping from 
a given opening when the UFT is filled up to that height. The 
half of the UFT corresponding to the side of the opening will 
have more pebbles than the other side. After the pebbles 
have reached the opening, the fuel spheres will fill up the 
mechanical break-pipe to the next opening above. Due to the 
180o offset, the other side of the UFT will now receive more 
pebbles.  

The 50 cm separation of the openings in the mechanical 
break pipe in the UFT allows about 13000 pebbles to be 
unloaded between two openings. The heights of the VSOP99 
model layers are all larger than 50 cm and include a total of 
~32000 pebbles. Therefore, only the mixing of the fuel 
spheres of two axially neighbouring VSOP99 model layers is 
possible and no mixing with a 2nd layer down (neighbour’s 
neighbour) is expected. To conclude, due to the combined 
effect of the in-core mixing of the pebbles during unload and 
reload, and the mixing in the UFT, a mixing of only two 
vertically neighbouring VSOP99 layers is expected. 
Overall Mixing Implementation 

A script was developed to obtain the isotopic 
distributions from an equilibrium VSOP99 run output file 
and mix them according the unload/reload constraints. The 
UFT loading and unloading mechanisms assure a mixing of 
the pebbles in the same axial position layers in the in the 
core.  

The reloading script allows the user to define the mixing 
type: (a) no unload/reload constraints, and (b), horizontal 
mixing with a defined level of vertical mixing. The second 
input to the script is the level of mixing: (a) batch level, and 
(b) pebble level. An example of the possible isotopic 
distributions obtained by applying only horizontal mixing at 
batch level is shown in Figure 4. Figure 5 illustrates the 
horizontal and vertical mixing in batch level; the vertical 
mixing level is defined with only one vertical neighbouring 
layer.  

The reloading script generates the mixing in a random 
manner. A random number generator that uses the current 
time as seed (to have different numbers every time) is used 
in the simulation of the mixing process. Randomly selected 
batches or pebbles in these batches, depending on the mixing 
level, are only allowed to move to the predefined positions 
in the core. The new positions of the selected batches or 
pebbles are also selected randomly from these predefined 
positions. The mixing process starts from the top of the core 
and continues to the bottom. This introduces a higher level 
of mixing at the top batches than at the bottom ones, if 
vertical mixing is chosen. The repositioning of the batches or 
pebbles requires more than one iteration since the volume of 
the batches is not equal. The iterations continue until all the 
batches are filled.  

Mixing starts with a randomly selected batch at each 
horizontal level, from top to bottom. The selected batch is 
moved to another batch position. The mixing process is 
controlled by the volumes of the batches to ensure 
conservation of mass. If the new position is not filled 
completely then another batch is selected to fill the position 
in the second iteration. In the opposite situation, if the 
selected batch is larger than the new batch, the remaining 
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amount is filled to another batch position in the second 
iteration. This process continues until all the batches are 
filled and/or all the batches are moved to new positions. 

 

 
(a) 

 
(b) 

Figure 4: Batch level mixing only in an horizontal direction: 
(a) equilibrium cycle conditions, (b) after mixing 

 

 
(a) 

 
(b) 

Figure 5: Batch level horizontal mixing with one layer 
vertical mixing: (a) equilibrium cycle conditions, (b) after 

mixing 

RESULTS 
The analysis was performed for the horizontal mixing of 

the pebbles with vertical mixing occurring only with the 
pebbles’ nearest axial neighbouring layer. The calculations 
are repeated 170 times to obtain a statistically significant 
number of samples to ensure that the random mixing 
represents a normal distribution. The samples are put to a 2�  
test and the distributions, with respect to all output 
parameters, satisfy the 95% confidence interval, i.e. 95% of 
the samples fall within the 2�  width around the mean value. 

The equilibrium cycle properties and the mean values of 
the results are shown in Table 1. The keff value is increased 
by about 215 pcm after reloading, while the maximum fuel 
temperature is increased by about 40 oC. The maximum 
power density is increased by about 1 MW/m3. The other 
parameters; the maximum power per pebble, average fuel 
and moderator temperatures and the RCS withdrawal worth 
do not show significant changes, i.e. the equilibrium cycle 
values for these parameters are within the standard error 
width. 
Table 1: Comparison of the results with equilibrium 
cycle values 
Property Equilibrium 

cycle 
After reloading 

k-effective 0.99640 0.99854 ± 0.00091 
Maximum fuel sphere 
temperature [°C] 

1066.70 1102.18 ± 12.41 

Maximum Power per 
sphere [kW] 

2.72 2.77 ± 0.09 

Maximum power 
density [MW/m3] 

10.86 11.83 ± 0.69 

RCS withdrawal worth 
[% � k] 

1.44 1.38 ± 0.09 

Average Fuel sphere 
Temperature [oC] 

870.34 868.42 ± 2.65 

Average Moderator 
Temperature [oC] 

853.18 851.31 ± 2.65 

Percentage differences (equilibrium value vs. mean) of 
the reactivity requirements for the shutdown margins are 
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shown in Table 2.  Here, the total required reactivity to keep 
the reactor sub-critical is calculated by first withdrawing the 
RCS from its equilibrium position at the bottom of the top 
reflector (RCS out), then the reactor is cooled down to cold 
conditions, while xenon is decayed at zero power for 10 
days. The total required is thus the amount of the reactivity 
necessary to keep the reactor sub-critical at this condition. 
The total reactivity addition is calculated by inserting either 
the RCS or Reserve Shutdown System (RSS), and also by 
inserting them together.  

The maximum differences are observed in the RCS out 
case and the zero xenon case, but these are still less than 4%. 
The reactivity requirement is lower after reloading for all the 
cases except the RSS in and cold condition cases.  
Table 2: Change in shutdown margins and requirements 

Case Difference (%) 
RCS out -3.6 
Cold condition  0.5 
Zero Xenon -2.1 
Total Required -1.4 
RCS in -1.2 
RSS in 1.3 
Both RCS and RSS in -0.1 

 Figure 6 to Figure 10 show the results obtained with 
170 samples and Gaussian distribution fit. The 1�  boundary 
(or 2�  widths) is also shown.  
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Figure 6: keff values after reloading (mean: 0.99854 ± 
0.00091). 

Except for the keff and the maximum fuel temperature 
results shown in this paper, the remaining results do not 
show a significant change after reloading. Although the 
maximum fuel temperature increased significantly the 
average fuel temperature is slightly decreased, but the 
equilibrium cycle value still falls within the standard error 
width. The increase in keff values shows that some fresher 
fuels possibly moved down to a higher flux area. The RCS 
withdrawal results show a slight decrease which means that 
RCS is less effective in the equilibrium position. This may 
also contribute to the increase in keff.  
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Figure 7: Maximum Fuel temperatures after reloading 
(mean: 1102.18 ± 12.41 °C). 
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Figure 8: RCS withdrawal worth after reloading (mean: 
1.38294 ± 0.08765 % � k). 

The maximum fuel temperature has increased 
significantly, which can be explained by the movement of 
some fresher fuels to the neutron flux peak positions. This 
will cause an increase in the power and thus also the 
temperature within these pebbles. This will also increase the 
power peaking, and therefore the maximum power density.  

Although the maximum power per pebble does not 
change significantly, the maximum power density shows a 
more pronounced increase. One reason for this could be that 
the maximum power per pebble that is calculated on the 
batch level is under-predicted after the mixing. A batch can 
consist of several fuel sphere types (in respect to burnup) 
and the power per fuel sphere is calculated for the mixture. A 
method to keep the mixtures separate, by perhaps 
introducing more batches (some as pseudo batches in the 
equilibrium run) will be investigated in future. The RCS 
withdrawal worth decreases by about 0.06 % � k. 
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Figure 9: Maximum power density after reloading 
(mean: 11.83 ± 0.69 MW/m3). 
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Figure 10: Maximum power per pebble after reloading 
(mean: 2.77 ± 0.09 kW). 

CONCLUSIONS 
The safety relevant parameters investigated in this study 

do not show significant differences after reloading of the 
core. Only the maximum fuel temperature and keff show 
some effects. The percentage differences in the shutdown 
margins also show a good agreement with the equilibrium 
cycle results.  

In practice the increase in the keff will imply that the 
control rods will have to be situated at a deeper position 
after reloading to overcome the excess reactivity. The 
increase in the maximum fuel temperature is not too large 
but could easily be resolved by a temporary decrease in the 
operating power for a short time period after restart.  

The analysis is not based on a real startup strategy after 
unloading. In reality, the fuel pebbles will be reloaded into a 
core loaded with graphite pebbles and a normal approach to 
criticality will have to be done. Furthermore, the reactor will 
not be operating at power before a certain amount of fuel 

pebbles have been loaded. The power level will then 
gradually increase to full power. This kind of startup strategy 
will easily overcome the increase in the maximum fuel 
temperature. 

The results shown here are performed with batch level 
mixing. The pebble level mixing results would yield similar 
results since all batches are mixed before cell calculation is 
done to get the macroscopic cross-sections. The use of more 
batches to reduce the mixing at batch level and thus improve 
the accuracy of the batch edits (such as the power-per-fuel 
sphere), will be investigated. 

Although the analysis is performed making use of 
random mixing, some mixing conditions were excluded 
based on the physical dimensions and the 
unloading/reloading strategy of the system. So, although the 
analysis can be performed in a completely random way 
without any mixing conditions, it will not simulate reality.  

The analysis can also be extended to follow the actual 
startup procedure after reload.  
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