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Abstract –The 10MW High Temperature Gas-cooled Reactor Test Module 
(abbreviated HTR-10) is a pebble experimental reactor built by Institute of Nuclear 
Energy Technology (INET), Tsinghua University. Many breakthroughs have been 
made through a great deal of research work about criticality calculation, prediction 
calculation and experiments for criticality of HTR-10, widely used computational 
programs in those research are VSOP, SCALE, MCNP etc. Reactor Monte-Carlo 
Code (RMC) is a 3-D monte-carlo transport simulation program applied to reactor 
core calculation and analysis. The code is developed in Reactor Engineering and 
Analysis Laboratory of Department of Engineering Physics, Tsinghua University. 
This paper introduces the process of module construction and the consequence of 
criticality calculation of HTR-10 using RMC. In addition, comparison between 
results of RMC and MCNP is also introduced. The data libraries employed in this 
work are both continuous energy cross section based on ENDF/B-7.0 in RMC and 
MCNP respectively. In expectation, the results reveal a good agreement of RMC with 
MCNP in geometry construction as well as computation of eigenvalues. However, 
compared with MCNP, the relatively lower computing time consumption of critical 
calculation of HTR-10 use RMC is considerable. 
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I. INTRODUCTION 
 
Substantial projects for the development of 

advanced reactors that have favorable safety features, 
economic competitiveness and uranium resource 
availability has been made considerable progress. As 
one of most favorable concept, gas-cooled nuclear 
reactors have been receiving significant attention due 
to many desired characteristics such as inherent 
safety, modularity, relatively low cost, short 
construction period, and easy financing. Therefore, a 
number of current design studies for different type of 

gas-cooled power reactors have been making up to 
now. HTR-10 is a classic gas-cooled nuclear reactor 
designed and operated by the Institute of Nuclear 
Energy Technology (INET), Tsinghua University, 
China. It is a pebble bed type, helium-cooled, and 
graphite-moderated reactor with, 10MW thermal 
power. The first criticality of HTR-10 was achieved 
on December 1, 2000.Along with advance of study, 
Many breakthroughs have been made through a great 
deal of research work about criticality calculation, 
prediction calculation and experiments for criticality 
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of HTR-10, widely used computational programs in 
those research are VSOP, SCALE, MCNP etc. 

Monte Carlo method is applied for criticality 
problems for many diverse systems. Since 
unnecessary of simplification in geometry and less 
assumption in modeling, criticality analysis based on 
transport calculations with the Monte Carlo code 
gives nearly precise results as an important criterion 
for evaluating or adjusting the results given by 
deterministic method. Even though, calculation time 
consumption is very considerable, with the rapid 
development of computer technology, Monte Carlo 
method applied for criticality problems charges more 
and more attentions. Most of the major countries 
have developed their MC codes. Especially in U.S.A, 
at least 5 MC codes are developed, such as LANL’s 
MCNP, ANL’s VIM, ORNL’s KENO, LLNL’s 
TART (MERCURY) and American navy’s MC21. 
RMC is a new MC code developed by Tsinghua 
University, which is applicable to continuous energy 
and arbitrary geometry, especially designed for 
reactor analysis. It’s written in C++ & Fortran90 and 
the latest version is RMC2.0. Besides calculating 
criticality eigenvalue, RMC2.0 is able to tally flux, 
spectrum and reaction rate with Collision Estimation 
(CE) or Tracking Length Estimation (TLE). 
Compared with other MC codes, RMC2.0 employs 
some techniques to improve calculation performance. 
Accuracy and efficiency, as well as parallel 
performance, are validated through criticality 
benchmarks and typical reactor examples. 

 
II. HTR-10 GAS-COOLED PEBBLE BED 

REACTOR  
 

HTR-10 is a helium-cooled and graphite-
moderated pebble bed reactor. Design of the HTR-
10 adopted lots of advanced and novelty technical 
features, such as, use of spherical fuel elements 
formed with coated particles, the reactor core is 
entirely constructed by graphite materials, no 
metallic component are used in the region of the core, 
spherical fuel elements go through the reactor core in 
a “multi-pass” pattern, fuel pebbles are continuously 
discharged via a pneumatic pulse single-exit gate 
which is placed inside the reactor pressure vessel, all 
fuel elements attain a relatively uniform burn up 
distribution in the core, the active core cooling 
system is not required for residual heat removal in 
case of accident, residual heat can be dissipated by 
means of passive heat transfer mechanism to the 
surrounding atmosphere. The reactor core has a 
diameter of 1.8 m, a mean height of 1.97 m and the 
volume of 5.0 m3, and is surrounded by graphite 
reflectors. The core is composed of 27,000 fuel 
elements. The fuel elements use low enriched 
uranium with a design mean burn up of 80,000 
MWD/t. The pressure of the primary helium circuit 

is 3.0 MPA. Brief design characteristics of the 
reactor are given in Table.1. 

 
HTR-10 design characteristics 
Thermal power (MW)   10 
Core height 197 
Core diameter (cm)    180 
Primary helium pressure (MPa)  3 
Helium inlet temperature (◦C)   250 
Helium outlet temperature (◦C) 700 
Fuel-to-graphite ball ratio 0.57/0.43 
Number of control rods 10 
Number of absorber ball holes 7 

Table.1 
 

Compare with the traditional nuclear reactors, an 
important advantage of HTR-10 is to allow on-line 
refueling. Therefore, the reactor can be operated 
with a little excess reactivity since adjustment of 
reactivity is possible during the operation. Fuel ball 
used in HTR-10 is a graphite ball with fuel region 
where a confirm number of TRISO particles 
embedding in. TRISO particle fuel is made of 
uranium dioxide kernel coated by three pyrolitic 
carbon (PyC) and a silicon carbide layers. Densities 
of PyC layers are different. The one next to the 
kernel has a lower density than that of the other 
layers to accommodate fission products. SiC layer 
serves as cladding to avoid radioactivity release due 
to fission products. Table.2 shows characteristics of 
HTR-10 fuel and moderator balls. The specific 
models of TRISO particle and fuel ball will be 
introduced in later section. 

 
Characteristics of HTR-10 fuel and moderator ball 
Fuel ball diameter 6 cm 
Outer graphite shell thickness  0.5 cm 
Heavy metal loading per fuel ball 5 g 
Average number of fuel kernels  8335 
Fuel enrichment  17% 
UO2 kernel radius  0.025 cm 
Density of UO2  10.4 g/cm3 
Coating layer materials  PyC/PyC/SiC/PyC 
Coating layer thickness(cm) 0.009/0.004/0.0035/0.004  
Coating layer density 1.1/1.9/3.18/1.9 g/cm3 
Natural boron content of uranium 4 ppm 
Natural boron content of graphite 1.3 ppm 
Diameter of moderator ball                     6 cm 
Density of graphite moderator ball            1.73 g/cm3 
Natural boron content of moderator             1.3 ppm 

Table.2 
 

CRITICALITY ANALYSIS WITH RMC  
 
As is mentioned, Reactor monte-carlo Code 

(RMC for short) is a new MC code developed by 
Tsinghua University. Same like MCNP, utilizing 
monte-carlo transport method, RMC is applicable to 
continuous energy and random geometry, however, it 
mainly aims to reactor analysis up to now. In RMC, 
criticality evaluations of a reactor are accomplished 
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based on the principle of neutron balance in particle 
transport theory. Different from MCNP which 
adopted only one method for sampling the free-fight 
distance in particle transport, RMC takes two 
methods as independent option in the code, thus, it is 
flexible for users to choose either tracking method 
according to the problem they encountered. The 
number of neutrons in each generation is taken into 
account and comparison is made with the number of 
neutrons in the consequent generation. All possible 
mechanisms for the birth and loss of neutrons are 
accounted in bookkeeping. Thus, effective 
multiplication factor is evaluated for a given cycle. 
Each fission neutron is generated randomly out of 
possible locations containing fissile material. In 
order to generate statistical basis, simulations are 
repeated as many times as desired. Even though, 
variance reduction techniques may be incorporated 
in order to increase the accuracy of calculations 
without performing long and time-consuming 
simulations, consumption of calculation time 
remains need to take into consideration. As a very 
effective means, parallel computation method is 
adopted creatively in RMC, which is based on 
Message Passing Interface (MPI for abbreviation). 
Actually, whichever method is used for criticality 
calculation, nuclear data is always needed. Data 
library accessed by RMC is ACE format, an 
abbreviation of A Compact Evaluated Nuclear Data 
File (ENDF), which is also accessed by MCNP. The 
version of data libraries employed in this work is 
continuous energy cross section based on ENDF/B-
7.0. 

 
RMC MODEL OF HTR-10 

 
Given that RMC is capable to process model 

which is established by random geometry, HTR-10 
reactor model for RMC is generated in a way that all 
reactor components are designed in detail, however, 
small number of simplification is necessary and 
made in the modeling approach. The procedure of 
modeling refer to the method used in paper [2] listed 
in reference.  

The initial step is to model the fuel ball having a 
diameter of 6 cm and containing 17% enriched UO2. 
Fuel balls have 5 g of heavy metal content which 
corresponds to 8335-coated particles. Firstly, a 
single TRISO particle with UO2 kernel and four 
outer layers (two inner graphite, an SiC buffer zone, 
and an outer graphite layers) is created. Fig .1 shows 
the model of TRSIO particle in RMC. A lattice in a 
cubic array in a three-dimensional space is formed 
with these particles. This lattice is embedded into a 
spherical volume such that only full TRISO particles 
are permitted inside the sphere. Volume not 
occupied by TRISO particles within the sphere is 
filled with graphite. Then, this spherical volume is 

covered with a 0.5 cm thick spherical shell made of 
graphite as in the case of fuel balls. The number of 
full fuel particles inside a fuel ball is verified to be 
8335 as in the case of the original reactor fuel. Fig. 2 
shows RMC model for a fuel ball. Graphite 
moderator balls are also created simply by solid 
spheres with 6 cm of diameter. 
 

 
Fig .1 cross sectional view of TRISO particle 

 

 
Fig .1 cross sectional view of fuel element 

 
The next step in the modeling is to arrange 

spherical elements in the core. This is accomplished 
by creating hexagonal prism unit cells. These cells 
are then assembled as layers. The height of a layer is 
9.798 cm. Top and bottom planes of hexagonal 
prisms are flat and contain half spheres. There are 
seven balls at these faces; one at the center of the 
basal plane and six surrounding spheres. These six 
spheres are not centered at the corners of the 
hexagons, but rather, hexagonal prism side surfaces 
surround these balls. The intermediate section of 
each hexagonal prism contains three full balls as well 
as partial contributions from the neighboring 
hexagonal prism cells from all six sides. When 
neighboring hexagonal prisms are attached to each 
other, these partial spheres are completed and make 
full scale balls. Fuel and moderator balls are selected 
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in each layer such that 0.57:0.43 ratios are 
established. 

Typical structures of cells are shown in Fig. 
3.These hexagonal prism are then assembled to form 
an array to be placed into the core. Outer boundary 
of the array is the inner surface of the side reflector.  
 

 
Fig .3 cross sectional views of HTR-10 cell model, 

basal and central planes 
 

Complications arise at the top layer and in the 
cone region below the reactor core. The top layer is 
formed by adding half spheres to each ball present in 
this layer. Once the model of core region is 
completed, it is verified that the filling fraction of 
ball in this region is 61%. The cone region and 
discharge tube are formed by only graphite balls. 
These regions are also made by balls arranged in 
hexagonal geometry. Balls intersect with cone or 
discharge tube surface are rejected. In addition to 
fuel and moderator balls, there is side, top, and 
bottom reflectors included in the model. Top and 
side reflectors house control rods, small absorber 
balls, helium flow channels, and irradiation channels. 
Horizontal and vertical cross sectional views of 
HTR-10 model are shown in Figs. 4 and 5. 
 

 

 
 

Fig .4 cross sectional views of HTR-10 core model, 
basal and central planes 

 
As a very useful auxiliary function of RMC, 

graphical view module built-in this code can easily 
picture the model constructed in corresponding 
input-file in details, that can help users examining 
whether modeling approach is correct or not. Fig.1 
to Fig.5 is given by graphical view module of RMC. 
Just as an example, the loading height of whole 
reactor which is shown in Fig.5 is 123.576 cm, other 
loading height reactor are not necessary to give in 
this paper, however, except of loading height, other 
details are always same as the reactor shown in Fig.5. 
Modeling details of reflector and structural material 
are referred to paper released by IAEA which is 
listed in reference. 
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Fig.5 Cross sectional view of HTR-10 simplified 

model (Y-Z plane) 
 

RESULT OF CRITICAL CALCULATION 
 

In this section, results of RMC simulations will 
be given for a single case. These examples deal with 
the criticality as a function of different fuel-loading. 
This case deals with the evaluation of the effective 
multiplication factor for different amount of fuel 
loading. Since the model prepared for RMC and 
MCNP is made of layers, the step size of fuel 
addition is selected as the height of a layer i.e. 9.798 
cm in order to avoid fractional fuel or moderator 
balls. Calculations are performed for vacuum and 
helium. All materials are specified to be 27 ◦C. 
Results of calculations are shown in Table 3 and 
Table 4 respectively. In the calculation, because of 
keeping consistence between two code, the number 
of cycles is 140. The number of source neutrons is 
10,000 per cycle. The number of cycles skipped is 5 
for collecting Keff. 

 
Critical result 1 (vacuum) 

Height(cm) RMC MCNP Re-diff 
94.182 0.894693 0.88856 0.006855 
103.98 0.937122 0.93052 0.007045 
113.778 0.972163 0.96998 0.002246 
123.576 1.004288 1.0033 0.000984 
133.374 1.030738 1.03366 0.002835 
143.172 1.056866 1.0584 0.001451 
152.97 1.078448 1.08512 0.006187 

162.768 1.09737 1.1029 0.005039 
172.566 1.114775 1.12237 0.006813 
182.364 1.133878 1.13904 0.004553 
192.162 1.14757 1.15846 0.00949 
201.96 1.16223 1.17193 0.008346 

 
Table.3 

As is shown in two tables, the results of RMC 
simulation keep considerable consistence with that of 
MCNP. Actually, if the totally same model is used, 
the results of two codes will show better agreement, 
however, for the reason that the main purpose of this 
paper is introduce some fundamental functions of 
RMC, model used in this calculation is constructed 
relatively independently. 

 
Critical result 2 (vacuum) 

Height(cm) RMC MCNP Re-diff 
94.182 0.894693 0.89044 0.004754 
103.98 0.937122 0.93144 0.006063 
113.778 0.972163 0.96973 0.002503 
123.576 1.004288 1.00479 0.0005 
133.374 1.030738 1.03233 0.001545 
143.172 1.056866 1.0603 0.003249 
152.97 1.078448 1.0827 0.003943 

162.768 1.09737 1.10218 0.004383 
172.566 1.114775 1.12248 0.006912 
182.364 1.133878 1.13783 0.003485 
192.162 1.14757 1.15683 0.008069 
201.96 1.16223 1.16973 0.006453 

 
Table.4 

 
Whenever, computing time is an important factor 

that mento-carlo codes try to reduce as far as 
possible, in this respect, RMC takes its place in the 
front. RMC has realized parallel computation, based 
on Message Passing Interface (MPI).  
 

CONCLUTIONS 
 

Full core criticality analysis with some necessary 
simplification of HTR-10, a pebble bed gas-cooled 
reactor, is successfully performed by RMC. Critical 
height is evaluated with that code. The results of 
RMC are in good agreement with that of MCNP 
reported in paper listed in reference. Besides 
calculating criticality eigenvalue, RMC is also 
able to tally flux, spectrum and reaction rate with 
Collision Estimation (CE) or Tracking Length 
Estimation (TLE). RMC reveal its considerable 
functions for reactor analysis, it is seen that another 
study will could be underway for pebble bed gas-
cooled reactors with RMC. 
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