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INTRODUCTION 

Uncertainty and sensitivity studies are essential 
elements of the reactor simulation code verification and 
validation process. Although several international 
uncertainty quantification activities have been launched in 
recent years in the LWR, BWR and VVER domains (e.g. 
the OECD/NEA BEMUSE program [1], from which the 
current OECD/NEA LWR Uncertainty Analysis in 
Modelling (UAM) benchmark [2] effort was derived), the 
systematic propagation of uncertainties in cross-section, 
manufacturing and model parameters for High 
Temperature Reactor (HTGR) designs has not been 
attempted yet. This paper summarises the scope, 
objectives and exercise definitions of the IAEA 
Coordinated Research Project (CRP) on HTGR UAM [3]. 
Note that no results will be included here, as the HTGR 
UAM benchmark was only launched formally in April 
2012, and the specification is currently still under 
development.   

OBJECTIVE OF THE CRP ON HTGR UAM AND 
METHODOLOGY   

The objective of this benchmark is the propagation of 
uncertainties existing in basic nuclear and material data, 
engineering uncertainties, across different scales (multi-
scale), and physics phenomena (multi-physics) to obtain 
an indication of the total calculation uncertainty and the 
relative contributions of the various parameters.  

The principal idea is to subdivide the typical coupled 
system calculation (e.g. a steam generator tube rupture 
transient) into its constituent steps (cell, lattice, core and 
system calculations) and to identify the input 
uncertainties, propagated output uncertainties and 
parameters of interest, and assumptions for each step. The 
resulting total uncertainty in each step will be calculated 
by taking into account all sources of uncertainties as well 
as the propagated uncertainties from the previous steps.  

As part of this effort, the development and assessment 
of different methods or techniques to account for the 
uncertainties in the calculations will be investigated and 
reported, and the available HTGR experimental data, 
previously published benchmark results and released 
design details will be utilised as verification and 
validation sources. Since the methodology proposed for 

this HTGR UAM is based on the approach developed as 
part of the OECD/NEA LWR UAM effort, interested 
readers are referred to the publications available from this 
project [4]. 

For the HTGR UAM, four phases have been defined, 
and each phase will contain two or more exercises which 
can be performed in parallel. Participants can also elect to 
participate only in some of the phases or exercises, 
depending on their code capabilities, since the propagated 
uncertainty data from earlier phases will be made 
available for use in the next phase on a stand-alone basis.  

The four phases are: 
• Phase I (Local Standalone Modelling) 
• Phase II (Global Standalone Modelling) 
• Phase III (Design Calculations) 
• Phase IV (Safety Calculations)   

Two main HTGR types have been selected as 
reference designs based on previous benchmark 
experiences and available data, as described in the next 
two sections:  
• Prismatic: the General Atomics 350 MWth Modular 

High Temperature Reactor (MHTGR).  
• Pebble bed: a 250 MWth variant of the InterAtom 

HTR-Module. 

MHTGR-350 CORE DESIGN AND BENHCMARK 
EXERCISES 

The MHTGR-350 design was intentionally selected 
for the HTGR UAM benchmark to leverage the core-level 
modelling work that will be performed by participants in 
the OECD/NEA MHTGR-350 Benchmark [5]. This code-
to-code comparison benchmark was launched in Paris in 
March 2012, and requires participants to perform three 
steady state and four transient exercises using a pre-
defined cross section set and fluence/temperature 
dependent thermophysical properties. The benchmark 
specification document [5] and a paper on the first results 
for Phase I [6] provide detailed descriptions of the 
MHTGR-350 design and benchmark data – due to space 
limitations this information will not be repeated here.   

The HTRGR UAM benchmark specification for 
Phase I require the modelling of local effects. It is divided 
into three exercises (cell, lattice and stand-alone thermal 
fluids).  



Exercise I-1a.1 and I-1a.2 – Cell Physics: Derivation of 
the multi-group microscopic cross-section libraries

This exercise is focused on the derivation of the multi-
group microscopic cross-section libraries. The 
uncertainties due to the basic nuclear data as well as the 
impact of processing the nuclear and covariance data, 
selection of multi-group structure, and double 
heterogeneity or self-shielding treatment will be 
addressed. The intention is to propagate the uncertainties 
in evaluated Nuclear Data Libraries - NDL - (microscopic 
point-wise cross sections) into multi-group microscopic 
cross-sections. 

A representative “unit cell” for the MHTGR-350 fuel 
is shown Fig. 1, consisting of the UCO fuel compact, a 
small helium gap, and the surrounding block graphite. 
This unit cell is derived from the larger fuel block 
hexagonal geometry, where each of the helium coolant 
channels removes the heat generated by two fuel 
compacts. The unit cell number densities are defined for 
two sub-cases: a “fresh” cold zero power core state, and a 
hot full power End of Equilibrium Cycle (EOEC) core 
state. The data from these two core states will be 
propagated to the subsequent lattice (Phase I-b) and core 
level (Ex. II-1a, II-1b, III-1 and III-2) calculations.  

Fig. 1: Single MHTGR-350 fuel compact "unit cell" 

Exercise I-1b.1 and I-1b.2 – Lattice Physics: 
Derivation of the few-group macroscopic cross-section 
libraries

For the lattice physics calculation, the geometry and 
isotopic data for a single MHTGR-350 hexagonal fuel 
block is specified. The objectives of these lattice exercises 
are to create the few-group libraries required for the core 
level calculations (Phases II-IV), and to propagate the 
cross-section uncertainty data from the cell to the lattice 
level.  

Exercise I-2a and I-3a/b: Stand-alone thermal fluids - 
steady state and power excursion transient 

The three exercises defined as I-2, I-3a and I-3b 
investigate the localized fuel thermal response and heat 
removal during steady-state and a power excursion 
transient. For the prismatic MHTGR-350 design a 
homogenized two-dimensional thermal-fluid “unit cell” 
can be defined around a coolant channel and its six fuel 
compact neighbours, as shown in Fig. 2. The helium bulk 
temperature, cell geometry, material thermo physical 
properties and constant power distribution will be 
specified for Ex. I-2, with the variability in the 
temperature profile (peak-to-average) across the unit cell 
the main figure of merit. Exercises I-3a (homogenous 
properties) and I-3b (explicit TRISO fuel) use the same 
unit cell definition and a specified time-dependent power 
excursion to study the transient stand-alone thermal fluids 
behaviour.  

Fig. 2: MHTGR-350 thermal-fluids unit cell 

Exercise II-1a, II-1b: Core physics: Criticality stand-
alone neutronics and kinetics calculations (without 
feedback)  

A full core steady state neutronics calculation is to be 
performed for Ex. II-1a, using the provided fuel number 
densities and core temperature distributions. Exercise II-
1b involves a full core calculation with an artificial 
reactivity addition and removal without any temperature 
feedback. The reactivity induced transient is defined as 
control rod movement at low speed to ensure that the 
delayed neutrons dominate the kinetics of the transient. 
The uncertainties in the kinetic parameters are added in 
this case. 

Exercise II-2a, II-2b: Stand-alone core thermal fluids 
(normal operation and DLOFC)  

The conditions at normal operation is considered for 
Ex. II-2a, with only the reactor core modelled and with 
boundary condition defined for the inlet coolant 
temperature and pressure and the vessel defined with a 
constant temperature boundary condition. The reactor 



power distribution is also specified. A Depressurized Loss 
of Forced Cooling (DLOFC) calculation from full power 
conditions is performed for Ex. II-2b. The uncertainties in 
the steady state power profile and temperatures from 
Exercises II-1a and II-2a are input to this calculation, as 
well as the decay heat uncertainties. 

Exercise III-1: Coupled Steady-State 
This is the first exercise that requires a coupled 

calculation, and it is focused on the steady-state full 
power neutronics/thermal-hydraulics core performance. 
The uncertainties determined in Ex. II-1a, II-1b and II-2a 
will be propagated to this case.  

Exercise III-2: Coupled Depletion 
The depletion is added to the full core coupled 

neutronics/thermal-hydraulics core calculation (Ex. III-1) 
and an equilibrium cycle is to be calculated.  

Exercise IV-1: Coupled Core Transient 
The coupled core transient with full thermal feedback 

will be a reactivity induced power excursion due to 
control rod bank withdrawal. The feedback effects from 
the rest of the power conversion unit are to be kept 
constant or described by a well defined function. The 
focus is thus on the core response only. The uncertainties 
determined in Ex. III-1 will be propagated to this case. 

Exercise IV-2: Coupled System Transient 
The transient of interest is the change in helium inlet 

coolant temperature with the associated feedback on 
neutronics and thus focused on the coupled core/thermal-
hydraulic system transient performance. The uncertainties 
determined in Ex. III-1 will be propagated to this case. 

Appropriate operational and experimental data is 
currently being reviewed and collected for inclusion in the 
prismatic HTGR UAM specification. The Japanese Very 
High Temperature Reactor (VHTR-C) and High 
Temperature Test Reactor  (HTTR) data are of particulate 
importance, as these facilities can provide measured 
uncertainty data on parameters such as the cold zero 
power and hot full power criticals, control rod worth, 
kinetics parameters and a loss of cooling transient. A 
selection of one of the plutonium-fuelled GT-MHR cases 
will also be made with the assistance of General Atomics 
and the Kurchatov Institute.   

PEBBLE BED REFERENCE CORE DESIGN AND 
VARIATIONS IN EXERCISES 

The InterAtom HTR-Module design [7] was selected 
as the basis of the 250 MWth Pebble Bed Reactor design 
(PBR-250) defined for this CRP. The design and 
dimensions are similar to the Module but the core active 
height has been increased to 11 m to allow the power 
increase. This is in broad terms the same changes made by 
the HTR-PM designers in China [8]. 

The objectives and definitions of the Phases and 

Exercises for both the prismatic and the pebble bed design 
are very similar. Therefore, only some of the differences 
between the prismatic and the pebble bed exercises for 
Phase I will be highlighted below. 

Exercise I-1a – Cell Physics: 
The traditional approach used in all typical LWR 

calculations, i.e. to perform first cell calculations, then 
assembly calculations followed by full core calculations, 
is not strictly followed in the legacy codes used for pebble 
bed reactor calculations. The main reason is that the 
neutron spectrum in a fuel pebble is not determined by its 
own fuel loading or burnup but largely by its 
neighbouring fuel or environment. This is due to the 
relatively long neutron mean free path lengths and the 
small and sparsely packed fuel kernels in the graphite. 
The neutron spectrum is further influenced by the 
continuous fuel movement and mixing when reloaded. 

In order to generate the few-group homogenised cross 
sections for a typical modular pebble bed reactor with a 
multi-pass fuel strategy (15 passes is used for the PBR-
250), a mixture of the fuel (with different burnups) and 
the environment (proximity of the reflector and control 
rods) needs to be taken into account. This is typically 
achieved by performing a few group leakage feedback 
from the core calculation to the fine-group calculation.  
(In the legacy code VSOP-99 [9], this is obtained via a 
geometrical buckling term in the fast and an albedo 
boundary condition in the thermal range). 

Despite the shortcomings of the cell calculation in 
practical pebble bed core analysis it was still felt that it 
would be valuable to investigate the basic cross section 
uncertainties. A single pebble is thus defined as a "unit 
cell" and a white boundary condition is applied as shown 
in Fig. 3. The kernel number-densities (main actinides and 
fission products) represent the average fuel sphere 
burnup. Due to the large temperature difference (up to 
1000oC) and large spectrum effects between cold and 
operating conditions, two core states will also be defined. 

Fig. 3: Single pebble "unit cell" 

Exercise I-1b – Lattice Physics 
In the lattice calculations an attempt is made to take 

the correct environment into account. For the pebble bed 
reactor design this may be achieved by modelling a single 



pebble with different leakage conditions (as in VSOP-99) 
or as the one dimensional mini-core calculation model 
shown in Fig. 4. Uncertainties in the pebble packing 
fractions can be included in these mini-core models, as 
well as the effect of control rods on the cross section 
uncertainties.  

Fig. 4: Mini-core one-dimensional lattice cell 

Exercises with localised “thermal fluids” effects 
Localized fuel thermal response or thermal heat 

removal during steady-state operation and transients are 
another challenge for the traditional methods used in the 
pebble bed legacy codes. The pebble bed fuel region is 
typically modelled as a porous medium and correlations 
are used for the heat transfer through convection, 
conduction and radiation.  

The proposal is to model a single pebble with a well 
defined steady state or transient (as depicted in Fig. 5). 
Two variations on the fuel heat source distribution will be 
introduced: a homogeneous fuel region and a 
heterogeneous (explicit TRISO coated particle) model.

Fig. 5: Representation of power transient with 
heterogeneous fuel core in a single fuel sphere  

SUMMARY  

The IAEA CRP on HTGR Uncertainty Analysis in 
Modelling (UAM) will establish an internationally 
accepted benchmark framework to compare, assess and 
further develop different uncertainty analysis methods 
associated with the design, operation and safety of 
HTGRs. Even though the well established step-by-step 
approach of the OECD LWR UAM benchmark is to be 
used, many challenges unique to the HTGR designs 

remains. The different calculational approach traditionally 
used in pebble bed reactor analysis was briefly 
highlighted. 

The CRP was officially launched in Knoxville in April 
2012, and current interested parties include teams from 
the USA (3 institutions), South Korea, Russia, China, 
Germany and South Africa. The typical duration of an 
IAEA CRP is between 3-5 years, and the results of the 
HTGR UAM benchmark will be published as an IAEA 
TECDOC at the conclusion of the programme. 
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