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a b s t r a c t

In high temperature reactors, burnable absorbers are utilized to manage the excess reactivity at the
early stage of the fuel cycle. In this paper QUADRISO particles are proposed to manage the initial excess
reactivity of high temperature reactors. The QUADRISO concept synergistically couples the decrease of
the burnable poison with the decrease of the fissile materials at the fuel particle level. This mechanism

is set up by introducing a burnable poison layer around the fuel kernel in ordinary TRISO particles or by
mixing the burnable poison with any of the TRISO coated layers. At the beginning of life, the initial excess
reactivity is small because some neutrons are absorbed in the burnable poison and they are prevented
from entering the fuel kernel. At the end of life, when the absorber is almost depleted, more neutrons
stream into the fuel kernel of QUADRISO particles causing fission reactions. The mechanism has been
applied to a prismatic high temperature reactor with europium or erbium burnable absorbers, showing

the in
a significant reduction in

. Introduction

The nuclear scientific community is investigating generation-IV
f nuclear power plants with major design improvements com-
ared to the current nuclear power plants. The primary goals of this

nvestigation are: to have passive safety mechanisms for the reac-
or operation, to improve proliferation resistance, to optimize and
lose the fuel cycle, to improve energy conversion efficiency, and
o reduce construction and operational costs. Within generation-
V nuclear power plants, high temperature reactors (HTRs) are one
f the promising candidates because of their unique capability for
roducing hydrogen for industrial applications. Two HTRs design
oncepts are considered based on the use of pebble bed and pris-
atic cores. Both are moderated by graphite and fuelled by TRISO

articles. One of the major differences between a pebble bed and a

rismatic HTR core is the refueling mode, which is continuous for
he first core and every 1–2 years for the latter core. The continu-
us refueling of the pebble bed HTR allows a much smaller initial
xcess reactivity compared to the prismatic HTR and therefore it
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itial excess reactivity of the core.
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requires a smaller amount of burnable absorbers. In this paper, the
concept of QUADRISO particles is investigated for managing the
initial excess reactivity. In the QUADRISO concept, the manage-
ment of the excess of reactivity during burnup is caused not only
by the absorber depletion at certain locations in the reactor core,
but also by synergistically coupling the decrease of the poison and
the decrease of the fissile materials at the fuel particle level. The
concept is set up by placing an extra-layer of burnable poison sur-
rounding the fuel kernel in ordinary TRISO particles. Alternatively,
the poison can be mixed to any of the TRISO coating layers. It is
beyond the scope of this paper to define which configuration is the
best from the manufacture and the operation point of views. The
QUADRISO concept has been investigated for a prismatic HTR with
europium or erbium burnable poison. These two absorbers have the
advantage of enhancing the negative reactivity feedback in case of
power excursion accident.

2. QUADRISO particles concept

In HTRs, TRISO particles contain a kernel of fuel oxide sur-
rounded by concentric spherical layers of: Sawa et al. (2001) and
Nabielek et al. (1989):
• Porous carbon, which accommodate the fission gases and atten-
uates fission recoils.

• Pyrocarbon (inner layer), which sets the substrate for the SiC
layer.

http://www.sciencedirect.com/science/journal/00295493
http://www.elsevier.com/locate/nucengdes
mailto:alby@anl.gov
dx.doi.org/10.1016/j.nucengdes.2010.03.025
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three concentric fuel rings, each fuel ring consists of 36 hexagonal
blocks with an interstitial gap of 0.2 cm. Each hexagonal block con-
tains 108 helium coolant channels and 216 fuel pins, central-left
plot of Fig. 1. Each fuel pin contains a random lattice of TRISO par-
ig. 1. Prismatic high temperature reactor. From the left to the right plot: reactor co
s shown at the bottom of the left plot. Legend: (1) fuel block, (2) graphite, (3) coola
oison, (9) porous carbon, (10) inner pyrocarbon, (11) silicon carbide and (12) oute

SiC, which retains the fission gases and the fission products, and
it provides the mechanical resistance for the fuel particle.
Pyrocarbon (outer layer), which sets a bonding surface for com-
pacting and it acts as fission products barrier in particles with
defective SiC.

The use of the burnable poison in nuclear reactors aims at
ecreasing the initial excess reactivity at the beginning of the
uel cycle by balancing the reactivity loss associated with fuel
epletion with the reactivity gain associated with the absorber
urnup (Duderstadt and Hamilton, 1976). The traditional appli-
ation of burnable poison to HTRs, started in the 1970s, takes
dvantage of this concept (Noden, 1973). Within the traditional
pplication, the flattening of the reactivity curve requires a cer-
ain ratio between the poison and the fuel cross-sections, with
he consequence that the ideal optimum burnable poison does not
xist. The concept of QUADRISO particles aims at better manag-
ng the excess of reactivity relative to the traditional approach.
n the QUADRISO design, the extra-layer of burnable poison sur-
ounds the fuel kernel of ordinary TRISO particles, as illustrated in
he right plot of Fig. 1. In this design, the absorber depletion flat-
ens the reactivity curve as function of time because the burnable
oison depletion allows more neutrons to produce fission reactions

n the fuel kernel. The QUADRISO particle concept was developed
t Argonne National Laboratory while studying the booster con-
guration of the Yalina subcritical assembly (Talamo et al., 2007).
he QUADRISO concept has been applied in separate studies for
ransmuting Neptunium and Plutonium from Light Water Reactors
aste and for producing 233U from thorium (Talamo, 2008a,b,c,

009).

. Prismatic HTR performance with QUADRISO particles

As discussed in Section 1, the control of excess of reactivity dur-
ng the fuel cycle is important for prismatic HTR cores because the
efueling is a patch process. Increasing the operating time with-

ut refueling enhances the performance of the HTR. Among the
urnable poison candidates, whose microscopic cross-sections are

llustrated in Fig. 2, only europium and erbium produce a negative
eactivity feedback in case of power excursion accident. In case of
ccident, the neutron spectrum shifts to the right and only a poi-
el block, fuel pin, and QUADRISO particle. The horizontal section of the reactor core
nnel, (4) fuel pin, (5) QUADRISO particle, (6) graphite, (7) fuel kernel, (8) burnable
carbon.

son material with a positive slope at ∼0.2 eV increases the neutron
absorption producing a negative reactivity feedback. The shift of
the neutron spectrum with increasing temperature is discussed and
shown in Figures 9 and 19 of Talamo et al. (2004).

A prismatic HTR with QUADRISO particles has been modeled
without any geometrical homogenization using the MCNP/MCB
Monte Carlo computer codes (Briesmeister, 2002; Cetnar et al.,
1999, 2001) and continuous energy nuclear data libraries. The bur-
nup capability of MCB was used for the analyses. The geometry and
material data of the HTR are summarized in Tables 1 and 2, respec-
tively. The HTR core consists of a graphite cylinder with a radius of
400 cm and a height of 10 m which includes 1 m axial reflectors at
top and bottom, as illustrated in the left plot of Fig. 1. The core has
Fig. 2. Microscopic absorption cross-section of 10B, 113Cd, 167Er, 151Eu, 155Gd, 157Gd,
161Dy, 164Dy, 177Hf, and 149Sm in the thermal energy range, 0.01–1 eV and neutron
spectrum of a prismatic HTR (lavender color and arbitrary units). The black circle
highlights the increase of the europium and erbium absorption cross-section in the
region where the neutron spectrum (averaged in the core) decreases. The data of
the neutron spectrum curve have been retrieved from Talamo et al. (2004).



A. Talamo / Nuclear Engineering and Design 240 (2010) 1919–1927 1921

Table 1
Data of the prismatic HTR for the QUADRISO application.

Thermal Power [MW] 600
Core – radius/height [m] 4/10
Hexagonal Blocks – number per ring/rings 36/3
Hexagonal Blocks – apothem/height/gap [cm] 17.898/79.3/0.2
Hexagonal Blocks – fuel pins inner ring/central

ring/outer ring
216/210/216

Hexagonal Blocks – coolant channels 108
Hexagonal Blocks – burnable poison pins (only

central ring)
6

Hexagonal Blocks – fuel pins radius/hole/pitch
[cm]

0.6223/0.635/1.8796

Hexagonal Blocks – coolant channel radius [cm] 0.7937
TRISO Particles – kernel radius [�m] 150
TRISO Particles – width porous carbon layer [�m] 150
TRISO Particles – width inner pyrocarbon layer

[�m]
35

TRISO Particles – width SiC layer [�m] 35
TRISO Particles – width outer pyrocarbon layer

[�m]
40

TRISO Particles – regular lattice side [cm] 0.1588

Table 2
Composition (atomic fraction) of the materials in the prismatic HTR for the
QUADRISO application. Isotopes 162, 164, 168 and 170 of erbium do not
affect neutron transport but only transmute according to their dosimetry
cross-sections.

Neptunium and plutonium fuel
NpPuO1.7 � = 10.2 [g/cm3] T = 1500 K

237Np 1.91
238Pu 0.56
239Pu 21.11
240Pu 8.5
241Pu 3.09
242Pu 1.87
16O 62.96

TRISO porous carbon layer
C � = 1 [g/cm3] T = 1200 K TS(�,�) = 1200 K

C 100

TRISO pyrocarbon carbon layer
C � = 1.85 [g/cm3] T = 1200 K TS(�,�) = 1200 K

C 100

TRISO silicon carbide layer
SiC � = 3.2 [g/cm3] T = 1200 K

Si 50
C 50

Graphite
C � = 1.74 [g/cm3] T = 1200 K TS(�,�) = 1200 K

C 100

Graphite (bottom axial reflector and pure graphite hexagonal blocks)
C � = 1.74 [g/cm3] T = 900 K TS(�,�) = 800 K

C 100

Europium burnable poison
Eu2O3 � = 7.28 [g/cm3] T = 1200

151Eu 19.12
152Eu 20.88
16O 60

Erbium burnable poison
Er2O3 � = 4.8633 [g/cm3] T = 1200

166Er 23.78
167Er 16.22
16O 0.6
162Er 0.096
164Er 1.14
168Er 18.95
170Er 10.56
Fig. 3. Multiplication factor as function of time for the europium burnable poison.
The standard deviation is less than 60 pcm. The QUADRISO absorber layer thickness
is equal to 10 �m.

ticles dispersed into a graphite matrix (central-right plot of Fig. 1).
In this core, the burnable absorbers have been utilized only in the
central ring; therefore, the other two fuel rings do not load any poi-
son material. The central ring uses QUADRISO particles in 210 fuel
pins, which excludes the 6 corner pins. The other two rings always
use ordinary TRISO particles in all 216 fuel pins. Five different con-
figurations, differing only for the poison distribution in the central
ring, have been analyzed. The five different configurations are the
following:

1. No poison is used in the core and all the fuel consists of ordinary
TRISO particles. The porous carbon layer thickness of the TRISO
particles in the central ring is 160 �m and the porous carbon
density is decreased to have the same carbon mass as ordinary
TRISO particles of 150 �m thick porous carbon. The 6 corner pins
of each hexagonal block in the central ring are filled with pure

graphite.

2. Eu2O3 QUADRISO particles are used with 10 �m absorber layer
in the 210 fuel pins of the central ring. The porous carbon layer
thickness of the QUADRISO particles in the central ring is 150 �m

Fig. 4. Microscopic and macroscopic cross-sections of 151Eu as function of time for
the europium burnable poison. The QUADRISO absorber layer thickness is equal to
10 �m. For configurations 3 and 5, the poison is distributed over a 40 and 26 times,
respectively, higher volume relative to the QUADRISO configuration.
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with no density adjustment. The 6 corner pins of each hexagonal
block in the central ring are filled by pure graphite.

. The Eu2O3 layer of the QUADRISO particles in the 210 fuel pins
of the central ring is replaced by porous carbon. The porous car-
bon layer thickness of the ordinary TRISO particles in the central
ring is 160 �m and the porous carbon density is decreased to
have the same carbon mass as the ordinary TRISO particles. The
mass of Eu2O3 of configuration 2 is reallocated and homogenized
with graphite in the 6 corner pins of each hexagonal block of the
central ring.

. The Eu2O3 layer of the QUADRISO particles in the 210 fuel pins of
the central ring is replaced by porous carbon. The porous carbon
layer thickness of the TRISO particles in the central ring is 160 �m
and the porous carbon density is decreased to have the same car-
bon mass as the ordinary TRISO particles. The mass of Eu2O3
of configuration 2 is reallocated in the form of microspheres
(the particles have 293.3 �m radius and 0.1588 cm regular lat-
tice side) in the 6 corner pins of each hexagonal block in the
central ring and the corresponding graphite density of the 6 cor-
ner pins has been accordingly increased to maintain the same
carbon mass as the previous configurations.

. The Eu2O3 layer of the QUADRISO particles in the 210 fuel pins
of the central ring is replaced by porous carbon. The porous car-
bon layer thickness of the TRISO particles in the central ring is
160 �m with a decreased density to have the same carbon mass
as the ordinary TRISO particles. The mass of Eu2O3 of configura-
tion 2 is reallocated and homogenized with carbon in the outer
pyrocarbon layer. The 6 corner pins of each hexagonal block in
the central ring are filled by pure graphite.

The five configurations have the same mass of fuel, graphite and
urnable poison (if it is used). In prismatic HTRs, the 6 corner pins
sually allocate the burnable absorber. In the QUADRISO particles
ith the europium burnable poison, the width of the absorber layer

s 10 �m. In the case of erbium, the width of the absorber layer is 10
r 40 �m and these two configurations have been compared. The
icroscopic cross-section of 167Er is much smaller than 151Eu, as
hown in Fig. 2; the erbium smaller cross-section has to be com-
ensated by a thicker poison layer. In the five configurations, the
hickness of the other layers of the QUADRISO particles exactly

atches the corresponding values of TRISO particles.

ig. 5. Capture reaction rate of 151Eu as function of time for the europium burnable
oison. The QUADRISO absorber layer thickness is equal to 10 �m. For configurations
and 5, the poison is distributed over a 40 and 26 times, respectively, higher volume

elative to the QUADRISO configuration.
Fig. 6. Microscopic and macroscopic fission cross-sections of 239Pu in the central
ring as function of time for the europium burnable poison. The QUADRISO absorber
layer thickness is equal to 10 �m.

The handling of the double heterogeneity of HTRs by Monte
Carlo codes is important for calculating the correct multiplica-
tion factor as a function of time during burnup, as demonstrated
by Plukiene and Ridikas (2003). When the double heterogeneity
is modeled in the Monte Carlo calculations of HTRs, the obtained
results are accurate. Difilippo has shown an excellent agreement
between MCNP (version 4) and experimental results in the range of
50–300 pcm (1 pcm = 10−5) for the multiplication factor of the peb-
ble bed facility PROTEUS (Difilippo, 2003). Difilippo’s model used
structured, instead of random, particle distribution in the fuel pin
and the TRISO particles were cut by the pebble fuel pin boundary.
The impact of these two approximations has been studied in lit-
erature (Difilippo, 2006; Brown et al., 2005a,b; Brown and Martin,
2004; Colak and Seker, 2005) and the impact on the multiplica-
tion factor is about 200 pcm. In the QUADRISO particle concept, the
absorber layer entirely covers the fuel kernel without any eventual

cut by the pin boundary. Consequently, a special effort has been
paid in the MCNP model to avoid cutting the particles at the fuel
pin boundary. The structured fuel pin configuration has 45 parti-
cles (either TRISO or QUADRISO) in the xy plane allocated in a cubic

Fig. 7. Fission reaction rate of 239Pu in the central ring as function of time for
the europium burnable poison. The QUADRISO absorber layer thickness is equal
to 10 �m.



A. Talamo / Nuclear Engineering and Design 240 (2010) 1919–1927 1923

e euro

l
c
h
h
f
r
s
t
l

Fig. 8. Mass of 151Eu and 239Pu in the central ring as function of time for th

attice with 0.159 cm side. The structured lattice model has been
ompared with a random lattice of 450 particles along an axial
eight of 1.59 cm and no significant differences (about 150 pcm)
ave been found in the multiplication factor. Since the MCB input

or the random lattice is about 13,000 lines and the input for a

egular lattice is only 1700 lines and the two models provide very
imilar multiplication factors (Brown, 2008 and Ji, 2008 obtained
he same result) all the simulations of this paper used the regular
attice model.

Fig. 9. Mass of 239Pu and actinides as function of time for the europium burn
pium burnable poison. The QUADRISO absorber layer thickness is 10 �m.

4. Results

4.1. Europium burnable poison

The results of the first four configurations described in Section

3 are discussed in this section; the fifth configuration, mixing the
burnable poison in the outer pyrocarbon, is analyzed in Section
4.3. Fig. 3 shows the calculated multiplication factor as function of
time for the five different configurations explained in the previous

able poison. The QUADRISO absorber layer thickness is equal to 10 �m.
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Table 3
Power generated in the fuel particles [MW] and radial peak factor (defined as the maximum value between the rings divided the average) as function of the irradiation time.
The values in the central ring include the Q-value of the neutron capture reaction in the burnable poison.

Irradiation time 0 Days 100 Days 200 Days 300 Days 400 Days

Configuration 2: QUADRISO

Inner ring 273 251 234 218 203
Central ring 114 130 145 163 179
Outer ring 195 198 199 197 195
Total 582 578 578 577 577
Peaking factor 1.4 1.3 1.2 1.1 1.1

Configuration 3: homogeneous 6 pins

Inner ring 245 236 228 220 207
Central ring 144 149 156 165 177
Outer ring 194 194 194 193 193
Total 583 579 578 577 577
Peaking factor 1.3 1.2 1.2 1.1 1.1

Configuration 4: microspheres 6 pins

Inner ring 239 230 224 219 209
Central ring 149 154 159 167 177
Outer ring 195 195 195 192 191
Total 584 579 578 578 577
Peaking factor 1.2 1.2 1.2 1.1 1.1

Inner ring 283 253 233 216 202
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Configuration 5: outer pyrocarbon
Central ring 107
Outer ring 192
Total 582
Peaking factor 1.

ection. The QUADRISO particles configuration diminishes the mul-
iplication factor by 5000 pcm compared to the configuration with
ix homogeneous corner pins of burnable poison and by 17,500 pcm
ompared to the no-poison configuration. In the QUADRISO design,
he reduction of the initial excess reactivity does not shorten the
uel cycle because the core is still critical after 500 days of operation;
his is the same time as the other configurations. These results show
hat the QUADRISO particles flatten the reactivity profile during
eactor operation.

The homogeneous europium configuration experiences an
ttenuated self-shielding effect compared to the europium in the
icrospheres configuration. This enhances the neutron absorption

f the poison of the homogeneous configuration and results in more
oison depletion. As a consequence, the multiplication factor for
he microspheres configuration is 2500 pcm higher than the one

f the homogeneous configuration (Fig. 3 configurations 3 and 4).
detailed comparison between homogeneous, microspheres and

eedle cylinders burnable poison configurations can be found in
alamo (2006).

ig. 10. Multiplication factor for configuration 1 (QUADRISO) as function of time
or particles distributed in regular lattice, regular lattice with random perturbation,
nd random distribution.
127 146 164 180
198 199 198 195
578 578 577 577

1.3 1.2 1.1 1.0

Fig. 4 shows the one energy group microscopic (top plot) and
macroscopic (bottom plot) cross-sections of 151Eu. The micro-
scopic cross-section is calculated by MCB and the macroscopic
cross-section is obtained by multiplying the microscopic cross-
section by the atomic density of the poison. The increase of the
microscopic cross-section during operation is caused by the poi-
son depletion, which reduces the self-shielding effect. The value
of the 151Eu microscopic cross-section of the QUADRISO con-
figuration is higher than the other configurations because the
151Eu poison is homogeneously distributed in the core and that
reduces the self-shielding. More precisely, in configurations 2
and 5, the burnable poison is distributed within 210 fuel pins
per fuel block of the central ring; in configurations 3 and 4,
the burnable poison is distributed within 6 corner pins per fuel
block of the central ring. Consistently, the values of the 151Eu

microscopic cross-sections for the microspheres and homogeneous
configurations are quite close (about 200 b at beginning of irra-
diation). The number of burnable poison atoms in the core is
the same for all configurations; however, for configurations 3

Fig. 11. Multiplication factor as function of time for the erbium burnable poison.
Standard deviation lower than 60 pcm. The QUADRISO absorber layer thickness is
equal to 10 �m.
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nd 5, the poison is distributed over a larger volume relative
o the QUADRISO configuration. Due to the lower self-shielding
ffect in the QUADRISO configuration, a higher slope of the 151Eu
acroscopic cross-section as a function of time is observed in the

ottom plot of Fig. 4. By contrast, the 151Eu macroscopic cross-
ection associated with the microspheres configuration (due to the
ighest self-shielding effect) exhibits the lowest slope of the macro-
copic cross-section as function of time, as shown in the bottom
lot of Fig. 4. The absorption reaction rate per unit volume fol-

ows the profile of the macroscopic cross-section, as illustrated in
igs. 4 and 5.

The 239Pu microscopic and macroscopic fission cross-sections
n the central ring are plot in Fig. 6. The ranking order of the
lutonium microscopic cross-section of the four configurations is
eversed compared to the burnable absorber microscopic cross-
ection curves as shown in the top plots of Figs. 6 and 4. In the
UADRISO configuration, the burnable absorber surrounds the

uel kernel, which attenuates the thermal neutron flux in the fuel
nd reduces the one-group 239Pu microscopic cross-section. In
he homogeneous configuration, due to the smaller self-shielding
ffect compared to the microspheres configuration, the 151Eu poi-
on absorbs more thermal neutrons. This results in a harder neutron
pectrum, which reduces the one-group 239Pu microscopic cross-
ection relative to the microsphere configuration. The diminishing
f the 239Pu macroscopic cross-section as a function of time of the
ottom plot of Fig. 6 is due to the fuel depletion. For the QUADRISO
onfiguration, the 239Pu macroscopic cross-section remains almost
onstant during operation since the increase of the one-group
icroscopic cross-section is balanced by the reduction of the 239Pu

tomic density. In the central ring with the QUADRISO particles,
he 239Pu fission reaction rate increases during operation (Fig. 7).

his is a unique characteristic of the QUADRISO fuel concept. This
ncrease of the plutonium fission rate is caused by the burnable poi-
on depletion, which surrounds the fuel kernel. The depletion of the
urnable poison allows more thermal neutrons to stream into the
uel kernel (Fig. 7).

Fig. 12. Mass of 167Er and 239Pu in the central ring as function of time for the erbium
Design 240 (2010) 1919–1927 1925

Fig. 8 depicts the mass of 151Eu in the top plot and 239Pu
in the bottom plot as function of time in the central ring. The
QUADRISO configuration depletes most of the poison (about 99%)
at the expense of a smaller increase in the 239Pu leftover. The result
for the homogeneous configuration is in-between the results for
QUADRISO and microspheres configurations. Fig. 9 plots the 239Pu
and actinides mass in the core (as sum over the three rings) as func-
tion of time for the different configurations, which shows similar
masses because of the constant power normalization.

Table 3 summarizes the power generated in the fuel particles
of the core and the radial peak factor as function of time. About
4% of the thermal power (∼17 MWth) is generated in graphite.
The total thermal power of the core is 600 MWth. In all config-
urations, the inner ring contributes to the largest fraction of the
total power. At the beginning of irradiation, the QUADRISO con-
figuration exhibits a higher peaking factor of 1.4 relative to the
traditional designs of 1.3. This can be adjusted by allocating some
of the QUADRISO particles in the inner ring; however, this con-
figuration requires a more sophisticated MCNP modeling. At the
end of irradiation, all configurations have a peak factor close to
one.

4.2. Effect of the random particle distribution

In the regular lattice, 45 particles are distributed in the xy plane
and the cubic unit cell of the lattice has a side of 0.159 cm. The
effect of the random distribution of the fuel particles in the fuel
pin has been investigated by replacing the regular lattice with two
different types of random distributions. In the first random dis-
tribution, it has been introduced a random perturbation in the
position of the 45 particles with the only constrain that the par-

ticle is contained in the cubic unit cell. In the second random
distribution, 450 particles have been randomly distributed in a pin
height of 1.59 cm, which represents only 60% of the mean free path
of thermal neutrons in pure graphite (Duderstadt and Hamilton,
1976). However, the mean free path of thermal neutrons in graphite

burnable poison. The QUADRISO absorber layer thickness is equal to 10 �m.
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and Kaae, 1983; Bullock, 1984; Wongsawaeng, 2010).
ig. 13. Multiplication factor as function of time for the erbium burnable poison.
tandard deviation lower than 63 pcm. The QUADRISO absorber layer thickness is
qual to 40 �m.

lled with fuel particles is much smaller than the value in pure
raphite due to the higher cross-section of the fuel. This effect is
lso amplified by the use of plutonium fuel because of the strong
esonances of 239Pu and 241Pu microscopic cross-sections between
.2 and 0.3 eV. Both in the regular lattice and in the random dis-
ribution MCNP modeling, the fuel particles are not cut by the
uel pin boundary. In the two random distribution models, both

RISO and QUADRISO particles are randomly distributed. The mul-
iplication factor for the QUADRISO configuration modeled with

regular lattice is 1.14788 ± 45. When the position of the fuel
articles is randomly perturbed (within the cubic unit cell), the

Fig. 14. Mass of 167Er and 239Pu in the central ring as function of time for the erbium
Design 240 (2010) 1919–1927

multiplication factor changes to 1.14836 ± 51. When the fuel parti-
cles are randomly distributed, the multiplication factor changes to
1.14894 ± 58. The differences are within the statistical error with
95% confidence; Fig. 10 shows that this small difference is also pre-
served during burnup. These results are consistent with the ones
found by Forrest Brown (Brown, 2008) for a prismatic HTR full core
calculation with regular lattice and random distribution when par-
ticles are not cut at the pin boundary. For a completely different fuel
composition and configuration, Forrest Brown calculated a multi-
plication factor of 1.09740 ± 20 and 1.09680 ± 20 for the regular
lattice and the random distribution (Brown, 2008) respectively.
Also in the calculation of Forrest Brown, the difference is within
the statistical error with the 95% confidence.

In line with present and Forrest Brown results, Ji has also found
a difference of 150 pcm between the results for regular lattice and
those for stochastic distribution of the fuel particles (Ji, 2008).

4.3. Alternative configurations for the QUADRISO concept

In the QUADRISO concept the poison can be mixed in any of
the coating layers of ordinary TRISO particles or in the fuel kernel
(Talamo et al., 2009). It is beyond the scope of the present paper
to select the optimum configuration taken into consideration the
manufacture, the best thermo-mechanical, and the chemical per-
formance issues.

QUADRISO particles with a 10 �m layer of ZrC deposited next
to the fuel kernel have been fabricated for reducing the pressure
on the SiC layer by absorbing oxygen. The irradiation of the oxygen
getter QUADRISO particles revealed a good performance (Bullock
The alternative configuration of mixing the poison in the outer
pyrocarbon is configuration 5 in Figs. 3–9. The volume of the outer
pyrocarbon is about 26 times higher than the shell volume of
10 �m surrounding the fuel kernel in the QUADRISO particle. The

burnable poison. The QUADRISO absorber layer thickness is equal to 40 �m.
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llocation of the burnable poison into a larger volume reduces
he self-shielding effect. Consequently, the burnable poison micro-
copic cross-section for this configuration is higher than the value
or the QUADRISO configuration, as shown in the top plot of Fig. 4.
his results in a lower multiplication factor, as shown in Fig. 3, and
faster depletion of the burnable poison, as shown in Figs. 5 and 8.

.4. Erbium burnable poison

The first four configurations for the europium burnable poison
iscussed in Section 3 have been also considered for the erbium
urnable poison. All previous remarks hold, however the burnable
oison effects are rather mitigated. 151Eu microscopic cross-section

s much higher, 3.3 times at 0.2 eV, the energy which marks the
eak of the neutron spectrum, than the one of 167Er, as shown

n Fig. 2. Consequently, the differences between the three burn-
ble poison configurations (2: QUADRISO, 3: homogeneous, and 4:
icrospheres) become much smaller and the obtained control of

he initial excess of reactivity is quite small as shown in Fig. 11. The
ransmuted mass of 239Pu in the central ring is almost identical for
ll the three different configurations as shown in the bottom plot
f Fig. 12. However, the depletion of 167Er is similar to the previous
esults for 151Eu as shown in the top plot of Figs. 12 and 8.

The effect of erbium on the control of excess of reactivity is much
tronger if the thickness of the 167Er layer in the QUADRISO con-
guration is 40 �m, as shown in Fig. 13. The 40 �m of erbium are
quivalent to 10 �m of europium from the results of Figures 13 and
. The depletion of the 239Pu and 167Er as a function of time is shown

n Fig. 14 for the different configurations.

. Conclusions

The concept of QUADRISO particles has been investigated for the
ong-term control of excess of reactivity. The concept takes advan-
age of increasing the neutron streaming into the fuel kernel as
he burnable poison depletes. Alternative designs mix the burn-
ble poison with any of the coating layers of the ordinary TRISO
articles or with the fuel kernel. Further analyses and irradiation
xperiments can assess the optimum configuration considering the
ifferent engineering issues. The performances of the QUADRISO
articles have been compared to the traditional design of burnable
oison where the poison is distributed in the 6 corner pins of the
uel hexagonal block in prismatic high temperature reactors. The
esults have shown that the QUADRISO particles flatten the multi-
lication factor as function of the irradiation time and can control
bout 12,500 pcm in the initial multiplication factor when a width
f 10 �m or 40 �m is used for europium or erbium oxides, respec-
ively. In the QUADRISO configuration the poison depletes faster,
hich flattens the reactivity as function of time. The results for

he poison homogeneously distributed in the 6 corner pins con-
guration are in-between the QUADRISO configuration and the
oison heterogeneously (in microspheres) distributed in the 6 cor-

er pins configuration. This is due to the different intensity of the
elf-shielding. Mixing the burnable poison in the outer pyrocarbon
ayer provides very similar results to the QUADRISO design.

The effect of the randomness of the particles inside the fuel pin
s negligible, as also found by Brown (2008) and Ji (2008) in inde-
Design 240 (2010) 1919–1927 1927

pendent studies. QUADRISO particles with a 10 �m of layer of ZrC
deposited next to the fuel kernel have been already manufactured
and they have shown good irradiation performances (Bullock and
Kaae, 1983; Bullock, 1984; Wongsawaeng, 2010).
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