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Abstract – The PEBBED code was developed at the Idaho National Laboratory for 
design and analysis of pebble-bed high temperature reactors.  The diffusion-
depletion-pebble-mixing algorithm of the original PEBBED code was enhanced 
through coupling with the THERMIX-KONVEK code for thermal fluid analysis and 
by the COMBINE code for online cross section generation.  The COMBINE code 
solves the B-1 or B-3 approximations to the transport equation for neutron slowing 
down and resonance interactions in a homogeneous medium with simple corrections 
for shadowing and thermal self-shielding.  The number densities of materials within 
specified regions of the core are averaged and transferred to COMBINE from 
PEBBED for updating during the burnup iteration.  The simple treatment of self-
shielding in previous versions of COMBINE led to inaccurate results for cross 
sections and unsatisfactory core performance calculations.  A new version of 
COMBINE has been developed that treats all levels of heterogeneity using the 1D 
transport code ANISN.  In a 3-stage calculation, slowing down is performed in 167 
groups for each homogeneous subregion (kernel, particle layers, graphite shell, 
control rod absorber annulus, etc.)  Particles in a local average pebble are 
homogenized using ANISN then passed to the next  (pebble) stage.  A 1D transport 
solution is again performed over the pebble geometry and the homogenized pebble 
cross sections are passed to a 1-d radial model of a wedge of the pebble bed core.  
This wedge may also include homogeneous reflector regions and a control rod 
region composed of annuli of different absorbing regions.  Radial leakage effects are 
therefore captured with discrete ordinates transport while axial and azimuthal 
effects are captured with a transverse buckling term.  In this paper, results of various 
PBR models will be compared with comparable models from literature.  
Performance of the code will be assessed. 
 

 
I. INTRODUCTION 

 
Advances in computing power and interest in 

high temperature reactors (HTR) are driving 
developments in core analysis methods for graphite- 
moderated, TRISO-fueled reactors.  Existing HTR 
analysis methods have not advanced much since the 
mid 1980’s when support for the early High 
Temperature Gas Reactor (HTGR) programs began 
to decline.  At that time, most of the physics of 
HTRs was well understood [1,2] but limitations in 
computing power necessitated the use of 
approximate methods for capturing them. Detailed, 

multidimensional neutron transport and 
computational fluid dynamic analysis of such 
systems were simply not an option.  With the demise 
of the early HTGR programs, development  of 
methods and codes for these reactors simply 
stagnated. 

 
In contrast, light water reactor (LWR) methods 

enjoyed continued development as that technology 
matured to become the dominant nuclear power 
provider.  Sophisticated multiscale, multi-
dimensional algorithms and codes can now generate 
high fidelity maps of assembly power and burnup 
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distributions. Nodal diffusion and coarse mesh 
transport techniques can predict cycle lengths and 
power peaking with considerable accuracy.  When 
implemented on modern computer systems, 3-D 
spatial dynamic and core reload optimization 
computations can also be performed with 
confidence. 

With the renewed interest in high temperature 
reactors, a natural impulse would be to apply these 
sophisticated techniques and codes to the HTR core 
simulation problem.  In doing so, however, one 
quickly discovers that the very different physics of 
the HTR severely limits either the applicability or 
the accuracy of LWR tools. It is necessary to re-visit 
the physics of HTR fuel and cores and build or re-
build the tools one needs to model these systems. 

The Idaho National Laboratory has developed a 
unique (though not yet complete) pebble bed high 
temperature reactor (PBR) core simulation capability 
that exploits a combination of existing methods, new   
codes, and, most importantly, a basic understanding 
of the physics of HTRs.  These methods are not a 
radical departure from traditional methods but are 
more of a natural evolution given the techniques and 
computing power now available.  In this work, the 
status of, and approach to, the INL’s PBR core 
simulation capability is described with examples. 

 
II. APPROACH TO PEBBLE BED REACTOR 

CORE ANALYSIS 
 
In the following section, the unique 

characteristics of pebble bed reactors are briefly 
described along with some of the techniques 
currently employed to capture them.  The reader is 
referred to more comprehensive works such as [1] 
and [2] for an in-depth explanation of the underlying 
physics. 

 
II.A. The Challenge of PBR Core Physics 

 
The differences between PBRs and LWRs are 

substantial and often obvious.  In the PBR, the 
namesake spherical fuel elements consist of 
numerous tiny coated ceramic fuel particles 
embedded in a graphite matrix.  In most power 
reactor designs, these pebbles are loaded (dropped) 
randomly into the vessel so that it is effectively 
impossible to know precisely the location of the 
elements.  For neutronic modeling, this necessitates 
either homogenization of local clusters of pebbles or 
an unverified assumption of their locations.  
Modeling of many PBR designs is further 
complicated by the recirculation of the elements.  
Semi-continuous motion and reloading of pebbles 
during operation means that a given pebble is 
immersed in an ever-changing flux field that is a 
function of its movement through the core and the 
influence of the surrounding pebbles or graphite 

reflectors.  Under the circumstances, the best one 
can do is make general assumptions about the 
streamline nature of pebble flow and the distribution 
of fresh or partially burned pebbles at the entry plane 
(top of core).  Virtually all of the few available PBR 
fuel management codes such as VSOP [3], 
PANTHERMIX [4], ANSWERS[5], and 
PEBBED[6] make similar assumptions about pebble 
flow and mixing that are only partially validated 
with experimental data [7] and re-created with 
computer simulations [8,9,10]. 

 
To generate multigroup cross sections for core 

simulations, the core is divided into local regions 
over which the neutronic properties are assumed to 
be constant.  These ‘spectral zones’ are the 
equivalent of LWR assemblies but their boundaries 
are not so well-defined and have been traditionally 
obtained using engineering judgment. A more 
rigorous approach has been developed recently and 
is being implemented in the INL code system[11].  
Each spectral zone may contain a mixture of pebbles 
with different basic compositions and burnups. 

 
The pebble diameter is comparable to the mean 

free path of neutrons in the fuel.  The neutron 
spectrum in which the pebble is immersed is a 
function not only of its own composition but that of 
its neighbors.  Even if the spectral zone contains tens 
or hundreds of pebbles, the composition of the 
neighbors still must be taken into account.  In VSOP, 
this ‘leakage feedback’ is expressed through few-
group buckling or albedo terms generated from the 
diffusion solution and passed to the spectrum 
module. 

 
Traditional homogenization techniques are 

employed to generate these multigroup cross 
sections.   Treatments of neutron slowing down in 
graphite and interactions with the fuel kernels are 
also subject to approximations.  The TRISO particles 
with a pebble are randomly distributed and so again 
one must make assumptions about this arrangement 
in order to capture shadowing effects.  Traditional 
deterministic methods [12,13,14] employ the B-1 or 
B-3 approximation to the transport equation in a 
homogeneous medium for neutron slowing down, 
the Wigner rational approximation, collision 
probabilities, and Dancoff factors to model 
resonance effects, and 1-D transport for thermal self-
shielding.  Early generation spectrum codes 
employed separate fast and thermal slowing down 
modules in which the fast spectrum module (e.g. 
GAM] contains or interacts with a resonance 
processor and generates a scattering source for the 
thermal spectrum model (e.g. THERMOS).  The 
thermal spectrum module inverts the full scattering 
matrix in order to treat upscattering which is 
significant in graphite moderated systems.  This is 
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usually adequate but can lead to significant errors in 
fuel containing a high concentration of Pu-240 or 
other isotopes with low-energy resonances within 
the upscattering range.  

 
This homogenization process generally yields 

reasonable reaction rates for most mixtures of 
pebbles but the neutron leakage between pebbles 
may not be properly captured in the resulting 
diffusion coefficients.  A semi-empirical correction 
was proposed by Lieberoth [15] and is used in most 
PBR core simulation codes.  Stochastic techniques 
avoid the homogenization process altogether by 
assuming a certain arrangement (regular or random) 
of TRISO particles within the pebble.  When 
properly applied, these approaches yield comparable 
results [16].                                
 

This approach works well enough in the core 
itself in which the nuclear fuel provides a fission 
source for the slowing down calculation.  For 
reflector regions (including the control rod 
locations), there is no internal neutron source.  
Traditional methods assume the presence of a dilute 
amount of fuel in the reflector zones to generate a 
source term.  The control rod zones must be modeled 
with transport theory to capture the self-shielding of 
the absorber regions.  As with LWR assemblies and 
the inter-pebble streaming, however, the 
homogenization process does not capture the 
leakage spectra and adjustments must be made to 
obtain diffusion coefficients that will yield 
acceptable results [17].  

 
With rare exceptions, all PBR core simulations 

employ the same basic porous medium approach to 
fluid flow and heat transfer.  A Darcy flow model 
with a Boussinesq (incompressible) approximation is 
assumed. During operation, heat transfer is 
dominated by convection.  The Ergun equation 
yields the pressure drop and a few packed bed heat 
transfer correlations yield acceptable agreement with 
data from experimental facilities such SANA [18].  
This approach is known to fail near the core-
reflector boundary where the pebble bed porosity 
approaches unity but CFD techniques have been 
proposed to improve the models. Under low or zero 
flow conditions, conduction and radiation dominate 
heat transfer in the pebble bed.  Most codes employ 
the treatments of the effective thermal conductivity 
of the pebble bed developed by Zehner and 
Schlünder [17] and enhanced by Robold[20].  Again, 
these treatments are known to be inaccurate near the 
core-reflector boundary. 

 
The modeling system under development at the 

INL uses most of these techniques but with some 
notable enhancements that serve to reduce the 
number of assumptions and approximations that lead 

to large uncertainties in core simulations.  Some of 
these enhancements are described in the next 
section.  A more complete description of the 
multiscale COMBINE code is being prepared for 
publication. 

 
II.B. The Multiscale Approach with PEBBED 

and COMBINE 
 
For steady state and depletion problems (core 

design and fuel management), the INL has 
developed the PEBBED code.  PEBBED solves the 
multigroup diffusion and burnup equations for 
recirculating pebble bed cores.  Unlike VSOP, 
PEBBED converges directly upon the equilibrium 
core state, i.e. the asymptotic flux and burnup profile 
that a PBR achieves upon continuous loading and 
discharge of fuel.  PEBBED is loosely coupled to the 
THERMIX-KONVEK code to generate core 
temperature and coolant flow maps and to simulate 
extreme (depressurized). 

Cross section generation for PEBBED models 
has been performed using the COMBINE code.  
COMBINE originally featured the functionality of 
the GAM-ZUT-THERMOS sequence in VSOP. It 
possessed a fast spectrum slowing-down module 
with Bondarenko and Nordheim Integral resonance 
treatments.  The fast module generated s scattering 
source for the thermal module which supported 
upscattering and a crude treatment of self-shielding 
that was formulated for LWR fuel pellets.   

COMBINE has since been modified to support 
pebble bed reactor core simulation.  The B-3 
transport equation is now solved over the entire 
spectrum with simultaneous upscattering and 
resonance treatments in 167 energy groups.  User-
supplied buckling terms can reflect net inward or 
outward leakage.  COMBINE accepts separate 
kernel-to-kernel (intra-pebble) and pebble-to-pebble 
(inter-pebble) Dancoff factors generated by the 
PEBDAN code [21] to account for shadowing.  A 1-
D discrete ordinates transport (ANISN) solver has 
been embedded in the code to capture spatial effects. 
With pebble bed geometry in mind, COMBINE 
employs a multi-stage homogenization process that 
minimizes the error inherent in the multigroup 
approximation.  Explicit transport models of the 
TRISO particle, pebble, and radial core wedges are 
solved in 167 groups before being coalesced in 
energy and space to generate few group cross 
sections for PEBBED (Figure 1).  Axial and 
azimuthal leakages are still treated with transverse 
buckling terms.  Radial leakage, which is the 
dominant contribution to leakage from the spectral 
zones, is captured explicitly in the core transport 
stage and in 167 groups.  The source for the radial 
reflector regions (including control rods) is the true 
current emanating radially from the core region with 
adjustments for axial and azimuthal effects.   
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Figure 1: 3 Stage Homogenization Process in 
COMBINE 

The implementation of the multi-stage approach 
to homogenization in COMBINE enables the 
explicit modeling of the different structures that are 
present. For the pebble bed itself, the transport 
equation is solved in spherical geometry first for the 
TRISO particles and then for the pebbles and 
surrounding coolant.  For the bulk of the reflector 
and core barrel, explicit geometrical models are not 
required as these regions are largely homogeneous.  
For control rod zones, a transport model is solved in 
cylindrical coordinates.  Control rods in most pebble 
bed reactor designs consist of an annulus of boron 
carbide sandwiched between alloy tubes [22].  These 
tubes are lowered into holes drilled vertically into 
the side reflector near the core.  The geometry of the 
rods is captured explicitly except for the surrounding 
graphite reflector.   The reflector is modeled as an 
annulus with a thickness that can be specified by the 
user (Figure 2). 

 
 

 
Figure 2: Homogenization of the control rod into 
the curtain geometry 

 
 
For reflector regions above and below the core, 

the traditional approach of assuming a fictitious 
internal source of fission neutrons drives the slowing 
down equations. 

 
Despite the added complexity of this multiscale 

approach to PBR core simulation, these PEBBED 
models can be executed on a personal computer with 
a single processor with run times on the order of a 
day to reach complete neutronic convergence in the 
equilibrium burnup solution.  Runtimes have been 
reduced to less than  30 minutes by distributing the 
COMBINE spectral zone runs to individual 
processors on a high performance computing cluster. 

 
In the following section, 3 examples of 

increasing complexity are described. The first is a 
wedge of an infinite cylinder; the variation is in 
radial direction only but contains solid reflector, 
pebble, and control rod regions.  The second is a 
finite cylinder representing a portion of a pebble bed 
reactor with a graphite pebble inner reflector.  The 
third is the results of the application of the code to a 
PBMR400 Equilibrium core simulation. 
 

 
III. EXAMPLE PROBLEMS AND RESULTS 

 
III.A. 1D Radial Wedge 

 
A simplified, 1-dimensional model of a pebble 

bed reactor was constructed to test the accuracy of 
the method in capturing the radial flux profile.  In an 
infinite cylinder  A wedge of an infinite cylinder was 
constructed based upon the PBMR400 geometry.  
The PBMR400 design features a solid inner reflector 
with a 1 m radius, an 85 cm thick pebble bed core 
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annulus, a 90 cm outer graphite outer reflector with 
24 control rods evenly spaced just outside of the 
core, and a steel core barrel.  For RZ models, the 
control rods are homogenized into a control rod 
‘grey’ curtain of uniform composition.  The 
geometry and composition are based upon the 
specification provided for the 5th Coordinated 
Research Programme (CRP-5) of the International 
Atomic Energy Agency (IAEA) and the PBMR400 
Coupled Code Transient Benchmark project 
sponsored by the Organization of Economic 
Cooperation and Development’s Nuclear Energy 
Agency (OECD-NEA) [23]. 

To focus on the accuracy of the technique to 
homogenize the different regions and to capture 
radial leakage, the core was changed to a uniform 
composition in the axial and aziumuthal directions.  
All leakage therefore is in the radial direction and 
has the approximate layout shown in Figure 2.  
There are 6 spectral zones comprising the inner 
reflector, 5 spectral zones in the pebble bed annulus, 
1 spectral zone between the pebble bed and control 
rod curtain zone, 4 outer reflector spectral zones, a 
stagnant helium gap zone, and a core barrel spectral 
zone.  

The reflector, gap, and core barrel zones are 
homogeneous and thus require no spatial coalescing 
over the transport solution.  The control rod region 
has one stage of heterogeneity (1-D cylindrical) and 
the pebble bed has 2 stages of heterogeneity, 
(particles and pebbles).  The third heterogeneity 
stage is the wedge itself with the region described 
above. 

The COMBINE-ANISN calculations are 
performed in 167 energy groups at all stages.  The 
final step is the coalescing of the few group cross 
sections over the few group structure of the diffusion 
calculation and over each spectral zone.  The 4-
group structure used in the VSOP code was chosen 
for this problem.  It consists of 1 thermal group (0 to 
1.86 eV) and 3 fast group with upper boundaries at 
29 eV, 0.11MeV, and 16.7 MeV.  The streaming 
correction is applied to the diffusion coefficients in 
the pebble bed zone before they are used in the 
PEBBED diffusion calculation.  

Figure 3 shows the flux profiles for the broad 
energy groups as a function of r. The ANISN 
transport solution is shown as solid lines while the 
points were plotted using the diffusion data. The 
pink region is the core, the green region is the grey 
curtain. 

 

 
Figure 3: Radial Profile of the Few Group Flux in 
the Core and Grey Curtain Regions 

For the most part, the flux solutions agree well in the 
regions of interest.  The diffusion thermal flux is 
lower than the Sn solution in the inner reflector  but 
this difference decreases with higher energy.  There 
is very good agreement within the core and the 
control rod zone.  The reactivity difference between 
the ANISN and PEBBED models is about 570 pcm 
with the diffusion value being higher. 

The calculation was repeated but with no 
streaming correction for the diffusion coefficient in 
the pebble bed. The profiles in Figure 4 show the 
error in the inter-pebble leakage resulting from the 
normal homogenization process, particularly in the 
thermal group.  Without the streaming correction, 
there is better agreement between the transport and 
diffusion thermal fluxes in the core and reflector. 
Despite the better agreement, the reactivity 
difference between the ANISN and PEBBED models 
is about 2500 pcm with the diffusion value being 
higher.  This discrepancy is under investigation. 
 
 

 
Figure 4: Radial Flux Profile with No Streaming 
Correction 
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III.B. Simplified Equilibrium Cycle PBR with 
Graphite and Fuel Pebbles 

 
The first core designed by the PBMR company 

of South Africa featured a ‘dynamic inner reflector’; 
one composed of pure graphite pebbles that flowed 
along with the fuel pebbles [24].  The graphite 
pebbles were to be loaded from a central loading 
chute while the fuel pebbles were loaded through a 
number of loading chutes at some distance from the 
core centerline.  Radial migration of pebbles within 
the core is quite limited but the bouncing of the 
pebbles off the top of the bed was expected to lead 
to the inter-mingling of graphite and fuel pebbles 
within 30 cm ‘mixing zone’ composed roughly the 
same proportion of the two pebble types but varying 
smoothly from all graphite to all fuel from the inner 
boundary to the outer.  Although this design is no 
longer under consideration, it does present 
interesting challenge for core simulation.  For this 
study, all of the radial homogeneity was retained but 
the top and bottom reflectors were removed to 
achieve the approximate axial profile of a bare finite 
cylinder.  The equilibrium burnup state was 
computed, however, so that a burnup gradient was 
induced in the axial direction.  A 6-group energy 
structure was used for the diffusion calculation with 
upper boundaries at 1.86 eV, 2.38eV, 29eV, 7101eV, 
0.11MeV, and 20MeV.  Once again the flux profiles 
were generated and are shown in Figure 5.   

 

 
Figure 5: Radial Flux profile in the PBMR with 
Dynamic Inner Reflector 

 
The full radial flux profiles are plotted on a log 

scale.  Again the diffusion and transport flux profiles 
agree quite well even through the reflector regions.  
There is some disagreement in the stagnant helium 
gap region just inside the core barrel owing to the 
difficulty that the solution algorithms exhibit with 
optically transparent media.  Overall, the agreement 
is satisfactory, even in the mixing zone (72 cm to 
102 cm). 

 
Looking closely at the core and gray curtain 

regions, the diffusion and transport profiles diverge a 
bit in the thermal energy group, particularly in the 
mixing zone and neat the outer reflector (Figure 6).  
The differences, however, are not large enough to 
affect the safety analysis conclusions. Absorption in 
the gray curtain appears to be captured well. 

 
 

 
Figure 6:  Flux profiles in the core and gray 
curtain regions of PBMR with Dynamic Inner 
Reflector 

 
 
III.C. PBMR400 Equilibrium Cycle Benchmark 

Problem 
 
The previous problems only compared the flux 

profiles between the transport and diffusion 
solutions.  For the final example, a full equilibrium 
cycle simulation was performed according to the 
specification for the E-2 exercise in the IAEA CRP-
5 benchmark [25].  In this exercise, a fully coupled 
diffusion, depletion, pebble-mixing, and thermal 
fluid analysis is performed with the participants 
generating their own cross sections.  The core model 
is that of the PBMR-400 but with some 
simplifications, among them being flattened top and 
bottom pebble bed surfaces and no coolant flow 
through the inner or outer reflectors.  The 
complexity of this simulation is such that only a few 
codes exist world-wide that can perform it, even 
with the simplifications. 

 
The flux profiles showed the same general 

agreement between diffusion and transport as the 
previous problems and are not shown here.  Selected 
integral parameters are reported in Table 1: Selected 
Core Parameters for the PBMR400 Equilibrium 
Core along with those generated using VSOP and 
WIMS [25]. 
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Table 1: Selected Core Parameters for the 
PBMR400 Equilibrium Core 

Parameter VSOP WIMS PEBBED 
Pebble Flow 
Rate (d-1) 

2802 2824 2791 

keff 0.99998 0.99995 1.00006 
Peak Power 
Density (W/cm3) 

10.6 11.2 10.8 

Mean Discharge 
Burnup 
(MWD/kg hm) 

96.1 94.4 97.5 

Maximum Fuel 
Temperature (oC) 

1118 1206 1100 

Average Fuel 
Temperature (oC) 

876 888 869 

Average 
Moderator 
Temperature (oC) 

858 860 860 

Average Coolant 
Temperature (oC) 

791 805 792 

Leakage from 
Fissile Region % 

14.5 15.2 15.5 

 
 
The PEBBED-COMBINE algorithm yields a 

core that somewhat more reactive than that predicted 
by either VSOP or WIMS.  The peak power density, 
however, is between the values reported by the 
benchmark participants.  The coolant and pebble 
surface temperatures agree rather well.  The most 
significant differences are found in the maximum 
fuel and moderator temperatures.  The temperatures 
predicted by PEBBED-THERMIX for the fuel is 
slightly lower than those generated by VSOP and 
WIMSTER, suggesting that a higher thermal 
conductivity in the pebble matrix graphite is being 
used.  The lower pebble temperature would also 
produce a slightly more reactive core and, 
consequently, a lower pebble flow rate as fewer 
pebbles are need to maintain criticality.  The thermal 
conductivity calculation is being investigated 
further. 
 

IV. Conclusion 
 
The PEBBED algorithm for simulating pebble 

bed reactor equilibrium cores is presented.  This 
algorithm improves upon traditional PBR techniques 
in the use of a 167-group energy structure and a 3-
stage 1-D transport code to homogenize the different 
core regions, including the control rod region.  
Excellent agreement is observed between the flux 
profiles of the core diffusion solution and that of the 
discrete ordinate transport solution that was used to 
coalesce the cross sections.  IN full equilibrium 
cycle calculations, the PEBBED algorithm yield 
values for integral neutronic parameters that are 
comparable to those generated by VSOP.  This 

suggests that the traditional methods yield generally 
satisfactory results despite the considerable number 
of approximations used the neutronic solution.  
Differences in core moderator and fuel temperatures  
between PEBBED and VSOP despite the use of the 
same thermal fluid solver.  In-depth study of the 
VSOP and PEBBED thermal-hydraulic models are 
required to resolve these discrepancies. 

 
In general, the computing power afforded by 

today’s personal computers and computing clusters 
enables the application of high fidelity transport 
algorithms to the PBR core simulation problem.  
This evolution in pebble bed reactor analysis 
methods can help to reduce uncertainties in core 
calculations and improve plant and fuel cycle 
designs. 
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