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The inherent safety feature of a pebble-bed reactor can be observed from its kinetic parame-
ters. Proper modeling for calculating the reactor kinetic is also a concern for safe operation
during normal and transient conditions. This study is intended to investigate the kinetic pa-
rameters characteristics of a pebble bed reactor using HTR-Proteus. A series of calculations
were conducted using MCNP6 code and ENDF/B-VII library. The calculation results show
that the negative value on core temperature reactivity is affected dominantly by the Doppler
broadening effect. Prompt neutron lifetime { and mean generation time A are slightly
changed due to an increase in fuel temperature, moderator, and reflector that changed the
neutron moderation and absorption over this part of the reactor. For (Th, U)O,, UO,, and
PuO, cores, the effective delayed neutron fraction 3. values are more influenced by 233U,
2350, and 23°Pu, respectively. In terms of stability during reactivity insertion, the UO, core is
more stable and easier to control because its ¢ value is the largest compared to (Th, U)O,
and PuO, cores. It can be concluded that changing temperature must be controlled because it
does not only affect the reactivity but also kinetic parameters as part of developing inherent

safety features on the pebble-bed reactor.
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INTRODUCTION

The increase in world population is predicted to
double global energy demand by 2050. Traditional en-
ergy sources from fossil fuels such as oil, natural gas,
and coal still provide the largest share of the world's
energy today. However, fossil fuel is the main contrib-
utor to carbon emissions which causes climate change
and endangers the world population present and fu-
ture. Meanwhile, generating energy through nuclear
power emits a small amount of CO,, thus making it a
promising option as a solid and reliable energy genera-
tion [1]. Since 2000, the Generation IV International
Forum (GIF) has conducted a lot of effort in interna-
tional collaboration to develop next-generation nu-
clear energy systems. The GIF has provided the basis
for identifying and selecting six nuclear energy sys-
tems for further research and development of the Gen-
eration IV reactor. The Generation IV reactor is ex-
pected to be available for commercial deployment
around 2030 with more efficient fuel utilization, less
waste generation, being economically competitive,
and could meet the requirement for safety and prolifer-
ation resistance [2].

* Corresponding author; e-mail: zuha0O1@brin.go.id

The pebble bed reactor, a type of high tempera-
ture gas-cooled reactor, is one of the six types of Gen-
eration IV nuclear reactors with graphite moderator
and helium coolant. Thisreactor is an attractive choice
for nuclear energy production due to several advan-
tages, such as the inherent safety features character-
ized by a strong negative temperature coefficient of re-
activity, large thermal inertia from the large graphite
mass of the core, and the fuel designed to retain all fis-
sion products within the tri-structural isotropic
(TRISO) coated particles. These advantages ensure
that core meltdown is impossible, and the core remains
intact in any accident scenario that causes the reactor
temperature increases up to 1600 °C [3]. The pebble
bed reactor possesses the flexibility to utilize various
fuel cycles, including thorium [4-6], plutonium [7-9],
and rock-like oxide [10].

The inherent safety feature of the pebble-bed re-
actor depends on the calculated kinetic parameters.
Accurate calculation of the reactor kinetic is the main
concern for safe operation and transient analysis [11].
The purpose of this study is to investigate the charac-
teristics of kinetic parameters for pebble bed reactors
using HTR-Proteus [12]. A series of calculations with
various temperatures were performed by using the
Monte Carlo transport code MCNP6 [13] and the con-
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tinuous energy nuclear data library ENDF/B-VII [14].
The calculation of reactor kinetic parameters was con-
ducted in the configuration of core 4.1 with a fuel-to-
-moderator pebble ratio of 1:1. Three fuel options for
the design consisting of UO,, PuO,, and (Th, U)O,
were adopted to present the calculation inter-compari-
son of kinetic parameters of pebble bed reactor be-
tween uranium, thorium, and plutonium cores. The
analysis was performed in the core safety aspect be-
cause it can affect the behavior of transients in fatal ac-
cident situations.

THE HTR-PROTEUS FACILITY

Proteus is a zero-power research reactor located
in the Paul Scherrer Institute, Switzerland. The basic
geometry of Proteus consists of a cylindrical graphite
annulus with a central cylindrical cavity. The graphite
annulus is essentially unchanged for all experimental
programs, but the contents of the central cavity can be
replaced to adjust the type of reactor to be investi-
gated. Proteus has represented light water reactors
throughout its operational history, but from 1992 to
1996, Proteus was configured as a pebble bed reactor
critical facility. Consequently, it was denominated as
the HTR-Proteus. During this period, seventeen criti-
cal assemblies were configured and various experi-
ments of nuclear reactor physics were performed such
as criticality, differential, and integral control rod and
safety rod worth, kinetics, reaction rates, water ingress
effects, and small sample reactivity effects [15].

The HTR-Proteus was constructed to increase
confidence in predicting the neutronic behavior of
high-temperature gas-cooled reactors. The reactor pro-
gram was conducted in HTR-Proteus to provide experi-
mental benchmark data. The computational models
were reviewed and investigated as a part of the
HTR-Proteus program. The integral data obtained from
the experimental benchmarking program is intended to
validate various physics methods for pebble bed reactor
core designs.

The HTR-Proteus facility is cylindrical graphite
0f3.262 min diameter and 3.3 m in height, with a cen-
tral cylindrical cavity. This cavity has a diameter of
1.25 m and a height of 1.764 m, located 0.78 m above
the lower axial reflector. The pulsed neutron source is
placed on the bottom of the lower axial reflector. Sym-
metrically located 160 borings with a diameter of
2.743 cm are also on the lower axial reflector, where at
least 127 borings are filled with 2.65 cm diameter
graphite rods.

Meanwhile, the upper axial reflector is placed
above the core cavity, suspended. It extends beyond
the top of the radial reflector. This part is made of a
complex structure consisting of graphite, steel, and
aluminum as well as including inner and outer alumi-
num tanks, an aluminum safety ring to prevent the re-

flector from falling onto the pebble bed core during an
accident, and a steel lid, support plate, and flanges.

The radial reflector starts from the radial bound-
ary of the core cavity and extends to the outer radial
boundary of the reflector, from the bottom of the re-
flector expanding upwards to a height of 330.4 cm. In
this reflector, there is a reactor shutdown and control
system, consisting of symmetrically located four bo-
ron-steel shutdown rods around the core at a radius of
68.4 cm, and 4 stainless-steel control rods with a ra-
dius 0f 90.6 cm. A schematic top and side view of the
HTR-Proteus facility is shown in figs. 1 and 2, respec-
tively.

Loading the HTR-Proteus core is carried out by
dropping fuel pebbles into the core through a loading
tube suspended above the core. Each fuel pebble is
formed by a 5 cm diameter fueled zone and a graphite
shell with a thickness of 0.5 cm. The moderator peb-
bles made of pure graphite with the same diameter as
fuel pebbles are also simultaneously dropped in speci-
fied proportion to the fuel pebbles. The HTR-Proteus
core configuration has different packing fractions be-
cause the pebbles are loaded in different ways. In core
4.1 fuel pebble and moderator pebble are loaded in
parallel where each pebble is entered into the core
from its respective channel. The second method is
used for core loading of'4.2 and 4.3 where the fuel peb-
ble and moderator pebble are entered in combination
through the same channel. The pebble bed is then flat-
tened after each loading step is completed and the
height of the pebble bed core is measured. In the calcu-
lation of kinetic parameters, the configuration of core
4.1 was chosen with a fuel and moderator pebbles ratio
of 1:1 [17].

In this study, the fueled zone is filled with 15 000
TRISO coated particles dispersed within the graphite
matrix. The TRISO coated particles consist of a UO,
fuel kernel with 18.4 % 233U enrichment and four coat-

Figure 1. Top view of an HTR-Proteus
deterministic core [16]
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Figure 2. Schematic side view of the
HTR-Proteus facility (dimensions in
mm) [16]
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Figure 3. Schematic view of a fuel
pebble and a TRISO particle [18]
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ing layers. Other TRISO coated particles are formed
by (Th,U)O, kernel with 12.48 % 233U enrichment and
PuO, kernel with plutonium isotopic vector of 0.0259/
0.5385/0.2366/0.1313/0.0677 corresponding to plu-
tonium isotopes of 233Pu/ 23Pu/ 24°Pu/ 241Pu/ 242Pu.
Four protective TRISO layers consist of porous car-
bon buffer (C), inner pyrolitic carbon (iPyC), silicon
carbide (SiC), and outer pyrolitic carbon (oPyC).
These layers effectively retain the radioactive fission
products up to the temperature of 1600 °C. Figure 3
shows a schematic view of a fuel pebble and a TRISO
particle. Fuel pebble and coated fuel particles with
UO,, Pu0,, and (Th, U)O, kernels have the same de-
sign and specifications. Detailed specifications are de-
scribed in tab. 1.

~0.091 cm

neutron
3262 source
Graphite shell

Fuel zone

TRISO fuel particles
randomly disperse in

fuelzone
e 3cm |
2.5¢cm
Pebble fuel element
CALCULATION MODEL

Calculations of kinetic parameters of pebble bed
reactor were performed using Monte Carlo transport
code MCNP6 and continuous energy nuclear data li-
brary ENDF/B-VII. In the modeling of a pebble bed
reactor, special attention must be paid to taking into ac-
count the double heterogeneity in the core region. It
consists of TRISO fuel particles in the fueled zone of
the pebble and pebble lattice containing fuel and mod-
erator pebbles in the reactor core.

The core modeling is starting from the modeling
of the TRISO particle using a simple hexagonal lattice.
This lattice has a hexagonal pitch of 0.171456 cm.
Next, the fuel pebble is modeled by constructing a regu-
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Table 1. Fuel pebble and coated particle specifications

Fuel pebble
Diameter [cm] 6
Radius of the fueled zone [cm] 2.5
Thickness of graphite shell [cm] 0.5
Density of graphite shell [gem ] 1.75
Impurity of natural boron in 0.5
graphite matrix [ppm*]
Density of graphite matrix [gem ] 1.75
Impurity of natural boron in 0.5
graphite shell [ppm]
E;lljrg}z:er of coated particles in 15000
Mass of fuel per pebble [g] 10.210
Coated particle
Kernel
Radius [cm] 0.025
Density [gem ] 10.4
Impurity of natural boron in the 05
kernel [ppm]
Coatings
Material C/iPyC/SiC/oPyC
Thickness [cm] 0.095/0.04/0.035/0.04
Density [gem ] 1.05/1.9/3.18/1.9
Packing fraction of
coatediarticle [%] 9.043

*parts per million

lar array of lattice particles within the fueled zone of the
pebble. Dispersing the 15 000 TRISO particles in each
repetitively structured fuel pebble will result in the
TRISO particles being cut in the boundary between the
fueled zone and graphite shell. However, this condition
may be considered negligible due to the insignificant
impact it imposes on the calculation results. The
MCNP6 model of fuel pebble is illustrated in fig. 4. The

-

TRISO particle SH lattice

Fuel pebble

Figure 4. The MCNP6 model of fuel pebble

Table 2. Isotopic composition of TRISO particle

Kernel UO, Kernel (Th, U)O,
By 432074102 | **Th | 2.07618-1072
By 1.89195-10° | U | 2.94769-107
0 4.64805-1072 0 474189107
B 1.14694-1077 B 1.14694-1077
! 4.64570-10°7 "B 4.64570-107

Kernel PuO, Buffer
8py 6.01178-107* 2C | 5.26449-10
3%py 1.24470-10°2 iPyC/oPyC
2i0py 5.44599.10° | “C | 95262110
241py 3.00965-107° SicC
2#2py 1.54539-10°° %Si 439872-10°2
0 4.60983-10°° i 2.24780-10°°
B 1.14694-1077 30si 1.48899-107°
N 4.64570-107 2c 4.77240-1072

Table 3. Isotopic composition of graphite matrix and
graphite shell

Graphite matrix Graphite shell
2c 8.77414-10 2C 8.77414-107
"B 9.64977-10° "B 9.64977-10°°
;] 3.90864-10°° "B 3.90864-107°

isotopic composition of TRISO coated fuel particle (in
atom per barn per cm; 1 barn = 102 m?) is listed in tab.
2. The identical isotopic composition of graphite matrix
and graphite shell (in atom per barn per cm) is listed in
tab. 3.

The reactor core filled with thousands of pebbles
was modeled using body centered-cubic (BCC) lattice
with repetitive structures. This lattice is the most rep-
resentative with a core characterized by fuel and mod-
erator pebbles with the ratio of 1:1 due to the BCC lat-
tice consisting of two pebbles. In addition, despite the
pebbles arrangement on the pebble bed core is ex-
pected to approach the hexagonal close-packed (HCP)
lattice, the BCC lattice is more often a choice, thanks
to its ability to provide packing size typically found in
pebble bed reactors. The lattice pitch of 7.224957 cm
was obtained from the correlation between the pebble
volume in the lattice and the specified packing fraction
0f 0.60.

The appearance of a number of clipped pebbles on
the core wall surface as a result of the use of repetitive
structures, called partial pebbles, was corrected by ap-
plying an exclusive zone of 1.5 cm thick helium around
the reactor core. This is undertaken to compensate for the
partial pebbles which may be affecting the calculation
accuracy. Core components and structures, such as axial
and radial reflectors, efc., were modeled in a simpler way.
A detailed description of this procedure was first intro-
duced by Lebenhaft [19] and found in several publica-
tions [20-28]. The whole facility modeling of HTR-Pro-
teus is illustrated in fig. 5. The isotopic composition of
moderator pebble (in atom per barn per cm) is given in
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Figure 5. The MCNP6 model for
HTR-Proteus

"
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Table 4. Isotopic composition of moderator pebble

Moderator pebble
2c 8.38302:102
B 2.40326-10°°
''B 9.73442-10°°

Table 5. Isotopic composition of axial and radial
reflectors

Axial reflector Radial reflector
2c 8.61000-107 2C 8.84000-10
1B 9.00000-107° B 9.20000-107°
;] 3.60000-10°° B 3.70000-107°

tab. 4. The isotopic composition of axial and radial reflec-
tors (in atom per barn per cm) is presented in tab. 5.

RESULTS AND DISCUSSION

The most important kinetic parameters of a reac-
tor consist of the effective delayed neutron fraction 3 .,
prompt neutron lifetime (, and mean generation time A
[29]. These parameters were analyzed in this study.
The core multiplication factor k¢ was also analyzed
since the calculation of kinetic parameters is strongly
connected to criticality calculations. To run the critical-
ity problems, KCODE and KSRC cards are required in
addition to the geometry description and material
cards. The KSRC card which specifies the location of

Table 6. Core multiplication factor k.

Fuel
pebble

Reactor core

the initial spatial fission point was defined at the cen-
ter of the fuel kernel and the KCODE card which
determines the reactor multiplication factor was sim-
ulated with 25 000 particles per neutron life cycle. A
total of 5 million neutron histories were used with dis-
carding of the first 50 cycles of 250 cycles before av-
eraging kg The calculation of kinetic parameters was
conducted by activating the KOPTS card in the
MCNP6 input data. The control rods were placed in a
fully withdrawn position.

The core has been modeled with different fuel
compositions and different temperatures to examine
their effects on the core multiplication factor kg and its
kinetic parameters. Calculated k. results of the
HTR-Proteus reactor are presented in tab. 6. From this
table, it can be observed that the increase in fuel tem-
perature 7j, moderator temperature 7y;, and reflector
temperature 7 simultaneously causes a decrease in the
kg value. The largest decrease in k. value was found
in the core with UO, fuel, followed by the core with
(Th, U)O, and PuO, fuels. The calculation results of
the temperature reactivity coefficient are calculated
from the data in tab. 6 and presented in tab. 7 show that
within a temperature range of 900 K-1200 K, the value
of the total core temperature reactivity coefficient of
UO, and (Th, U)O, is the most negative while in the
temperature range of 1200 K-2500 K, the position was
taken over by the PuO, core. This means that at operat-
ing temperature, the HTR-Proteus core has an adequate
safety factor.

Temperature [K]

Uuo,

(Th, U)O,

Pqu

Ty =293, T =293, Tr = 293

1.06737 +0.00041

1.06778 £ 0.00035

1.06749 £ 0.00034

Ty = 600, Ty = 600, T = 600

1.04472 + 0.00035

1.04483 +0.00037

1.07228 £ 0.00033

Ty =900, Ty = 900, Tx = 900

1.02588 +0.00038

1.02945 +0.00033

1.06774 £ 0.00034

Tr = 1200, Ty = 1200, Tr = 1200

0.99548 +0.00037

1.00739 + 0.00037

1.05368 £ 0.00038

Ty = 2500, Ty = 2500, T = 2500

0.93593 +0.00037

0.97874 + 0.00034

0.98223 +0.00033
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Table 7. Total temperature coefficient of reactivity (Ak K'K™)

Table 9. Fuel temperature coefficient of reactivity (Ak k'K ™)

Tf;?llézﬂ[lg]f ¢ uo; (Th, U)0; PuO,
293-600 | —6.6163-10° | —6.70065-107 | —1.36309-107°
600-900 |-5.85954-107 | —4.76633-107 | —1.32179-10°°
900-1200 |-9.92255-107° | —7.09057-107° | —4.16572-10°°
1200-2500 | —4.91657-10° | —2.2352-107° | =5.31052:10°°

Tf;:}%‘;“[‘%re U0, (Th, U)O, PuO,
293-600 |-8.65901-107 |-9.10308-107°| —2.61194-10
600-900 | -6.89657-107° |-6.03986-10°| —2.23847-107°
900-1200 |-1.07223-107*|-1.05196-10"*| —3.26238-10°°
1200-2500 |-4.93204-107° |-3.83392-10°| —1.98315-107°

The kg calculation results and kinetic parame-
ters as a function of fuel temperature are summarized
in tab. 8. In this case, the fuel temperature is varied
while the moderator and reflector are maintained at a
temperature of 293 K. Similar to tab. 7, tab. 8 shows
that the increase in fuel temperature caused a signifi-
cant decrease in the kg value and the largest one was
found in the core with UO, fuel followed by (Th, U)O,
and PuO,. The decrease in the k. value is caused by
the Doppler broadening effect in the resonance region
of'the fuel which affects the amount of neutron absorp-
tion by isotopes in the fuel. Compared with the value
of the reactivity coefficient in tab. 7, the reactivity ef-
fect of fuel temperature, tab. 9, appears to be more neg-
ative, especially for UO, and (Th, U)O, cores. The
same thing was experienced by the PuO, core but at a
temperature range of less than 900 K. From this obser-
vation, we could say that the negative value on core
temperature reactivity is affected dominantly by the
Doppler broadening effect of fuel temperature.

Table 8 confirms that the change in fuel temperature
has a significant effect on the ¢ and A but this change
hardly affects the value of the .4 The increase in fuel
temperature causes the value of ¢ and A of the UO, core
and (Th, U)O, core to increase by 1.32-8.79 % and
1.35-6.20 %, respectively. Different things are experi-
enced by the PuO, core, the increase in fuel temperature
actually decreases the value of ( even though the decrease
is still below 0.25 %, while the value of the A still increases

from 0.77-3.11 %. Looking back at tab. 8, it can be found
that the UO, core is easier to control because the 8 value
is the largest one, in contrast to (Th, U)O, and PuO2 which
are almost half of the UO, fuel system.

The effect of the temperature moderator on ki-
netic parameters is summarized in tab. 10. The modera-
tor temperature was varied while the fuel and reflector
temperatures were kept constantat 1200 K and 293 K,
respectively. Table 10 shows that increasing the graph-
ite moderator temperature causes the kg value to de-
crease, but not as significant as increasing fuel tempera-
ture. The kg value decreases slightly as the moderator
temperature increases because of an increase in neutron
absorption from materials other than fuels. The largest
decrease in k. was experienced by the UO, core, fol-
lowed by the (Th, U)O, and PuO, cores. Table 10 repre-
sents a recurring trend as the moderator temperature in-
creases for the ¢ and A of UO, and (Th, U)O, cores,
which increase within the range 0.70-2.23 % and
0.58-0.67 %, respectively. The same trend is also expe-
rienced by the PuO, core, with the increase in fuel tem-
perature actually decreasing the ( value even though the
decrease is very small (<0.15 %), while the value of the
A increases by 0.49 % at a moderator temperature of
1200 K and decreases by 0.33-0.78 % at a moderator
temperature of 600 K and 900 K. Similar to tab. 8, the
B value does not change as the moderator temperature
increases. Compared to the total temperature coeffi-
cient of reactivity (Ak k'K~ in tab. 7 and fuel temper-

Table 8. Effect of fuel temperature 7% on Kinetic parameters (7y =293 K, Tx =293 K)

Fuel temperature 7% [K] ket 0 [s] A[s] Betr
293 1.06737 +0.00041 | 3.2507-107 +1.5126:10° | 1.6789-107 +1.2600-107° | 0.00665 + 0.00038
600 1.03792 + 0.00038 | 3.3108-10° + 1.4263-10° | 1.7710-107 +1.3080-10° | 0.00629 + 0.00039
U0, 900 1.01610 +0.00038 | 3.3545-10° +1.5732:10° | 1.8369-107° +1.3820-10° | 0.00663 + 0.00040
1200 0.98394 + 0.00039 | 3.4364-10° + 1.4784-10° | 1.9507-10 +1.5470-107° | 0.00620 % 0.00038
2500 0.92555 + 0.00033 | 3.5639-10° + 1.4588-10° | 2.1222:107 +1.6860-10° | 0.00639 + 0.00039
293 1.06778 +0.00035 | 3.6369-107 + 1.4876:10° | 1.8651-1007 + 1.3890-10° | 0.00369 + 0.00029
600 1.03684 + 0.00037 | 3.7054-10° + 1.4998-10° | 1.9249-10° +1.4510-10° | 0.00345 + 0.00027
(Th,U)O, 900 1.01772 +£0.00036 | 3.7553-10° +1.5723-10° | 1.9621-10° +1.5160-107 | 0.00274 + 0.00025
1200 0.98605 + 0.00037 | 3.8476-10° + 1.5206-10° | 2.0629-107 + 1.6480-107° | 0.00299 + 0.00028
2500 0.93986 + 0.00038 | 3.9776-10° +1.6016-10° | 2.1909-10°+ 1.8360-10° | 0.00299 + 0.00029
293 1.06749 + 0.00034 | 2.0983-107 + 1.2841-10° | 9.6555-107* +8.9429-10° | 0.00357 + 0.00028
600 1.05843 £ 0.00038 | 2.0976-10° + 1.2887-10° | 9.7797-10*+9.5914-10° | 0.00285 + 0.00024
PuO, 900 1.05096 + 0.00033 | 2.0929-107 + 1.2343-10° | 9.8606-107* +9.4730-10° | 0.00334 + 0.00027
1200 1.04026 + 0.00035 | 2.0901-107 + 1.3359-10° | 9.9368-10* +9.3932-10° | 0.00280 + 0.00022
2500 1.01309 + 0.00036 | 2.0850-10° + 1.3816-10° | 1.0246-107> +9.9400-10° | 0.00299 + 0.00025
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Table 10. Effect of moderator temperature 7y on Kkinetic parameters (7x = 1200 K, T = 293 K)
Moderator temperature Ty [K] ket 0 [s] A [s] Beir

293 0.98394 + 0.00039| 3.4364-10° + 1.4784-10° | 1.9507-10°° + 1.5470-10° | 0.00620 + 0.00038
vo, 600 0.97396 + 0.00035 | 3.4633-107 + 1.4965-107° | 1.9942-107 + 1.5550-107 | 0.00726 + 0.00043
900 0.96531 + 0.00037| 3.4876-107> + 1.4458-10° | 1.9987-10° + 1.6150-10° | 0.00626 + 0.00040
1200 0.94935 + 0.00038 | 3.5342:107° + 1.3584-10° | 2.0333-10° + 1.6350-107 | 0.00710 + 0.00043
293 0.98605 + 0.00037 | 3.8476-107 + 1.5206-10° | 2.0627-107 + 1.6480-107 | 0.00299 + 0.00028
(ThU)O, 600 0.97635 + 0.00036| 3.8732:107 + 1.4584-10° | 2.0629-10° + 1.6330-10° | 0.00303 + 0.00027
900 0.96861 + 0.00037 | 3.8955-107 + 1.4583-107° | 2.0765-107 + 1.6800-107 | 0.00352 + 0.00033
1200 0.95427 + 0.00037| 3.9360-107> + 1.4482-10° | 2.0833-10° + 1.6570-10° | 0.00338 + 0.00031
293 1.04026 + 0.00035 | 2.0901-107° + 1.3359-10° | 9.9368-10-4 + 9.3932:10° | 0.00280 + 0.00022
PuO, 600 1.03684 + 0.00036 | 2.0897-107 + 1.2734-10° | 9.8594-10-4 £ 9.3016-10° | 0.00292 + 0.00024
900 1.03365 £ 0.00034 | 2.0875-10° + 1.2762-10° | 9.8271-10-4 + 9.4513-10° | 0.00309+£0.00024
1200 1.02652 + 0.00036| 2.0848-10° + 1.3670-10® | 9.8749-10-4 +9.7416-10° | 0.00374 + 0.00028

Table 11. Moderator temperature coefficient of
reactivity (Ak k'K

Table 13. Reflector temperature coefficient of reactivity
RTC (Ak k'K™)

ngl%ee“[‘lt(”]re U0, (Th, U)0, PuO,
293-600 |-3.39221-10|-3.28193-107°|-1.03284-107°
600-900  |-3.06681-10°|-2.72813-107 |-9.92166:10°
900-1200 |-5.80522-107°|-5.17139-107°|-2.23989-107°

T‘r?g};r?g]re U0, (Th, U)0; PuO,
293-600 | 9.32431-10° | 9.85160-10° | 5.73674-107°
600-900 | 2.89788-107° | 3.59327-10° | 1.66267-107
900-1200 | 3.83083-107° | 4.74434-107° | 8.36861-10°°

ature coefficient of reactivity (Ak k''K™") values in
tab. 9, the moderator temperature coefficient of reactiv-
ity (Ak k'K™") in tab. 11 is slightly smaller for all three
HTR-Proteus cores considered.

The effect of reflector temperature 7} on kinetic
parameters (7 = 1200 K, 7y, = 1200 K)) is summarized
in tab. 12. Unlike other previously mentioned cases,
when the reflector temperature increases, the k. value
increases. The increase in k g value is quite significant
compared to the decrease of the k. value when the
moderator temperature is increased. Therefore, the re-
flector temperature coefficient of reactivity is positive,
as shown in tab. 13. This means that the number of
neutrons coming out of the reactor is reduced which is
most likely due to the backscattering of neutrons into
the reactor core that occurs in the reflector. Because

the material used as neutron moderator and reflector is
the same graphite material, it can be said that this back-
scattering phenomenon can also occur inside the reac-
tor core. Increasing the moderator temperature causes
the kg value to increase due to the increasing number
of moderated neutrons, but on the other hand, the ef-
fect of neutron absorption from non-fuel materials
whose temperature increases due to the Doppler effect
is predicted to be more dominant when inside the reac-
tor core, different from the radial and axial reflector
that positioned on the edge of the core.

The UO, and (Th, U)O, cores have a higher re-
flector temperature coefficient of reactivity than PuO,
core because there is a greater increase in k. The cal-
culation results of the kinetic parameters shown in tab.
12 give the impression that the value of the ( and A are

Table 12. Effect of reflector temperature Tk on Kinetic parameters (7 = 1200 K, 7y = 1200 K)

Reflector temperature 7x [K] ket 0 [s] A [s] et

293 0.94935 +0.00038 | 3.5342-107 + 1.3584-107° | 2.0333-10° + 1.6350-10° | 0.00710 = 0.00043

o, 600 0.97587 £ 0.00035 | 2.9834-10°> +1.3754-10° | 1.7763-10° + 1.3180-10° | 0.00668 + 0.00042
900 0.98422 +0.00038 | 2.7518-10° + 1.1517-10° | 1.6795-10° + 1.1970-107 | 0.00752 + 0.00046

1200 0.99548 + 0.00037 | 2.4433-10° + 1.0271-10° | 1.5508-10° + 1.1030-10° | 0.00717 % 0.00043

293 0.95427 + 0.00037 | 3.9360-10 + 1.4876-10° | 2.0833-10 + 1.6570-10° | 0.00338 + 0.00031

(Th0)0, 600 0.98263 +0.00034 | 3.3424-10° + 1.3384-107° | 1.8855-10° + 1.4510-10” | 0.00260 + 0.00025
900 0.99315 + 0.00034 | 3.0898-10°> +1.2130-10° [1.97574-107> + 1.2860-10°| 0.00299 + 0.00028

1200 1.00739 + 0.00037 | 2.7523-10° +1.1410-10° | 1.6099-107 + 1.1460-107° | 0.00317 + 0.00029

293 1.02652 +0.00036 | 2.0848-10° + 1.3670-10° | 9.8749-10 £ 9.7416:10° | 0.00374 % 0.00028

Pus, 600 1.04542 £ 0.00033 | 1.6812-10° + 1.0354-10° | 8.3326-10* + 7.6371-10° | 0.00298 + 0.00024
900 1.05090 + 0.00037 | 1.5180-10° +1.0616-10° | 7.6837-10" £ 6.8161-10° | 0.00320 + 0.00026

1200 1.05368 £ 0.00038 | 1.3032-10° +8.6296-107 | 6.7693-10*+ 5.8807-10° | 0.00301 + 0.00023
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decreasing while reflector temperature is increasing
for all cores. This value is on the opposite trend of the {
and A when the fuel and moderator temperatures in-
crease. More specifically, the ¢ and A of the PuO, core
are also decreased as the moderator temperature in-
crease. Again, it can be found that the UO, core is eas-
ier to control because its 8. value is greatest when the
reflector temperature increases. The B ¢ values of (Th,
U)O, and PuO, cores are almost half of the UO, core
Bsr values.

Changes in the ( and A due to changes in tempera-
ture of the fuel, moderator and reflector may be caused
by factors related to neutron moderation and neutron ab-
sorption by fissile and fertile materials in the core. The
B g valueis very specific and only depends on the isotope
used as a fissile and fertile material. That is why changes
in temperature of the fuel moderator, and reflector do not
have much effect on the B value because the composi-
tion of the fissile and fertile material is practically the
same or does not change as the temperature changes. For
the (Th, U)O, core, the 5.4 value obtained is dominated
by the presence of 233U while for the UO, and PuO,
cores, the 3¢ values are more influenced by the 33U, and
239py isotopes, respectively. If the fuel composition of
the core is different, especially the fissile material, the
B will also be different.

CONCLUSION

A study on the characteristics of kinetic parame-
ters for pebble bed reactor using HTR-Proteus has
been conducted. A series of calculations with various
temperatures were performed by using the Monte
Carlo transport code MCNP6 and the continuous en-
ergy nuclear data library ENDF/B-VII. The calcula-
tion results show that the negative value on core tem-
perature reactivity is affected dominantly by the
Doppler broadening effect of fuel temperature. The
moderator temperature coefficient is slightly smaller
for all three HTR-Proteus cores considered. UO, and
(Th, U)O, cores have a higher reflector temperature
coefficient of reactivity than PuO, core. Changes in
the ¢ and A due to changes in temperature of the fuel,
moderator and reflector may be caused by factors re-
lated to neutron moderation and neutron absorption by
fissile and fertile materials in the core. For the (Th,
U)0, core, the B¢ value obtained is dominated by the
presence of 233U while for the UO, and PuO, cores, the
Besr values are more influenced by the 2*°U, and 2*°Pu
isotopes, respectively. The UO, core is easier to con-
trol because the B4 value is the largest one, in contrast
to (Th, U)O, and PuO, which are almost half of the
UO, fuel system. It can be concluded, that changing
temperature not only affects the temperature coeffi-
cient of reactivity but also kinetic parameters as an in-
herent safety feature of a pebble-bed reactor.
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3YXAWUP, Baxupn IYTOU, CPUJOHO, CYBOTO, Tonan CETUATUITYPA

MMPOYYABAILE KAPAKTEPUCTUKA KHNHETUYKHUX ITAPAMETAPA PEAKTOPA
CA CBEPHUM IOPMBOM KOPUIIKREILEM HTR-PROTEUS IMIOCTPOJEIbA

VHXepeHTHaA CUTYPHOCT KapaKTEPHUCTUKA PEAKTOPA ca CBEPHUM FOPUBOM MOXKE CE YOUUTH W3
HErOBUX KMHETUYKUX Mapamerapa. Takobe, Opura 3a IpaBUIHO MOJEJIOBamEe KUHETHKE peakTopa
nOTpeOHO je pajii CUTYPHOT pajia TOKOM HOPMAJHMX U MpejasHuxX pexnma. OBaj paj uMma 3a Iusb ja
UCTpaskKi KapaKTEpHCTUKE KMHETHUYKHUX apamMeTapa peakTopa ca CBEpPHHM TOPUBOM KopulrhemeM
HTR-PROTEUS nocTpojema. Cepuja mpopadyHa cripoBejieHa je koputithetbeM MCNP6 kofa n 6ubamnorexe
ENDEF/B-VIL.1. PezyaTatu npopadyHa IoKa3yjy a Ha HeraTUBHY BPEAHOCT TeMIIEpaTypHE PEaKTUBHOCTH
jesrpa JoMUHAHTHO yTude eekat [JomiepoBor mmpema. [IpoMITHE JKUBOTHH BEK HEYTPOHA U CPEIhE
BpeMe TeHepucama Majlo ce Memwajy ycien nosehama TeMnepaType ropusa, MoepaTopa u peiekropa,
KOjH YTUIy Ha MOJIepaIyjy 1 allCopIIjy HEyTpOHa Yy OBOM fienry peaktopa. 3a jesrpa (Th, U)O,, UO, n
PuO,, edpexTuBHE BpeHOCTH (hpaKilyje 3aKACHEINX HEYTPOHa BHIlE Cy nof yruiajeM 23U, 22U u %Py,
pecneKTUBHO. Y MOrjefy cTaOMIHOCTU TOKOM YHOIIeHa peakTuBHOcTH, je3rpo UO, je crabunHuje u
JIaKIIle Ta je KOHTPOJIKMCATH jep je BPEHOCT heToBe (hpakKiiyja 3aKacHeInX HeyTpoHa HajBeha y mopebemy
ca (Th, U)O, n PuO, jesrpuma. MoKe ce 3aKIbYINTH Aa ce IPOMEHa TeMIIepaType Mopa KOHTPOJIICATH jep
He yTHUYe CaMO Ha PeaKTUBHOCT Beh M Ha KMHETHUKe NapaMeTpe Kao Ae0 TOKA CBOjCTBEHUX CUTYPHOCHUX
KapaKTEepUCTHKA PeaKTopa ca CBEPHUM FOPUBOM.

Kmwyune peuu: kuneiiuuku iapameiuap, peaxiiop ca céeprum zopusom, HTR-PROTEUS, MCNPG6,
ENDF/B-VII



