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Abstract
The Pebble Bed Modular Reactor (PBMR) concept can be described as a
high-temperature helium-cooled, graphite-moderated pebble-bed reactor with a
multi-pass fuelling scheme. The fuel is contained in 6 cm diameter graphite
spheres containing carbon-based coated UO2 kernels. An online fuel reload
scheme is applied with the fuel spheres being circulated through the reactor.
The pebble-bed reactor core thus consists of fuel pebbles packed in the core
cavity in a random way.
The packing densities and pebble flow is well known through analysis and
tests done in the German experimental and development program. The pebblebed typically has a packing fraction of 0.61. In the event of an earthquake this
packing fraction may increase with the effect that the core geometry and core
reactivity will change.
The Safe Shutdown Earthquake (SSE) analysis performed for the PBMR 400
MW design is described in this paper, and it specifically covers SSE-induced
pebble-bed packing fractions of 0.62 and 0.64. The main effects governing the
addition of reactivity in the SSE event are the changes in core neutronic leakage
due to the decreased core size and the decreased effectiveness of the control
rods as the pebble-bed height decreases. This paper describes the models,
methods and tools used to analyse the event, the results obtained for the
different approaches and the consequences and safety implications of such an
event.
KEYWORDS: PBMR, packing fraction, safe shutdown earthquake,
transients, Tinte

1. Introduction
The Pebble Bed Modular Reactor (PBMR) concept can be described as a high-temperature
helium-cooled, graphite-moderated pebble-bed reactor with a multi-pass fuelling scheme. A
detailed description of the plant design, specifically the reactor core neutronics design, has been
published [1,2,3]. In pebble-bed reactors the fuel is embedded in 6 cm diameter graphite spheres
containing carbon-based triso-coated UO2 kernels. In the PBMR annular core the fuel spheres are
packed in a random way and the typically achieved average packing fraction (1 – void fraction)
is assumed to be 0.61. It is important to understand the behaviour of a pebble-bed under normal
*
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operation (see reference [4] for example) but the focus of the work presented here is on the
effects that a postulated change in the bulk or average packing density during an earthquake will
have on the core-neutronics and thermal-hydraulics behaviour of the PBMR.
The variation in the packing fraction in pebble-beds during earthquakes has been studied in
detail in the SAMSON [5] shaker-table experiments, located at the HRG (HochtemperaturReaktorbau GmbH) site at Jülich, Germany. This was used to postulate conservative compaction
densities and times for use in the safety studies presented here. This is described in Section 2
with the models and calculational approach detailed in Section 3. The results and a discussion of
the phenomena observed are included in Section 4, followed by the conclusions.

2. The Postulated Safe Shutdown Earthquake
The effect of the postulated Safe Shutdown Earthquake (SSE) event on the Reactor Unit (RU)
is translated into a compaction of the pebble-bed or fuel region only. No radial disturbance in the
core cavity dimensions are modeled since these are excluded by the core structure and graphite
reflector design. Therefore, the only effect of the pebble-bed compaction is a decrease in the
pebble-bed height. The change in pebble-bed height is accompanied by a reactivity insertion due
to the denser packing of the fuel spheres as well as a simultaneous reduction in the control rod
effectiveness (the insertion depth is reduced relative to the top of the pebble-bed).
It is assumed that during a given SSE the packing fraction of the fuel pebbles increases from
the nominal 0.61 to a higher value. This paper reports on two pebble-bed compaction cases,
namely, an increase in packing fraction to 0.62 and also to 0.64. The 0.62 represents a realistic
but conservative estimate for the PBMR reactor, whereas the 0.64, being the upper limit for
randomly packed spheres, represents an extreme and bounding case for a pebble-bed core [6].
Also, each of the compaction cases was analysed for compaction durations of 5 seconds and 15
seconds respectively, which represent the typical range for the duration of strong shaking that
results from large earthquakes.
In addition to the compaction effects it is postulated that the SSE includes a loss of coolant
circulation; a PLOFC (Pressurised Loss of Forced Cooling) is defined as the design basis
accident and a DLOFC (Depressurised Loss of Forced Cooling) as the beyond-design-basis
accident.
The chosen packing fraction of 0.64 for the SSE event is very conservative and such a high
packing fraction would be the end result of shaking a pebble-bed for a very long time (compared
to the typical earthquake duration). Thus, the cases which assume that the maximum packing
fraction (0.64) could be attained in 5 seconds or 15 seconds, are in fact hypothetical. Although
those cases are not realistic, they still provide valuable insights with respect to limiting or
bounding values for the neutronic and thermal response of a pebble-bed reactor. The SAMSON
shaker-table experiments indicated a much smaller pebble solid faction increase; from 0.61 to
0.613 for a 5 second duration, and an increase to 0.616 for a 15 second duration, both attained at
a 0.4g peak acceleration [7]. The change in core packing ratio will cause a reduction of about
0.177 m and 0.516 m in the total pebble-bed height, and with the same increase in the height of
the cavity above the core, for the 0.62 and 0.64 compaction fractions respectively.
In the event of an earthquake it is important to quantify the changes in the core reactivity, the
fission power and material temperatures, especially the fuel heat-up rate during the power
excursion.
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3. The Calculational Path and Model Approach
The VSOP99/3 [8] and Tinte [9] codes, developed at the Research Centre Jülich (FZJ) and
licensed to PBMR (Pty) Ltd, were used to evaluate the SSE event. In the models the effects of a
pebble-bed compaction and reactivity insertion due to the reduced control rod insertion depth
(both functions of time) need to be modeled in a manner that corresponds as closely as possible
to reality. It is not possible to model all aspects of the SSE event as true functions of time with
the available tools. Some simplifications and assumptions were made to provide the best
approximate analysis of the event.
The two major phenomena that need to be captured are first the neutronic response of the fuel
due to the bed compaction including the subsequent feedback effects, and second, the changes in
the heat transfer from the pebble fuel to the adjacent graphite core structures during the loss of
cooling events. Since it is not possible to model the pebble-bed geometrical compaction
dynamically with Tinte (and very few neutronics codes, if any, do have such capabilities), it
therefore necessitates a two-fold approach. An un-compacted Tinte model is used to obtain the
conditions just before the SSE event, and a compacted model is used to reflect the end state
directly after the SSE event. Consequently, this dual approach implies that the SSE cases were
performed with both the Tinte compacted models and the normal operation un-compacted model.
3.1 Geometrical Models
VSOP99 input data was generated for the two compaction cases and also for the two
associated control rod insertion depths. First, a case is defined where the pebble-bed is
compacted and accompanied by a reduction in the control rod effective insertion depth due to the
bed compaction (the actual situation). In the second configuration, only a pebble-bed compaction
is simulated by allowing the control rods to follow the pebble-bed compaction so that the
insertion depth, relative to the height of the bed, remains the same as before the SSE event. This
was done to separate the two effects. The reference and compacted geometrical models are
shown in Figure 1, with the axial height in centimeters given on the Y-axis.
The aspects that had to be included in the two VSOP99 models include: i) changes in the
geometry, ii) changes in the homogenised number densities due to the higher packing fraction,
iii) re-evaluation of spectrum calculations taking the new cell leakage into account, and iv)
positioning the control rods correctly. The isotopic distributions from the VSOP99 models are
also used to generate the macroscopic cross-section libraries to be used in the Tinte analysis.
In the time-dependent Tinte analysis either the reference or the already compacted end-state
geometrical model was used since it is not possible to change the geometry during the transient
calculation. The un-compacted model represents the reactor geometry at the start of the SSE
event while the compacted geometry represents the end state after a 5-second or 15-second SSE
event. The compacted model represents the correct conditions for the rest of the event (PLOFC
or DLOFC), calculated over the next 50 hours. It should thus be a better representation of the
thermal processes during the initial heat-up and subsequent cool-down process. Both these
geometrical models were tested.
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Figure 1: Reference and SSE geometrical models in VSOP.

3.2 Case Definitions
The two geometrical models in Tinte were used in the following way. For the reference
geometry (un-compacted) the total effect of the SSE reactivity insertion as determined by the
VSOP99 analysis was applied as a global reactivity insertion in the pebble bed. We later show
that this approach is conservative. Making use of the appropriate compacted model the SSE
transient is analysed by introducing the two components of the reactivity insertion separately.
The reactivity addition due to the compaction of the pebble-bed is introduced as a global
reactivity increase (obtained from the VSOP99 analysis) while the effect of the control rods
“being exposed” is simulated as a control rod withdrawal within the Tinte transient. This should
capture some of the spatial effects of the control rod’s effective removal during the pebble-bed
compaction.
The different cases and its associated name are listed in Table 1. The case names will be used
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throughout the results section and have the following meaning:
1. TGRI: The un-compacted geometrical model was used for those cases where the total
reactivity effect of the core compaction are modeled as a global reactivity insertion
(TGRI=Total Global Reactivity Insertion).
2. GRI+CR: The appropriate compacted geometrical models (0.62 or 0.64 packing) were
used. The reactivity insertion due to the relative withdrawal of the control rods (CR) are
simulated by modeling the rod withdrawal in Tinte whereas only the reactivity increase
due to the core leakage effects are modeled as a global reactivity insertion.
In each case the final packing fraction (0.62 or 0.64) and the duration over which the
compaction took place (5 sec. or 15 sec.) are also included in the name.
Table 1: SSE cases performed with Tinte
Case name

Geometrical model

CR (Control rods)

Compaction

TGRI_0.62_5s/15s

Un-compacted,
CR=202 cm

No movement

0.61 – 0.62 in 5/15 sec.

GRI+CR_0.62_5s/15s

Compacted 0.62,
CR=218 cm

Withdrawal,
~218 cm to 202 cm

0.61 – 0.62 in 5/15 sec.

TGRI_0.64_5s/15s

Un-compacted,
CR=202 cm

No movement

0.61 – 0.64 in 5/15 sec.

GRI+CR_0.64_5s/15s

Compacted 0.64,
CR=248 cm

Withdrawal,
~248 cm to 202 cm

0.61 – 0.64 in 5/15 sec.

The SSE events were calculated as a design basis accident (PLOFC) and a beyond-designbasis accident (DLOFC) associated with the SSE. In all these cases the depressurization and the
loss of active cooling were assumed to take place over 5 seconds and directly after the reactivity
insertion terminated. In this time the mass flow rate decreased from the normal 192.7 kg/s to zero
and the outlet pressure from ~9MPa to 6.0 MPa for the PLOFC and atmospheric pressure for the
DLOFC, respectively. All changes during the event were assumed to be linear, including the
reactivity insertion.

4. Results
4.1 Steady-state Cases
The reactivity additions during the SSE event were obtained from the steady-state VSOP99
calculations. The results are shown in Table 2 for the different cases (using the same naming
convention as explained before). The control-rod position and packing fraction are shown with
the resultant keff. Note that the control rod positions are given relative to the bottom of the top
reflector, a reference point that is not moving during the SSE event. The last column shows the
reactivity to be applied to the different Tinte cases. In these VSOP calculations all material
temperatures were kept unchanged and thus only the leakage and leakage spectrum effects were
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taken into account (in the few-group cross-section updates). This approach was selected since the
temperature feedback effect (that would decrease the reactivity value) is taken into account in the
time-dependent Tinte analysis.
Table 2: VSOP99 results for different packing fraction and CR cases
Case

CR position (cm)

Packing fraction

keff

Reactivity ρ

Reference

202

0.61

1.0000

-

TGRI_0.62

202

0.62

1.0041

+0.41%

GRI+CR_0.62

218

0.62

1.0024

+0.24%

TGRI_0.64

202

0.64

1.0127

+1.27%

GRI+CR_0.64

248

0.64

1.0074

+0.74%

The Tinte analysis results, as obtained with the three steady-state models (Uncompacted-0.61,
Compacted-0.62 and Compacted-0.64), are presented in Table 3. In order to obtain the correct
starting conditions for a Tinte model, all transient runs are preceded by a steady-state analysis.
For this SSE event analysis it was assumed that the reactor is at full power operation of 400 MW.
For the two compacted models, it was ensured that the helium flow paths, temperature and power
distribution, and other quantities are similar to the un-compacted model so that the starting
conditions of the event are not changed too much. Table 3 reflects the values of some of the
major reactor parameters at full power steady state conditions and show that the thermal and gas
flow conditions are indeed similar.
Table 3: Tinte SSE models – Steady-state operating conditions

Description
Total Power
Relative reactivity
Control rod position
Maximum fuel temperature
Core average fuel surface
temperature
Coolant inlet temperature
Coolant inlet pressure
Coolant outlet temperature
Coolant outlet pressure
Coolant mass flow rate

MW
%
cm
°C
°C

Un-compacted0.61
400.0
202
1084.3
818.8

Compacted0.62
400.0
+0.12%
218
1085.5
818.7

Compacted0.64
400.0
+0.32%
248
1085.7
817.6

°C
MPa
°C
MPa
Kg/s

500.0
9.0
896.7
8.79
192.7

500.0
9.0
896.7
8.77
192.7

500.0
9.0
896.7
8.73
192.7

Units

Some of the effects of the compaction can be seen in the Tinte steady state results. For
example, the pressure drop increased with the increased packing fraction. The influence on the
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steady-state keff values, shown as a relative reactivity, is also interesting. Even though the control
rods were inserted to the same relative insertion depth as during normal operation, an increase in
the reactivity as a function of the packing fraction is seen. This effect was also observed in the
VSOP99 results. However, in the Tinte cases the temperature feedback effects were included that
would explain the considerable lower reactivity effects seen. The differences could also be due to
differences in methods and data but comparisons in the reference normal operation models
showed good agreement in general.
It is important to note that the steady-state calculation, which is always performed before the
transient analyses, is used to obtain a critical starting condition for the transient. The critical
condition is then achieved by adjusting the core global reactivity. The different Tinte SSE
models will thus all start from a critical condition but different reactivity insertions are applied in
the transient. In each transient run performed the reactivity as calculated by VSOP99 (shown in
Table 2) was added as a global reactivity. In the GRI+CR cases this is, of course, in addition to
the reactivity insertion due to the control rods being withdrawn from its postulated inserted
positions (simulating the reduction of the relative control insertion depth). The Tinte transient
results are presented in Section 4.2.
4.2 SSE Transients
The results for the SSE transient cases performed with Tinte are presented in Figures 2 – 7.
Figure 2 shows that for a given reactivity insertion (ρ or Δkeff input in the Tinte runs) the fission
power peak is lower for the 15-second insertion period than for the 5-second insertion period.
The total thermal energy (or heat) produced in the fuel, for a given reactivity insertion, should be
more or less the same (will have the same end condition), independent of the time over which the
reactivity insertion takes place. Therefore, the peak for the 15-second insertion duration must be
lower than for the 5 second insertion duration. For the more realistic 0.62 packing fraction case,
it is seen that the fission power values as predicted by the two Tinte models, un-compacted vs.
compacted, are very close. Therefore, the manner in which the reactivity is applied in the core is
not that important for the 0.62 case.
For the higher, and less realistic, 0.64 compaction case the change in the axial height of the
core is much more pronounced, so in this case it is important to model the two reactivity
insertion components explicitly. Also, for the 0.64 case the much tighter packing of the fissile
material, in the compacted model, produces stronger neutronic feedback effects within the fuelbearing part of the pebbles, resulting in a lower fission power peak than that of the un-compacted
model. Nevertheless, after about 30 seconds into the transient, the graphite moderator feedback
becomes important and that causes the fission power, of both the 0.62 and 0.64 cases, to
approach that of a PLOFC or a DLOFC without any reactivity insertion.
Since the reactivity insertion is applied as a linear function of time, and through the selected
ranges for packing fractions (0.61-0.62 and 0.61-0.64) and compaction durations (5 seconds and
15 seconds), it must be noted that the reactivity insertion rate for the 0.62 packing over 5 seconds
is very close to that for the 0.64 packing over 15 seconds (0.0041/5 vs. 0.0127/15). Therefore,
the fission power curves for those two particular combinations almost coincide over the first 5
seconds. With respect to fission power, the effect of the SSE-induced reactivity insertion
disappears by about 300 seconds into the transient.
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Figure 2: Fission power for an SSE event and PLOFC conditions

Figure 3: Decay heat for an SSE event and PLOFC conditions
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Figure 4: Maximum fuel sphere centre temperatures for an SSE event and PLOFC conditions

Figure 5: Core average fuel sphere temperatures for an SSE event and PLOFC conditions
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Figure 6: Maximum fuel sphere centre temperature envelopes for an SSE event followed by
PLOFC or DLOFC conditions

Figure 7: Core average fuel sphere temperature envelopes for an SSE event followed by
PLOFC or DLOFC conditions
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The decay heat curves, expressed as a percentage of the total steady state power (400 MW), is
shown in Figure 3. They show behaviour similar to the fission power curves during the period of
reactivity insertion. Due to the elevated production of short-lived fission products, the decay heat
curves reach their maximum heat output after the reactivity insertion has terminated and the drop
down of the decay heat curves becomes purely a function of the decay rate of the short-lived
isotopes.
A very important aspect to be aware of is that the Tinte maximum fuel centre temperature
represents the maximum value in the core at each time step, and consequently, the position (mesh
cell) in which it occurs changes over time. During steady state full power conditions the
maximum fuel centre temperature is located towards the lower third of the core. For PLOFC and
DLOFC transients the position of maximum fuel centre temperature moves upwards in the core,
with some radial outward movement as well, so that it is eventually located in the core where the
highest steady state power production occurred. The large heat capacity of the graphite ensures
that the temperature rise in the fuel sphere graphite lags behind the rise in fission power.
Subsequent to the reactivity insertion, the fission power (or heat production) is determined by the
fuel temperature and the rapid decrease in the forced flow over the fuel spheres. These effects are
evident in the change in slope of the temperature curves in Figure 4.
The core average fuel temperatures, depicted in Figure 5, also show a rapid rise in
temperatures up to the end of the reactivity insertion. Thereafter, the rise in temperatures is
determined by the continued heat generation in the fuel spheres (fission and decay heat) as well
as the spatial redistribution of the heat energy in the core and also into the adjacent graphite core
structures.
Figures 6 and 7 provide the long-term response of a postulated PLOFC or DLOFC subsequent
to an SSE event. It is clear, from both figures, that fuel sphere temperatures are dominated by
PLOFC conditions early in the event (less than 300 seconds), and by DLOFC conditions over the
longer term. The important role that a helium inventory, at 6 MPa, plays in lowering the fuel
temperatures is strikingly illustrated on those two figures. In the absence of a helium inventory in
the RU, or DLOFC conditions, the low effective thermal conductivity coefficient in the pebblebed, relative to the other materials in the RU, is responsible for the high fuel temperatures later in
the transient. Furthermore, the offset from the base case in both sets of graphs, PLOFC or
DLOFC, is an indication of the additional thermal energy generated in the core, resulting from
the reactivity insertion as produced by the SSE compaction of the core.

4. Conclusion
A calculational approach to model the SSE event or the PBMR 400MW reactor was developed
and implemented making use of the tools available. A Tinte analysis of the neutronic and thermal
transient response of the PBMR 400 MW Reactor that follows from a SSE compaction of the
fuel spheres in the reactor core requires a dual modeling approach that yields a bounded estimate
for the SSE event. Since it is not possible to model the time-dependant compaction of the fuel, an
un-compacted model was used to reflect the conditions at the start of the SSE event, and a
compacted model was used to represent the conditions at the end of the SSE event. These models
were derived from the VSOP99 models.
The main observations, as drawn from the Tinte analysis of the SSE event, are
1. The reactivity insertion produces a rapid upsurge in the fission power with the peak
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values reached close to the end of the insertion duration,
2. Strong temperature feedback effects lead to a rapid decline in the fission power and after
300 seconds the fission power is close to the fission power levels that are obtained for a
PLOFC without the SSE reactivity insertion,
3. The fuel temperatures also experience a rapid increase, with fuel-centre temperatures
reaching a maximum shortly after the SSE induced reactivity insertion has ended,
4. The packing fraction that results from an SSE event has a strong effect on the heat-up rate
of the fuel kernels and fuel spheres. The rates that the kernels can sustain without damage
to the triso-coated layers are under investigation,
5. For a realistic packing fraction increase, from 0.61 to ~0.62, either of the Tinte models
(un-compacted or compacted) could be used to analyse an SSE event,
6. Reactor operating conditions prior to an SSE event, and other than steady state full
power, should be investigated to determine which conditions produce the worst impact on
fuel heat-up rates and temperatures.
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