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a b s t r a c t

We used MCNP6 computer code to model HTR-10 core reactor. We used two types of fuel; UO2 and
(ThþPu)O2 mixture. We determined the critical height at which the reactor approached criticality in both
two cases. The neutronic and burnup parameters were investigated. The results indicated that the core
fueled with mixed (ThþPu)O2, achieved about 24% higher fuel cycle length than the UO2 case. It also
enhanced safeguard security by burning Pu isotopes. The results were compared with previously pub-
lished papers and good agreements were found.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

High Temperature Reactors (HTRs) and Very High Temperature
Reactors (VHTRs), grouped as V/HTRs, are thermal-spectrum re-
actors, cooled by circulating helium under pressure (50e90 bars).
Graphite is used both as a moderator and a neutron reflector. In V/
HTRs, helium is heated by the fuel in the core (at ~ 500 �C) and exit
with a temperature between 750 �C and 850 �C for HTRs and over
900 �C in future VHTRs. These high temperature means that the
thermodynamic efficiency can reach 50%, which is 30e40% higher
than PWRs and 20% higher than SFRs [1].

The HTR-10 high temperature gas cooled reactor was built as a
safer, cheaper and more efficient than other designs of nuclear
reactors. This reactor produces 10 MW thermal power, using heli-
um gas coolant that enters the reactor at 250 �C and 3MPa pressure
and is heated to 700 �C. The HTR-10 uses graphite to moderate the
neutrons. The fuel is made of TRISO particles with kernels of UO2
(17% enrichment) embedded in a graphite matrix. The reactor
fuel is packed into spherical particles surrounded by layers of
.A. Alzamly), moustafaaai@

by Elsevier Korea LLC. This is an
ceramic [2].
The coolant outlet temperature in HTR-10 is much higher than

PWRs (700 �Ce950 �C compared to 300 �C) [3]. Therefore the
reactor can be used in a number of industrial heat applications,
efficient electrical power generation and also hydrogen generation
as a byproduct [3].

The spherical fuel elements with carbon coated particles are
poured in the reactor from the top and are allowed to move
downwards by gravity in a multi pass pattern (Fig. 1) [4]. This
prevents reactormeltdown even if there is a total loss of coolant [3].

Because of its abundance in nature (three-four times more than
uranium ones), thorium has been proposed as an alternative fuel in
thermal reactors. Natural thorium is composed of a single isotope
(232Th) that is fertile, not fissile. Hence, Th-based fuels need some
amounts of 235U or Pu acting as a driver. By neutron capture, 232Th
transmutes into 233U, which is a fissile nuclide characterized by an
excellent neutronic behavior in the thermal range [5,6].

2. Reference core

We used the HTR-10 reactor core composition as our reference
case. The fuel particles contain kernels coated with different layers
of SiC and PyC, with low-enriched uranium (17% 235U) whose
design burnup is 80,000 MWd/t [2]. Detailed core parameters are
given in Table 1 [2]. There are 27,000 pebbles randomly packed in
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Fig. 1. Schematic of the pebble bed reactor [4].

Table 1
Parameters of HTR-10 core [2].

Parameter Value Units

Structure
Density of reflector graphite 1.76 g/cm3

Equivalent boron content of reflector graphite impurities 4.8366 ppm
Density of borated carbon brick (including B4C) 1.59 g/cm3

Weight ratio of B4C in borated carbon brick 5 %
Moderator Pebbles
Diameter of moderator pebble 6.0 cm
Density of graphite 1.84 g/cm3

Equivalent natural boron content of graphite impurities 0.125 ppm
Fuel Pebbles
Diameter of fuel pebble 6.0 cm
Diameter of fuel zone 5.0 cm
Density of graphite in matrix and outer shell 1.73 g/cm3

Uranium loading per fuel pebble 5.0 g
Enrichment of 235U 17 wt.%
Equivalent natural boron content of impurities in uranium 4 ppm
Equivalent natural boron content of impurities in graphite 13 ppm
Volumetric filling fraction of balls in the core 0.61
Coated Fuel Particle
Radius of fuel kernel 0.025 cm
UO2 density 10.4 g/cm3

Thickness of first pyrolytic carbon coating 0.009 cm
Thickness of second pyrolytic coating 0.004 cm
Thickness of silicon-carbide coating 0.0035 cm
Thickness of third pyrolytic carbon coating 0.004 cm
Density of first pyrolytic coating 1.1 g/cm3

Density of second pyrolytic coating 1.9 g/cm3

Density of silicon-carbide coating 3.18 g/cm3

Density of third pyrolytic coating 1.9 g/cm3

Fig. 2. MCNP6 model of HTR-10 (vertical cross section).
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the full core. The core has a cylindrical cavity, 1.97 m high, with a
1.8 m diameter and 5 m3 volume [2]. There is a graphite reflector
around the core and a borated carbon shield. The 100 cm thick
radial reflector contains penetrations for ten control rods, seven
absorber ball units, three irradiation sites and twenty coolant
channels. Helium gas flows up these coolant channels before
reversing direction at the top of the core and flowing downward
into the pebble bed. The core inlet and outlet coolant temperatures
are 250 �C and 700 �C, respectively, at a pressure of 3.0 MPa [2].

The moderator pebbles fill both the discharge tube and the cone
at the bottom of the core before adding a mixture of fuel and
moderator pebbles randomly until the critical core height (defined
as the minimum active core height required to achieve the first
criticality) is reached with the control rods fully withdrawn. The
ratio of fuel to moderator pebbles used in the reactor is 57%e43%,
and the initial loading is carried out at room temperature and in
atmospheric air [2].

With inserting the control rods, the core is then pressurized and
completely filled using the same mixture of fuel and moderator
balls. The initial critical core height is chosen so as to limit the
maximum excess reactivity held down by the control absorber rods
to the amount required to provide sufficient xenon override. The
excess reactivity margin is controlled subsequently by the contin-
uous refueling of the reactor [2].

A number of deterministic codes are used for HTGR neutronic
calculations, such as VSOP94, PANGU and PEBBED. VSOP94 is a
general purpose code used for reactor physics and fuel cycle
simulation using 2-D and 3-D diffusion calculations [7]. PANGUwas
developed by the Institute of Nuclear and New Energy Technology
(INET), Tsinghua University and is used for physics analysis and fuel
cycle simulations of pebble bed HTGR [8]. PEBBED is used for the
design and analysis of pebble-bed high temperature reactor (PBR)
cores [9].
3. Reactor model

We used MCNP6.1 code [10] for the calculations, which is
capable of doing burnup calculations and can give the composition
of burnt materials at different time periods among the irradiation
cycle of the reactor. The MCNP model consisted of the reactor
structure which included the graphite reflector, the borated carbon
bricks surrounding it and the pebble-bed core. Fig. 2 shows a ver-
tical cross sectional view of the modeled reactor. Fig. 3 shows the
horizontal view of that model. Because online fuel pebble shuffling
is a dynamic process which cannot be modeled using MCNP 6.1
code, instead, fixed pebble bed was used in this paper.

Assuming a body-centred cubic (BCC) lattice, the packing frac-
tion of the fuel andmoderator pebble inside the core zonewas 0.61.
The size of the graphite moderator sphere was reduced from
7.1843 cm to 6.8772 cm in order to preserve the packing fraction
and to reproduce the specified fuel-to-moderator pebble ratio. We
used the repeated-structure feature of MCNP6.1 to approximate the
specification of a 57:43 fuel-to-moderator pebble percent ratio for
the initial HTR-10 core loading. The MCNP6 model for BCC lattice,
pebble-bed and triple isotropic coated particles (TRISO) are shown



Fig. 3. MCNP6 model of HTR-10 (horizontal cross section).

Table 2
HTR-10 Pebble-bed model geometry specifications.

Parameter Value Units

Fuel-to-moderator pebble volume ratio 1.3256 �
Radius of fuel pebble 3.0 cm
Radius of fueled region 2.5 cm
Packing fraction 0.61 �
Moderator pebble radius 2.7310 cm
BCC unit cell size 6.8773 cm
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in Fig. 4. Table 2 summarizes the geometry specifications used to
model the pebble bed.

We used the standard ENDF/B-VII.1 cross-section data. The
percentages of fissions caused by neutrons are 94.08% in the ther-
mal range (<0.625 eV), 5.69% in the intermediate range (0.625 eV -
100 keV) and 0.23% in the fast neutron ranges (>100 keV).

The power of the reactor was 10 MWth and the number of
neutron histories allowed to scan the reactor core and accumulate
the tallies is 210 cycles with 40000 neutrons per cycle, with 10
cycles skipped. While for burnup calculations, we used 110 cycles
and 10000 neutrons for each cycle, with 10 cycles skipped.

We found from the MCNP6 simulations that the HTR-10 refer-
ence core achieved the first criticality in the active core height of
127.259 cm calculated from the bottom of the active core. The
minimum UO2 fuel pebbles needed to achieve initial criticality was
9,581 fuel pebbles and 7,228 moderator pebbles.

4. Model validation

Table 3 shows the critical height of the core (the height at which
the core is critical) at fresh fuel conditions as loaded with UO2 fuel.
The second column represents the critical height of the experi-
mental measurements (123.06 cm). The third column shows the
theoretical results of Ref. [2]. The fourth column is our model re-
sults (127.259 cm). There is a good agreement between the
experimental measurements and the present model with 3.4%
error.

Fig. 5 shows the effective multiplication factor, keff, for the
reactor core versus active core height (cm). The core became critical
(keff ¼ 1.0) at height 127.259 cm. For a core fully fueled with fuel
Fig. 4. Pebble-bed and moderator ball in a BCC l
spheres at (active core height ¼ 197 cm) keff ¼ 1.14493 ± 0.00031.

5. Reference case calculations

Fig. 6 illustrates the effective multiplication factor keff as a
function of burnup (GWd/MTU) for the reactor core. For 17% U
enrichment, the cycle length was 327 days with a burnup of 42.4
GWd/MTU. keff decreased with burnup due to fuel consumption of
the fissile isotope. The slope of the curve in the beginning
(burnup < 4 GWd/MTU) was sharper than the rest of the curve due
to buildup of 135Xe which acted as a poison due to its high ab-
sorption cross section (2.65 � 106 barns).

Fig. 7 shows the concentration (atom density) of 235U nuclides
(atom/barn.cm) versus burnup (GWd/MTU). The initial concentra-
tion of 235U was 3.992E-03 (atom/barn.cm) and at fuel burn up of
42.4 GWd/MTU was 2.792E-03 (atom/barn.cm). 30.06% of the 235U
was consumed during that period.

Plutonium isotopes are important neutron emitters. The pluto-
nium isotopes with even mass numbers, 238Pu, 240Pu, and 242Pu,
can undergo spontaneous fission, emitting a number of neutrons.
Three plutonium isotopes, 238Pu, 239Pu and 240Pu, emit alpha par-
ticles that can undergo (a, n) reactions with low Z materials [11].
Fig. 8 shows the concentration of plutonium isotopes (atom/
barn.cm) versus burnup (GWd/MTU). The plutonium isotopes built
up from zero for fresh UO2 fuel and increased with time as the fuel
burnt and seemed to reach a plateau. The 239Pu also approached
equilibrium because at higher burnup, the rate of 239Pu production
equaled the rate of neutron absorption and fission.

At 42.4 GWd/MTU, the concentration of 238Pu was 8.476E-08, of
239Pu was 8.751E-05, of 240Pu was 1.054E-05, of 241Pu was 2.036E-
06 and of 242Pu was 1.395E-07 (atom/barn.cm).

6. Thorium based fuel

We used a mixture of ThO2-PuO2 as fuel in the reactor core. The
thorium dioxide and plutonium dioxide were mixed homoge-
neously inside the kernel of fuel pebble and we varied the ratio of
PuO2 to ThO2 to obtain an initial keff equivalent to that of UO2. Fig. 9
attice, and TRISO in the reactor core model.



Table 3
Comparison between present model and published results.

parameter experimental measurements Ref. [2] resultsa Present modelb

Critical height 123.06 cm 126.116 cm 127.259 cm
Critical loading – 16,821 pebbles 16,809 pebbles
a MCNP4A and ENDF/BeV.

b MCNP6.1 and ENDF/B-VII.1.

Fig. 5. keff vs the active core height for UO2 fuel reference case (17% enrichment).

Fig. 6. keff change with the burnup of the spheres (GWd/MTU).

Fig. 7. 235U concentration (atom/barn.cm) decrease with burnup (GWd/MTU).

Fig. 8. Increase in plutonium isotopes concentration (atom/barn.cm) with burnup
(GWd/MTU).
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shows the value of keff at the BOC for different Pu concentrations at
full core height.

We chose a fuel made of 62.4%Th O2þ37.6%PuO2 with
(keff ¼ 1.09232). Table 4 shows the ratio of Pu isotopes. This fuel
composition had a critical height of 126.68 cm compared to
127.259 cm for the reference (UO2) case. The ThO2-PuO2 critical
height had 9538 fuel spheres and 7195 moderator spheres (the
total number of spheres in the core was 16733).

Using ThO2-PuO2 fuel gave a much smaller keff than the refer-
ence case (UO2 fuel) in spite of using the same number of fuel el-
ements. The reasons for this are: (1) the absorption cross section of
232Th (7.4 barns) is more than twice of that of 238U (2.73 barns), and
(2) the fission to absorption cross section ratio for the fissile ma-
terial (235U) in UO2 fuel is equal to 0.85, while this ratio for the
fissile materials (239Pu and 241Pu) in ThO2-PuO2 fuel was equal to
0.73.

6.1. Burnup and isotope concentrations

We investigated the behavior of fuel as a function of burnup.
Fig. 10 shows keff as a function of burnup (GWd/MTU) for the
reactor core for the case of 62.4%Th O2þ37.6%PuO2. The cycle length
was 377.93 days with a discharge burnup of about (52.724 GWd/
MTU)with 24%more than the reference case (42.4 GWd/MTU). This
means that the fuel cycle was 51 days longer.



Fig. 9. Variation of keff at BOC as a function of Pu content.

Table 4
Composition of first generation Pu.[13].

Pu isotopes First Generation (weight %)

Pu-238 1.81
Pu-239 59.14
Pu-240 22.96
Pu-241 12.13
Pu-242 3.96

Fig. 10. keff versus fuel burnup (GWd/MTU) for the fuel composition of 62.4%Th
O2þ37.6%PuO2.

Fig. 11. Change in plutonium isotopes concentration (atom/barn.cm) with burnup
(GWd/MTU).

Fig. 12. 233U concentration (atom/barn.cm) with burnup (GWd/MTU).
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Fig. 11 illustrates the concentration of plutonium isotopes
(atom/barn.cm) versus burnup (GWd/MTU). Typical values after
52.72 GWd/MTUwere 1.393E-04 (atom/barn.cm) for 238Pu, 3.526E-
03 for 239Pu, 1.922E-03 for 240Pu, 1.020E-03 for 241Pu and 3.911E-04
for 242Pu were. The initial concentration of 239Pu was 4.861E-03
(atom/barn.cm) and at discharge was 3.526E-03 (atom/barn.cm),
which means that 27.46% of the 239Pu was consumed. This showed
that using a thorium-plutonium oxide mixture is better than using
a uranium oxide fuel from a nonproliferation point of view, because
the plutonium is destroyed in this case (Fig. 11), whereas it
increased in the case of UO2 fuel (Fig. 8).
6.1.1. Uranium-233
Fig. 12 shows the concentration of 233U (atom/barn.cm) versus

burnup (GWd/MTU). The 233U built up in the (ThþPu)O2 fuel and its
concentration increased with burnup due to the nuclear trans-
mutation of 232Th according to [12]:

232Th�������!ðn;gÞ 233Th ���������!b
�

T1=2¼22min

233Pa ��������!b
�

T1=2¼27d

233U

The 233U concentration increased with burn up from zero for the
fresh fuel to 6.284E-05 atom/barn.cm at 52.72 GWd/MTU.
6.1.2. Minor actinides (americium and curium)
When plutonium is used in the nuclear fuel, less neutron cap-

tures are required for the synthesis of minor actinides which have
more than 240 nucleons.

The americium isotopes are important for two reasons: (1) they
are precursors of the important neutron-producing curium iso-
topes and (2) in some situations 241Am can be a significant neutron
producer from (a,n) reactions [11].

Fig. 13 shows the concentration of americium isotopes (atom/



Fig. 13. Am isotopes concentration (atom/barn.cm) with burnup (GWd/MTU).

Fig. 15. Change in 135Xe isotopes concentration (atom/barn.cm) with burnup (GWd/
MTU).
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barn.cm) versus burnup (GWd/MTU). All isotopes built up from
zero for fresh fuel and increased with time. At 52.72 GWd/MTU, the
concentration was 4.403E-05 (atom/barn.cm) for 241Am, 2.065E-07
for 242Am and 2.282E-05 for 243Am. The total Am concentrationwas
6.705E-05(atom/barn.cm).

Curium is a dominant neutron source, whichmakes it important
to know its amounts, isotopic composition and behavior in order to
use passive neutron measurement techniques to monitor spent-
fuel assemblies. Spontaneous fission and (a,n) neutron yields
from 242Cm are much larger than corresponding yields of other
actinide isotopes produced in spent fuel [11]. 240Cm and 246Cm are
not produced in large enough quantities to be important neutron
sources. Because of its short lifetime (18 years), 244Cm is highly
radioactive, but it disappears at the scale of a century. It contributes
to about 60% of the initial radioactivity of minor actinides, although
it is produced in very small quantities [11].

Fig. 14 illustrates the concentration of curium isotopes (atom/
barn.cm) versus burnup (GWd/MTU). All curium isotopes built up
from zero for fresh fuel and increased with time. After 52.72 GWd/
MTU, the concentration was 3.075E-06 (atom/barn.cm) for 242Cm
and 1.679E-06 for 244Cm. The total curium concentration was
4.754E-06 (atom/barn.cm).
Fig. 14. Cm isotopes concentration (atom/barn.cm) with burnup (GWd/MTU).

Fig. 16. Change in 99Tc isotopes concentration (atom/barn.cm) with burnup (GWd/
MTU).
6.1.3. Other important fission products (135Xe, 99Tc and 137Cs)
Three fission product isotopes, 135Xe, 99Tc and 137Cs, were

investigated in both cases. Fig. 15 shows that the inventory of 135Xe
fission product increased by using the (Th-Pu)O2 fuel about three
times more than that of UO2. The reason is that when 239Pu un-
dergoes fission, the most probable fragment masses are around
mass numbers 103 and 134 (and around atomic numbers 40Zr and
54Xe).

Both the 99Tc and 137Cs increased when using the UO2 fuel, as
indicated in Figs. 16 and 17 respectively because they fall in the
range of the most probable fragment.

7. Conclusion

We modeled the HTR-10 reactor core of the pebble bed gas-
cooled reactor, using MCNP6, to study the criticality parameters
and burnup for different fuel compositions.



Fig. 17. Change in 137Cs isotopes concentration (atom/barn.cm) with burnup (GWd/
MTU).
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The results indicate that the critical height of HTR-10 fueled
with UO2 was 127.259 cm and was 126.68 cm with (ThþPu)O2.
However, we found that the reactor achieved 24% longer fuel cycle
length in the case of (ThþPu)O2. In addition, using (ThþPu)O2
instead of UO2 also enhance safeguard security by burning Pu
isotopes.
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