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a b s t r a c t

Small high temperature gas-cooled reactors (HTRs) have the advantages of transportability, modular
construction and flexible site selection. This paper presents the neutronic feasibility design of a 20 MWth
U-Battery, which is a long-life block-type HTR. Key design parameters and possible reactor core con-
figurations of the U-Battery were investigated by SCALE 5.1. The design parameters analyzed include
fuel enrichment, the packing fraction of TRISO particles, the radii of fuel compacts and kernels, and the
thicknesses of top and bottom reflectors. Possible reactor core configurations investigated include five
cylindrical, two annular and four scatter reactor cores for the U-Battery. The neutronic design shows
that the 20 MWth U-Battery with a 10-year lifetime is feasible using less than 20% enriched uranium,
while the negative values of the temperature coefficients of reactivity partly ensure the inherent safety
of the U-Battery. The higher the fuel enrichment and the packing fraction of TRISO particles are, the lower
the reactivity swing during 10 years will be. There is an optimum radius of fuel kernels for each value
of the fuel compact design parameter (i.e., radius) and a specific fuel lifetime. Moreover, the radius of
fuel kernels has a small influence on the infinite multiplication factor of a typical fuel block in the range
of 0.2–0.25 mm, when the radius of fuel compacts is 0.6225 cm and the lifetime of the fuel block is 10

years. The comparison of the cylindrical reactor cores with the non-cylindrical ones shows that neutron
under-moderation is a basic neutronic characteristic of the reactor core of the U-Battery. Increasing neu-
tron moderation by replacing fuel blocks with graphite blocks and dispersing the graphite blocks in the
reactor core are two effective ways to increase the fuel burnup and lifetime of the U-Battery. Water or
steam ingress may induce positive reactivity ranging from 0 to 0.16 �k/k, which further demonstrates
that the U-Battery is under-moderated.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

In the past fifty years, the size of nuclear reactors has grown
rom 60 MWe to more than 1600 MWe in order to make full use
f economy of scale (Kuznetsov, 2008). However, because large-
ize nuclear reactors usually require high capital investment and
eavily rely on the infrastructure of reactor sites, this has moti-
ated designers to develop small and medium-size reactors (SMRs),
specially for developing countries and remote areas off main grids
Ueda et al., 2005; IAEA, 2005, 2007; Ingersoll, 2009).
Compared to large-size nuclear reactors, SMRs have some
nherent advantages. They can be manufactured in modules and
ransported to sites by rail, barge, truck, etc. After a long opera-
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tion, these reactors can be brought back to factories for refueling
or directly replaced by new ones, which would greatly reduce
the dependence of nuclear reactors on infrastructure. Thus, SMRs’
sites can be chosen more flexibly than large-size reactors’. More
importantly, SMRs can be inherently or passively safe, because
they commonly operate at low power density levels. For exam-
ple, some small reactors, which adopt passive cooling methods
during normal operation or accident, have been proposed based
on different reactor technologies, such as light water reactors
(LWRs) (Modro et al., 2003), high temperature gas-cooled reac-
tors (HTRs) and liquid metal cooled reactors (LMRs) (Sienicki et al.,
2007).

The inherent safety of modular HTRs has been validated directly
by experiments over the last 30 years (Gottaut and Kruger, 1990; Hu
et al., 2006; Nakagawa et al., 2004). However, only few studies have
focused on small long-life HTRs. This paper presents the neutronic
feasibility design of a 20 MWth U-Battery, which is long-life block-

type HTR, and aims to be commercialized in the near future. The
term U-Battery is used for this small HTR in order to emphasize
its long-life core, transportability and inherent safety. Because the
U-Battery is still at the early design stage, the main aims of the
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Table 1
Basic parameters of the U-Battery.

Parameter Value

Reactor type Block-type HTR
Thermal power 20 MW
Lifetime 5–10 effective full power years (EFPYs)
Coolant Helium
Diameter of RPV 3.7 m
Fuel type UO2, TRISO coated fuel
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Table 2
Basic parameters of the fuel blocks of the U-Battery.

Parameter Value

Block level
Width across flats 36 cm
Height of blocks 80 cm
Number of fuel channels 216 (incl. 6 FBP channels)
Radius of fuel channels 0.635 cm
Number of coolant channels 102/6
Radius of coolant channels 0.794/0.635 cm
Number of fuel compacts per channels 15
Radius of fuel compacts 0.6225 cm
Height of fuel compacts 4.93 cm
TRISO particles
Packing fraction of TRISO particles 0.3
Radius of fuel kernels 250 �m
Density of fuel kernels 10.5 g/cm3

Thickness of buffer layer 100 �m
Density of buffer layer 1.0 g/cm3

Thickness of IPyC layer 35 �m
Density of IPyC layer 1.9 g/cm3

Thickness of SiC layer 35 �m
Density of SiC layer 3.2 g/cm3

Thickness of OPyC layer 40 �m
Density of OPyC layer 1.97 g/cm3
Fuel enrichment <20%
Energy conversion system Rankine steam cycle
Energy utilisation Electricity, process heat

esign are the neutronic feasibility of the U-Battery under some
ew design requirements, like a 10-year or longer lifetime and a

imited diameter of reactor pressure vessel, the neutronic influence
f design parameters, and possible reactor core configurations.

The second section of this paper presents the basic design
equirement of the U-Battery in detail. The third section explains
he calculation method and model of the U-Battery, as well as a
imple assessment of the model. The fourth section parametrically
nvestigates several key design parameters of the U-Battery, includ-
ng fuel enrichment, the packing fraction of TRISO particles, the
hicknesses of top and bottom reflectors, and the radii of fuel com-
acts and fuel kernels. The fifth section analyzes eleven possible
eactor core configurations, including five cylindrical, two annular
nd four scatter cores, in order to obtain a suitable core configu-
ation for the U-Battery. The sixth section addresses the reactivity
emperature coefficients of two reactor core configurations, and
he effect of water/steam density on the reactivity of the U-Battery
ince the U-Battery may adopt the Rankine steam cycle as a power
onversion system.

. Description of the U-Battery

The U-Battery aims to be a small, inherently safe and trans-
ortable HTR with a long-life core, which is designed to provide
lectricity to residential sites that are not connected to national
rids, or process heat for different industrial costumers. The basic
esign requirements the U-Battery are listed in Table 1.

Since the main ideas behind the U-Battery are inherent safety,
odularity and near-term utilisation, the U-Battery has been devel-

ped based on currently mature block-type HTR technologies, and

ay inherit the inherent safety that has been validated by exper-

ments. The reactor core is comprised of a certain number of
exagonal fuel columns with side, top and bottom reflectors, as
hown in Fig. 1(a). In the axial direction of the fuel columns, which

ig. 1. The 3D schematic diagram of a reactor core and fuel block; for clarity the top
nd bottom reflectors have been removed in the reactor core, and the fuel handling
ole has also been removed in the fuel block.
is also the axial direction of the core, each fuel column consists
of several hexagonal graphite fuel blocks including blind holes for
fuel compacts and fixed burnable poison (FBP) rods, and full length
channels for coolant flow, as shown in Fig. 1(b). The U-Battery
uses the fuel blocks developed by General Atomic for the GT-MHR
project (GA, 1996). The block width cross flats is 36 cm and the
height is 80 cm. Each fuel block includes 210 fuel channels, 108
coolant channels (including 6 small coolant channels with the same
size as the fuel channels) and 6 FBP channels which are used as
fuel channels for the U-Battery. The diameters of the fuel chan-
nels, coolant channels and FBP channels are 1.27 cm, 1.588 cm and
1.27 cm, respectively. In each fuel channel, there are 15 fuel com-
pacts including TRISO particles with low-enriched uranium (LEU)
fuel kernels. Basic geometric parameters of the fuel blocks of the
U-Battery are shown in Table 2, which are used in all calculations
of the U-Battery.

Since the number of fuel columns and fuel blocks are two key
parameters of a reactor core configuration, the notation of Layout
C*B is used to represent the reactor core configurations of the U-
Battery, where C is the number of fuel columns in the reactor cores
and B is the number of the fuel blocks in each fuel column. For
example, the configuration of the reactor core shown in Fig. 1(a)
is Layout 37*4, which means that the reactor core is comprised of
thirty-seven fuel columns and each column consists of four fuel
blocks in the height direction of the block (the axial direction of the
core).

A thermal power of 20 MWth opens up the possibility of using
the U-Battery for small industrial process heat applications, as well
as for small electricity application. The U-Battery with such thermal
power can fill a niche of the market currently not open to nuclear
energy. Fuel enrichment higher than 20% U-235 is not feasible since
20% U-235 is the maximum value for commercial applications with
LEU. 10% U-235 or lower enrichment would be desirable from a
practical point of view. The U-Battery accepts helium as coolant
because it has been used for graphite-moderated reactors over 40
years. The diameter of the U-Battery’s RPV is requested to be less
than or equal to 3.7 m so that the U-Battery can be transported as
a whole by rail, truck, barge, etc. The power conversion system of
the U-Battery may use a Rankine steam cycle since the U-Battery

aims to be commercialized in the near future and the steam cycle
is the most mature technology in the nuclear industry.
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Table 3
The infinite multiplication factor of a typical fuel block of the U-Battery.a

Parameters BOL (0 EFPY) EOL (10 EFPY)

Enrichment 6 12 20 6 12 20

kHom
inf

b 1.2791 1.3521 1.3945 0.9082 1.0298 1.1335
kHet

inf
c 1.338 1.4073 1.4456 0.9371 1.0794 1.188

(kHom
inf

− kHet
inf

)/kHet
inf

−0.044 −0.039 −0.035 −0.031 −0.046 −0.046
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a Packing fraction of TRISO particles = 0.3; Radius of fuel kernels = 0.025 cm; radiu
b Volume-weighted homogenization.
c Explicit TRISO particle model.

. Calculation method and model evaluation

.1. Calculation method and code system

3D models of the U-Battery, including an assembly of fuel blocks
ith reflectors, as shown in Fig. 1(a), were built in SCALE 5.1

Standardized Computer Analyses for Licensing Evaluation) (ORNL,
005) in order to obtain the neutronic performance. The SCALE
ode system has been developed at Oak Ridge National Labora-
ory for nuclear applications such as problem-dependent resonance
elf-shielding of cross-section data, criticality safety, radiation and
hielding. SCALE 5.1 is a modular code system and is mainly
omprised of functional modules and control modules. In the cal-
ulations of the U-Battery, two function modules (BONAMI and
ENTRM) were used to process the resonance self-shielding of the
ross sections of the materials and cells used. KENO-VI, a 3D Monte
arlo criticality safety code, was used to calculate the effective mul-
iplication factor of the U-Battery. ORIGEN-S was used to perform
oint depletion calculations and to obtain the isotopic concentra-
ions in the U-Battery. TRITON 6 was used to serve as the controller
f module sequencing, data transfer, and input/output control for
ultiple analysis sequences. The whole calculation procedure con-

rolled by TRITON 6 can be summarized in the following steps:

1) Preparing resonance self-shielded cross sections for the given
unit cells by the BONAMI and CENTRM modules. In the cal-
culations of the U-Battery, the smallest unit cell used is
a volume-weighted homogenized (VWH) fuel compact sur-
rounded by a small hexagonal graphite block. The block width
cross flats is 0.94 cm, and the height is 80 cm.

2) Providing the cross sections generated in step 1 to the 3D Monte
Carlo based module KENO-VI to perform criticality calculations
and to obtain the effective multiplication factor and the flux
profile of the reactor core of the U-Battery. Different 3D reac-
tor core configurations were built for the U-Battery with the
proper hexagonal block structure, including the fuel compacts
and coolant channels, as shown in Fig. 1(b). However, all 6 chan-
nels of fixed burnable poison were used as fuel channels in the
U-Battery. Except for the calculations of the temperature coef-
ficients of reactivity, the number of neutron generations was
350 and each generation used 1000 neutrons for all calcula-
tions of the U-Battery in KENO-VI. Moreover, the results of the
first 20 generations are neglected. The uncertainty of the mul-
tiplication factors is in the range of ±0.0011 to ±0.0017. For the
calculations of the temperature coefficients of reactivity, more
neutron generations and more neutrons per generation were
used, and the uncertainty of the multiplication factors reduces
to ±0.00050.

3) Transferring the flux profiles and absolute flux values to
ORIGEN-S which performs the depletion calculations of the

U-Battery. At the first 100 days, the time step in burnup cal-
culations usually is 4.5 days because of the influence of the
short-lived fission products. The time step increases to 36.5
days for the other burnup calculations. Moreover, besides those
el compacts = 0.6225 cm; Temperature = 800 K.

nuclides present in the mixtures defined by the input compo-
sitions, a specific parameter in TRITON 6 was used to include
actinides and fission products, totally 232 nuclides, during the
burnup calculations of the U-Battery.

(4) Feeding the new material compositions after each ORIGEN bur-
nup step back to step 1 and repeating the whole process until
completion of all burnup.

3.2. Double heterogeneous effect evaluation at block level

One important neutronic feature of the fuel blocks of the U-
Battery is double spatial heterogeneity. The first level of the double
heterogeneity is the distribution of the coated TRISO particles or
grains inside the fuel compacts, and the second level is the lattice
of fuel pins in the fuel blocks.

As mentioned in Section 3.1, one important simplification of the
models of the U-Battery is included in all calculations in the fol-
lowing sections. The coated TRISO particles in fuel compacts have
been homogenized based on a volume-weighted homogenization
method. This simplification eliminates the first level of the double
heterogeneity in the fuel blocks of the U-Battery. The main reason is
that SCALE 5.1 is not capable of doing the burnup calculations of the
fuel blocks with the explicit coated TRISO particles. However, the
heterogeneous effect of the coated TRISO particles does increase
the multiplication factor of fuel blocks because of the lumping of
uranium. The double heterogeneity of fuel blocks with the explicit
TRISO particles is evaluated by SCALE 6 based on a typical fuel
block in this section, since it is an important simplification in all
calculations in the other sections.

As shown in Table 3, two types of fuel blocks were modelled
by SCALE 6, in order to demonstrate the neutronic influence of the
heterogeneity of the coated TRISO particles in the fuel blocks of the
U-Battery. One type is the fuel block with the volume-weighted
homogenized fuel compacts, whose multiplication factor is kHom

inf
in the third row of Table 3. The other one is the fuel block with
the fuel compacts containing explicit coated TRISO fuel particles,
whose multiplication factor is kHet

inf in the forth row of the same
table. The relative difference between kHom

inf and kHet
inf , which means

the reactivity effect of the double heterogeneity of the coated TRISO
fuel particles, is presented in the last row of Table 3. Except for the
method of dealing with the coated TRISO particles, these two types
of fuel blocks have the same parameters. The packing fraction of
the coated TRISO particles is 0.3; the radii of the kernels and fuel
compacts are 0.25 mm and 0.6225 cm, respectively; the thermal
power of the fuel block is 20 MW/(37*4 fuel blocks) = 0.135 MW.
The results show that the kHet

inf is 3–5% larger than the kHom
inf during

10 effective full power years (EFPYs) when the enrichment of the
fuel varies from 6% U-235 to 20% U-235. This means that the het-
erogeneous effect of the explicit TRISO particles can increase the
infinite multiplication factor of the fuel block by 3–5%.
In fact, the double heterogeneous effect of fuel blocks is mainly
because of the increase of the resonance escape probability, p, as
shown in Table 4, which shows the four factors (Duderstadt and
Hamilton, 1976) of the typical fuel block with different-enrichment
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Table 4
Four factors (Duderstadt and Hamilton, 1976) of a typical fuel block of the U-Battery.

Factors Het Hom

4 20 4 20

� 1.8329 2.0139 1.8326 2.0139
� 1.1023 1.4889 1.1063 1.5114
f 0.9778 0.9946 0.9779 0.9947
p 0.6295 0.4730 0.5934 0.4468
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packing fraction of TRISO particles and with time as a parameter.
The reactor core is comprised of 148(=37*4) fuel blocks and the
uel. The notation of Het represents the fuel block with the explicit
RISO particles, while Hom represents the fuel block with volume-
eighted homogenized compacts. The input parameters of the fuel

lock in Table 4, such as temperature, the packing fraction of the
oated TRISO particles, and so on, are the same as in Table 3. The
olume-weighted homogeneous compacts have the same values
f thermal neutron utilisation (f) and average number of fission
eutrons produced per absorption of a thermal neutron (�) as the
eterogeneous compacts, and have a slightly higher fast neutron
ssion factor (�).

Although the 3–5% underestimation of the multiplication factors
or the volume-weighted homogenization model in the follow-
ng sections looks rather conservative in some degree, it is still
cceptable for the current feasibility design of the U-Battery which
ainly aims to determine the possible reactor core configurations.
oreover, the current analysis ignores the neutronic influence

f other parameters, which would decrease the multiplication
actors. For example, graphite always contains some impurities,
specially boron, which leads to a loss of reactivity. Fixed burn-
ble poison would be included into the fuel blocks in order to
ontrol the excess reactivity of the U-Battery, which would lead
o a few percent decrease of the multiplication factors of the
-Battery. On the other hand, the analysis of the following sec-

ions aims to compare the different reactor core designs of the
-Battery and to obtain the general conclusions of the key design
arameters. In this sense, the relative values of the multipli-
ation factors are more important than the absolute ones. The
nderestimation of the multiplication factor will not change the
ain conclusions of the paper. A reactor core configuration with
larger keff calculated by the homogeneous model should also

ave a larger keff when the double heterogeneous model is used.
n fact, in the feasibility design stage, it is much cheaper to do

any neutronic calculations by the homogeneous model than the
ouble heterogeneous one in order to search more reactor core
onfigurations. However, the double heterogeneous effect of the
uel blocks should be included for the detailed design of the U-
attery.

. Main design parameters analysis

Fuel enrichment, the packing fraction of TRISO particles, the
hicknesses of top and bottom reflectors are main design param-
ters of the U-Battery, which are analyzed parametrically in this
ection. Although changing the size of fuel compacts and fuel ker-
els is only optional to the design of the U-Battery, they are also

nvestigated because these two factors greatly influence neutron
oderation performance.
In all the calculations, the material temperature is specified as

00 K. As mentioned in the previous section, the TRISO particles
n the fuel compacts are not modelled explicitly. The fuel handling
oles in the center of the fuel blocks and the gaps between the fuel

locks are all neglected. These simplifications are proposed to save
PU time in the current feasibility design stage.
Fig. 2. keff as a function of the fuel enrichment and time for Layout 37*4.

4.1. Fuel enrichment

In the design of nuclear reactors, fuel enrichment is one of the
most effective parameters to achieve a critical reactor and a spe-
cific fuel lifetime. Fig. 2 presents the effective multiplication factor,
keff, of the U-Battery with Layout 37*4 as a function of time and
with fuel enrichment as a parameter. In this reactor core config-
uration, there are 37 fuel columns in the reactor core and each
fuel column is comprised of 4 fuel blocks in the axial direction
of the reactor. The packing fraction of TRISO particles is 0.3. As
shown in Fig. 2, a higher fuel enrichment achieves a larger keff and
a longer lifetime. The lifetime of the U-Battery reaches 10 effective
full power years (EFPYs), when the fuel enrichment is 12% U-235
for Layout 37*4. The vertical distance between the lines decreases,
as the fuel enrichment increases, which means that increasing the
keff by higher fuel enrichment becomes less and less effective. For
example, the reactivity of the U-Battery increases by 0.021 �k/k
when the fuel enrichment varies from 8% U-235 to 10% U-235 at
beginning-of-life (BOL); however, the reactivity only increases by
less than 0.005 �k/k per 1% fuel enrichment, when the fuel enrich-
ment is larger than 14% U-235. Moreover, as shown in Fig. 2, the
keff of Layout 37*4 is almost linear with time except for the drop
at BOL because of the buildup of short-lived fission products like
Xe-135 and Sm-149.

Time-dependent reactivity change, i.e., reactivity swing, should
be maintained as low as possible in order to avoid moving con-
trol rods frequently to compensate for the reactivity loss as fuel
is consumed. As shown in Fig. 3, the reactivity swing, defined as
the reactivity difference between beginning-of-life and end-of-life
(EOL), decreases with the increase of the fuel enrichment for Lay-
out 37*4 with the different packing fractions of the TRISO particles,
because a higher fuel enrichment means more U-235 loaded. Since
the higher fuel enrichment can suppress the reactivity swing of the
reactor, less compensation is needed during the operation of the
U-Battery.

4.2. Packing fraction of TRISO particles

The packing fraction of TRISO particles has a different influence
on the neutronic performance of the U-Battery, especially the keff
and the reactivity swing.

The keff of Layout 37*4 is plotted in Fig. 4 as a function of the
fuel enrichment is 12% U-235. The higher the packing fraction of
TRISO particles is, the longer the lifetime of the U-Battery will be.
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Fig. 3. Reactivity swing (�� = �BOL − �EOL) as a function of the packing fraction of
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he TRISO particles and fuel enrichment for Layout 37*4.

his is because increasing the packing fraction means that more
uel or heavy metal is loaded into the reactor core. However, more
uel does not mean a larger effective multiplication factor. As the
acking fraction of TRISO particles increases, the keff of Layout 37*4
t BOL decreases, and it increases at EOL. At BOL, a higher packing
raction leads to a smaller keff because more heavy metal is loaded
nto the reactor core, which is severely under-moderated. However,

hen the fission reaction starts in the reactor, the fertile U-238 is
roduced to fissile Pu-239 and Pu-241. Moreover, there are fission
esonances in the range from 0.1 eV to 1 eV for Pu-239 and Pu-241.
hese two factors lead to a different effect of the packing fraction of
RISO particles from BOL. As shown in Fig. 4, the keff is almost inde-
endent to the packing fraction of the TRISO particles at 3.5 EFPYs.
fter that, a higher packing fraction leads to a larger keff. The anal-
sis showed that there is an optimum packing fraction of TRISO
articles in the fuel compacts for a specific reactor core configura-
ion, fuel enrichment and lifetime of the U-Battery because of the
rade-off between the generation and buildup of plutonium and
eutron moderation in the reactor core.

Reactivity swing is also sensitive to the packing fraction of the
RISO particles, as shown in Fig. 3. Increasing the packing fraction
f the TRISO particles reduces the reactivity swing for Layout 37*4

ecause more fuel is loaded into the reactor core.

ig. 4. keff as a function of the packing fraction of TRISO particles for Layout 37*4.
Fig. 5. ��(= � − �10) as a function of the thickness of the top and bottom reflectors
for Layout 37*3.

4.3. Thicknesses of top and bottom reflectors

The reflectors reflect neutrons back to the reactor core of the
U-Battery, which increases the neutron economy. Because the
diameter of the reactor pressure vessel is limited to 3.7 m for the
U-Battery, the thickness of the side reflector is limited to 30–60 cm
and thus it is not necessary to investigate it. However, the thick-
nesses of the top and bottom reflectors need be investigated for the
U-Battery in order to optimize their thicknesses. In order to sim-
plify calculations, the thickness of the top reflector is assumed to be
the same as the bottom reflector. This assumption is also applicable
for the all calculations in the other sections.

The reactivity change �� of Layout 37*3 is plotted in Fig. 5 as a
function of the thickness of the top and bottom reflectors and with
time as a parameter. The thickness of the top and bottom reflectors
varies from 10 cm to 100 cm. The �� is defined as �� = � − �10,
where � is the reactivity of the reactor core with a certain-thickness
top and bottom reflectors; and �10 is the reactivity of the reactor
with 10-cm-thick top and bottom reflectors.

As shown in Fig. 5, the �� increases quickly when the thickness
is less than 50 cm. For 100-cm-thick top and bottom reflectors, the
reactivity increases by 0.04 �k/k at BOL; however, it increases by
0.066 �k/k and 0.08 �k/k after 5.5 EFPYs and 10.5 EFPYs, respec-
tively. Pu-239 or Pu-241, produced from U-238, has a larger average
number of neutrons produced per neutron absorbed in fuel and
a larger thermal neutron absorption cross section, so the neutron
energy spectrum of the reactor core of Layout 37*3 gradually hard-
ens. Since faster neutrons usually have a large leakage probability,
the importance of top and bottom reflectors increases with time
because of the generation and buildup of Pu-239 and Pu-241.

As shown in Fig. 5, the �� of Layout 37*3 increases slowly when
the thickness of top and bottom reflectors is larger than 50 cm.
Moreover, there is usually thermal insulation (e.g., carbon bricks)
outside the reflectors, which could reflect a part of neutrons leaked
from reflectors. In order to minimize the height of the U-Battery,
50-cm-thick top and bottom reflectors are recommended for the
U-Battery and used in all the calculations in the other sections.
Moreover, the thickness of the top reflector of the U-Battery is also
assumed to be the same as the bottom reflector.

4.4. Other optional design parameters
As mentioned in Section 2, the U-Battery is designed based on
currently mature HTR technologies, such as the validated geomet-
ric parameters of the coated TRISO fuel particles and fuel blocks by
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with the radius of fuel compacts as a parameter at BOL, 5.5 EFPYs
and 10.5 EFPYs, respectively. Fig. 7 does not show any optimum val-
ues of fuel kernels or fuel compacts, but it suggests that increasing
the radii of fuel kernels and fuel compacts can reduce the initial kinf
ig. 6. kinf as a function of the radius of fuel kernel and with time as a parameter for
he typical fuel block with 0.6225 cm fuel compacts in radius.

ast HTR projects, in order to reduce its research and development
ost, as well as time. As a result, two design parameters, the radii
f the fuel compacts and the fuel kernels, are fixed to the reference
alues adopted by past HTR projects in the previous analysis. That
s, the radii of the fuel compacts and kernels are set to 0.6225 cm
nd 0.025 cm, respectively. However, because these two parame-
ers greatly influence the neutron moderation performance of fuel
locks, they are investigated in this section in order to confirm
hether changing them may lead to better designs of the U-Battery.

The effects of the radii of the fuel compacts and fuel kernels
ere investigated based on a typical fuel block rather than a whole

ore in order to save CPU time. Moreover, the fuel enrichment is
2% U-235; the packing fraction of the TRISO particles is 0.3; the
hermal power of the fuel block is 0.135 MW. A 3D prismatic fuel
lock including explicit fuel compacts and coolant channels was
odelled in SCALE 5.1 with reflective boundary condition.

.4.1. Radius of fuel kernels
Fig. 6 illustrates the infinite multiplication factor, kinf, of the typ-

cal fuel block as a function of the radius of fuel kernel and with time
s a parameter. The radius of the fuel compacts in the fuel block is
.6225 cm. At BOL, a larger kernel radius leads to a smaller kinf, as
he black (square-dot) line shown. The larger fuel kernel radius is,
he more uranium will be loaded and the less graphite is in the fuel
ompacts, which leads to less neutron moderation. However, the
ertile U-238 is produced into the fissile Pu-239 and Pu-241 with
ime. Moreover, Pu-239 and Pu-241 have fission resonances in the
ange of 0.1 eV to 1 eV. Along with the build up of Pu-239 and Pu-
41, the larger fuel kernels means the more plutonium produced in
he fuel block. Therefore, the kinf at EOL increases with the kernel
ize first because of the produced Pu-239 and Pu-241 and reaches
he maximum value at 0.2 mm, then decreases slowly because of
he worsened neutron moderation.

The second important effect of the fuel kernel radius on the
eutronic performance of the fuel block is that the larger the ker-
el radius is, the smaller the reactivity swing will be during the
hole lifetime of the fuel block. For the fuel kernels with a radius of

.175 mm, the kinf starts at the largest value among all fuel kernels
ecause the ratio of graphite to uranium in the fuel block is largest
nd the neutron moderation is better than those with larger radii.
owever, it quickly drops by 0.31 �k/k during 10.5 EFPYs because
he mass of the uranium in the fuel block is smallest, which leads to
larger reactivity swing than others. So a large-radius fuel kernel

s preferred for the U-Battery from reactivity control point of view.
ince the TRISO particles are not modelled explicitly, the influence
Fig. 7. kinf of fuel block as a function of the radius of fuel kernels and with the radius
of fuel compacts as a parameter at BOL.

of the fuel kernel radius on the reactivity only includes that of
the mass of the uranium, and excludes that of the geometry. More
accurate analysis of the TRISO particle sizes will be included in the
future.

4.4.2. Size optimization of fuel kernels and compacts
The fuel compacts also have a similar time-dependent effect

on the kinf of the fuel block as the fuel kernel radius. At BOL, the
larger radius of the fuel compacts is, the smaller kinf of the fuel
block is, because of the worse neutron moderation. When there is
enough Pu-239 and Pu-241 produced from U-238, the kinf of the fuel
block first increases quickly with the increase of the radius of the
fuel compacts, and then decreases slowly because of the worsened
neutron moderation.

Since the sizes of the fuel compacts and fuel kernels change
the fuel-to-moderator ratio and inventory of plutonium in the fuel
block and thus the infinite multiplication factor, combining these
two factors together is a good way to obtain the optimum values
for a specific configuration of the reactor core of the U-Battery with
specific packing fraction and fuel enrichment. Figs. 7, 8 and 9 show
the kinf of the fuel block as a function of the radius of fuel kernels and
Fig. 8. kinf of fuel block as a function of the radius of fuel kernels and with the radius
of fuel compacts as a parameter at 5.5 EFPYs.
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Table 5
Fuel compositions of seven reactor core configurations.

Case Configuration Number Type 5 yearsa 10 yearsa

1 Layout 19*3 57
Cylindrical

6.4 yearsb/6.9 yearsc

2 Layout 19*4 76 9.1 yearsb/9.85 yearsc

3 Layout 37*3 111
Cylindrical

9.55/0.3 16.7/0.3
4 Layout 37*4 148 6.9/0.3 12.1/0.3
5 Layout 61*3 183 7.59/0.3 13.7/0.3

6 Layout 30*3 90
Annular

9.8/0.3 17.3/0.3
7 Layout 30*4 120 7.6/0.3 12.9/0.3

a Enrichment/packing fraction(PF) of the TRISO particles.
b Maximum lifetime when enrichment = 20% and PF = 0.3.
c Maximum lifetime when enrichment = 20% and PF = 0.35.
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3 fuel blocks per fuel column.
ig. 9. kinf of fuel block as a function of the radius of fuel kernels and with the radius
f fuel compacts as a parameter at 10.5 EFPYs.

f the fuel block and thus the reactivity swing during 10.5 EFPYs. In
ddition, the effect of the radius of fuel compacts is more obvious
han the radius of fuel kernels in the range investigated.

Some interesting results can be derived from Figs. 8 and 9.
irstly, the kinf of the fuel block with slimmer fuel compacts is more
trongly dependent on the radius of fuel kernels because of the
ower mass of uranium in the fuel block. For example, the kinf of the
uel block with 0.4 cm fuel compacts in radius changes drastically
ith the fuel kernel radius and time during 10.5 EFPYs. Secondly,

here exists an optimum fuel kernel radius for each fuel com-
act. For example, the 0.6225 cm fuel compact in radius achieves

he maximum kinf when the radius of fuel kernel is 0.225 mm at
0 EFPYs in Fig. 9. Thirdly, the optimum kernel radius depends on
ime. For example, the 0.5-cm-radius fuel compacts achieve the

Fig. 10. Typical cylindrical (cases 3 and 4 in Table 5) and annu
maximum kinf, when the kernel radii are 0.225 mm and 0.3 mm
after 5.5 EFPYs and 10.5 EFPYs, respectively.

As shown in Fig. 9, for the fuel block with 0.6225 cm fuel com-
pacts in radius, the radius of fuel kernels has the minimum influence
on the kinf of the fuel block. Moreover, the optimum radius of fuel
kernels is in the range from 0.2 to 0.25 mm. Because of such char-
acteristics of the fuel block, the neutronic design of the 20 MWth
U-Battery with a lifetime of 10 EFPYs will use the reference param-
eters from the past HTR projects in the following sections, that is,
0.6225 cm fuel compacts and 0.25 cm fuel kernels in radius.

5. Reactor core configuration

Besides those geometric and composition parameters discussed
in the previous sections, the configurations of the reactor core is a
basic design parameter as well.

5.1. Comparisons of different reaction core configurations

Seven reactor cores were modelled by using SCALE 5.1, as shown
in Table 5. The second and third columns of Table 5 show the name
of configurations and the total number of fuel blocks in the reactor
cores, respectively. For example, Layout 37*4 means that the reac-
tor core of the U-Battery is comprised of 37 fuel columns and each
column consists of 4 fuel blocks in the axial direction of the reactor
core, which has 148 fuel blocks totally in the reactor core. Case 3
is currently considered the reference reactor core configuration of
the U-Battery. Other configurations are considered as its modified
versions. Case 1 is the reactor core configuration with the minimum
number of fuel blocks, which is comprised of 19 fuel columns and
The seven reactor core configurations may be divided into two
groups. One group is the cylindrical reactor cores and the other
is the annular ones. The cross sections of a typical cylindrical and

lar reactor core configurations (cases 6 and 7 in Table 5).



5100 M. Ding, J.L. Kloosterman / Nuclear Engineering and Design 241 (2011) 5093–5103

cal re

a
s
c
c
R
c
b
t
i
c

u
f
p
f
t
f
1

c
1
5
(
t
c
o
0
d
e
e
d
r
a

b
u
b
e

Fig. 11. Four non-cylindri

nnular reactor core configurations are shown in Fig. 10. Fig. 10(b)
hows the configuration of the cylindrical reactor core with 37 fuel
olumns, i.e., cases 3 and 4 in Table 5. For the cylindrical reactor
ores, the prismatic fuel columns are placed side by side inside the
PV of the U-Battery. In the annular reactor core configurations, the
entral fuel columns of the cylindrical reactor cores are replaced
y the same number of graphite columns. As shown in Fig. 10(a),
his annular reactor core is comprised of seven graphite columns
n the center and 30 fuel columns surrounding the central graphite
olumns, i.e., cases 6 and 7 in Table 5.

The required fuel compositions of the seven reactor core config-
rations to achieve a specific lifetime are listed in Table 5. Except
or the packing fraction of coated TRISO particles, other geometric
arameters of the fuel block are identical. For example, the radii of
uel kernels and fuel compacts are 0.25 mm and 0.6225 cm, respec-
ively. The fourth and fifth columns of Table 5 present the required
uel compositions of the configurations with 5-EFPY lifetime and
0-EFPY lifetime, respectively.

For the reference core configuration, i.e., case 3, the U-Battery
an achieve 10-EFPY lifetime. The required enrichment of the fuel is
6.7% U-235 and the packing fraction of TRISO particles is 0.3. Case
is built by replacing a part of side reflector by 24 fuel columns

i.e., 72 fuel blocks totally) around the reference reactor core, and
he required enrichment of the fuel can be reduced by 3% U-235
ompared to the reference core configuration. This means that
n average adding one fuel block reduces the fuel enrichment by
.042% U-235. Case 4 is built by adding 37 fuel blocks in the axial
irection of the reference reactor core. In this case, the required
nrichment of the fuel reduces by 4.6% U-235 (0.124% U-235 per
ach fuel block on average). Adding the fuel blocks in the axial
irection is more effective than adding them to the periphery of the
eactor core, because the latter method uses thinner side reflector
nd leads to more neutron leakage from the reactor core.

Besides adding fuel blocks, removing ones is another option to

uild new reactors because the graphite moderated U-Battery is
nder-moderated. Four reactor core configurations in Table 5 are
uilt using less fuel blocks (cases 1, 6 and 7) in terms of the refer-
nce configuration. For cases 6 and 7, 7 fuel columns (21 and 28 fuel
actor core configurations.

blocks, respectively) are replaced by the same number of graphite
columns in the center of the reactor cores, which leads to annu-
lar core configurations. Removing the fuel blocks does not lead to
a large increase of the fuel enrichment for cases 6 and 7. The fuel
enrichment of case 6 increases by 0.6% U-235 compared to the ref-
erence configuration. Case 7 has 120 fuel bocks, which is 28 less
than case 4; however, the required fuel enrichment only increases
by 0.8% U-235. Although case 7 uses 9 fuel blocks more than the
reference layout, it reduces the fuel enrichment by 3.8% U-235,
which means that adding a fuel block can reduce the fuel enrich-
ment by 0.42% U-235. As mentioned in the previous paragraph,
adding one fuel block for cases 4 and 5 reduces the fuel enrichment
by 0.042% and 0.124%, respectively. Compared to cases 4 and 5, the
value of 0.42% is 10 and 3.4 times higher, respectively. It attributes
to a higher moderator-to-fuel ratio and fuel lumping effect. The
higher moderator-to-fuel ratio leads to the better neutron moder-
ation, and the fuel lumping contributes to higher resonance escape
probability of neutrons. The complex comparisons show that the
annular core design, like case 7, is a good choice for the U-Battery.

Cases 1 and 2 do not achieve 10-EFPY lifetime even though the
fuel enrichment is 20% U-235, which is the acceptable maximum
value for modern commercial reactors with LEU. If the fuel enrich-
ment is 20% U-235 and the packing fraction of the TRISO particles
is 0.3, case 1 only achieves 6.4-EFPY lifetime. The lifetime of the
U-Battery will be 6.9 EFPYs if the packing fraction increases to 0.35.
However, for case 2, the U-Battery achieves 9.1-EFPY and 9.8-EFPY
lifetime, respectively, if the packing fractions of the TRISO particles
are 0.3 and 0.35. Although case 2 does not reach the required 10-
EFPY lifetime, it needs the minimum number of fuel blocks and has
the minimum core volume and weight, which makes the U-Battery
easier to transport.

5.2. Further analysis of scatter reactor core configurations
The configuration comparisons in Section 5.1 show that the
required fuel enrichment of the annular Layout 30*4 is slightly
higher than that of the cylindrical Layout 37*4, but it greatly reduces
the number of fuel blocks from 37*4 to 30*4. There are three advan-
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Table 6
keff of six reactor core configurations with kernel radius of 0.25 mm (enrich-
ment = 20% U-235, packing fraction of TRISO particles = 0.3).

Time Layout

37*4 30*4 30*4B 30*4C 24*4A 24*4B

0.0 EFPYs 1.2980 1.3397 1.3887 1.3242 1.3922 1.3504
5.0 EFPYs 1.1727 1.199 1.2495 1.1787 1.2289 1.1904
10.0 EFPYs 1.0788 1.0941 1.1494 1.0735 1.1049 1.0709
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Table 8
Maximum lifetime/burnup of six reactor core configurations.

Configuration Lifetime[EFPYs]/Burnup [GWd/MTU]

Kernel radius = 0.25 [mm] Kernel radius = 0.3 [mm]

Layout 37*4 15.2 /86.6 16.3/73.4
Layout 30*4 15.2/107.3 (+23.8%) 17.4/96.8 (+31.8%)
Layout 30*4B 17.6/124.0 (+43.1%) 20.5/113.5 (+54.6%)
Layout 30*4C 14.0/98.8 (+14.0%) 15.6/86.3 (+17.5%)
15.0 EFPYs 1.0034 1.0039 1.0508 0.9801 0.9803 0.9508
20.0 EFPYs 0.9304 0.9093 0.9513 0.8955 0.8427 0.8209

ages for Layout 30*4 over Layout 37*4. Firstly, the U-Battery with
nnular reactor core improves uranium utilisation by loading less
uel into the reactor core and thus a higher burnup of the fuel, which
aves on the fuel cost of the U-Battery. Secondly, extra graphite
locks in the center of the reactor core provide larger heat capac-

ty to accommodate the decay heat generated by fission products,
specially during loss of forced-cooling accidents. Thirdly, control
ods can be placed in these graphite blocks which replace the fuel
locks in the central regions, since the thickness of the side reflector

s very small because of the limited diameter of the RPV.
More non-cylindrical or scatter core configurations with differ-

nt number and distribution of graphite blocks in the reactor core
re investigated in this section. Four different scatter core configu-
ations are shown in Fig. 11. Layout 30*4B and Layout 30*4C have
he same number of fuel blocks (120) and graphite blocks (28) in
he reactor cores as Layout 30*4 as shown in Fig. 10(a). However,
he distributions of these 28 graphite blocks are different from Lay-
ut 30*4. For Layout 30*4, all 28 graphite blocks are placed in the
entral regions of the reactor core, which leads to an annular reac-
or core configuration. The 28 graphite blocks are evenly dispersed
n the fuel zone for Layout 30*4B, and are placed in the outermost
nd center zone for Layout 30*4C. Layouts 24*4A and 24*4B uses
ore graphite blocks (6 graphite blocks per layer) to replace the

ame number of fuel blocks than Layouts 30*4, 30*4B and 30*4C.
Tables 6 and 7 present the effective multiplication factor (keff)

f Layouts 30*4, 30*4B, 30*4C, 24*4A and 24*4B with the 0.25 mm
nd 0.3 mm fuel kernels in radius, respectively. Note that, the
uel enrichment of the configurations in Tables 6 and 7 has been
ncreased up to 20% U-235 in order to investigate the feasibility of
20-EFPYs lifetime. The keff of Layout 37*4 is also shown in the two

ables as a reference. For 0.25-mm-radius fuel kernel, all five non-
ylindrical core configurations (one annular core and four scatter
ores) have higher keff than Layout 37*4 at beginning of life (BOL),
.e., 0.0 EFPYs, and 5.0 EFPYs. At 10.0 EFPYs, Layouts 30*4, 30*4B and
4*4A still have higher keff than Layout 37*4, and Layouts 30*4C and
4*4B have only slightly lower keff than Layout 37*4. The larger
oderator-to-fuel ratio contributes to the higher keff of the annu-

ar and scatter reactor core because of the under-moderated reactor
ore of the U-Battery.

The results of the five non-cylindrical reactor core configura-
ions are still quite different, even though some of them have the

ame number of graphite and fuel blocks. In terms of the results
n Table 6, the distribution of the graphite blocks apparently plays
n important role for neutronic performance of the configurations.

able 7
eff of six reactor core configurations with kernel radius of 0.3 mm (enrichment = 20%
-235, packing fraction of TRISO particles = 0.3).

Time Layout

37*4 30*4 30*4B 30*4C 24*4A 24*4B

0.0 EFPYs 1.2706 1.3223 1.3712 1.3012 1.3753 1.3386
10.0 EFPYs 1.0875 1.1143 1.1643 1.0887 1.1365 1.0994
20.0 EFPYs 0.9555 0.9613 1.0072 0.9352 0.9407 0.9135
Layout 24*4A 14.2/125.1 (+44.4%) 17.0/117.8 (+60.5%)
Layout 24*4B 13.0/114.2 (+31.9%) 15.3/106.2 (+44.6%)

Layout 30*4B has the maximum keff among all reactor core configu-
rations with 28 graphite blocks in the reactor core from 0.0 EFPYs to
20.0 EFPYs because of the more uniform distribution of the graphite
blocks in the reactor core. Compared with the distribution of Lay-
out 30*4B, the distribution of the graphite blocks for Layout 30*4
is over-centralized and Layout 30*4C over-dispersed. More even
dispersion contributes to a higher resonance escape probability.

All reactor core configurations in Table 6 do not achieve 20-EFPY
lifetime, even though the fuel enrichment is 20% U-235. However,
if the radius of fuel kernels in the coated TRISO particles increases
to 0.3 mm, as used by the HTTR in Japan, Layout 30*4B achieves 20-
EFPY lifetime, as shown in Table 7. The lifetime of the U-Battery is
extended only by changing the arrangement of the fuel and graphite
blocks, rather than increasing the number of the fuel blocks or
reducing the thickness of the internal side reflector. Although the
mass of the heavy metal loaded into the reactor core increases
(about 2.3 kg per block) when the radius of fuel kernels increase
from 0.25 mm to 0.3 mm, its influence is relative small for the total
mass of the reactor core or the reactor system of the U-Battery.
This means that the height and diameter of the reactor core for the
U-Battery with 20-EFPY lifetime maintain as the U-Battery with
10-EFPY lifetime, which is rather positive for the transportability
of the U-Battery, and the economy of the U-Battery.

Table 8 shows the maximum lifetimes with keff up to unity and
fuel burnup of the five non-cylindrical reactor core configurations,
as well as Layout 37*4 as a reference. As shown in Table 8, com-
pared with the reference configuration, although the lifetime of
some core configurations decreases slightly, like Layout 24*4B, the
fuel burnup greatly increases for all non-cylindrical reactor core
configurations, that is, the uranium utilisation improves obviously.
For example, compared with the burnup of Layout 37*4, the bur-
nup of Layouts 30*4, 30*4B, 24*4A and 24*4B increase by 23.8%,
43.1%, 44.4% and 31.9%, respectively, when the radius of fuel ker-
nels is 0.25 mm. If the radius of fuel kernels increases to 0.3 mm,
the fuel burnup increases even more. For example, the burnup of
Layout 24*4A increases by 60.5% compared with Layout 37*4. The
increase of fuel burnup mainly results from the smaller amount of
fuel loaded, which improves the neutron moderation in the reac-
tor core. On the other hand, the longer lifetime also contributes to
the increase of the fuel burnup for some core configurations, like
Layout 30*4B.

The comparison of cylindrical cores with non-cylindrical ones
shows that the core design of the U-Battery is under-moderated,
and thus increasing the neutron moderation in the core by replac-
ing fuel blocks with graphite blocks is an effective way to extend
lifetime and increase the fuel burnup of the U-Battery, or fuel util-
isation.

6. Two key neutronic characteristics of U-Battery
For the U-Battery, there are two neutronic parameters impor-
tant for its inherent safety. The first one is reactivity temperature
coefficient, and the other one is reactivity change induced by water
or steam in the coolant in the reactor core. These two safety-related
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Table 9
Average reactivity temperature coefficient of U-Battery from 800 K to 1000 K.

Configuration Time [EFPYs] Fuel [pcm/K] Moderator
[pcm/K]

Reflector
[pcm/K]

Layout 30*4
0.0 −3.8 −1.6 +0.5
5.0 −5.4 −3.1 +0.1
10.0 −5.3 −3.8 +0.8

0.0 −5.4 −2.9 +1.2
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reactivity is rather large because the neutron moderation is insuf-
ficient in the reactor core of Layout 37*3, as well as Layout 30*4. If
a Rankine cycle is adopted by the U-Battery, the high risk of posi-
Layout 37*4
5.0 −7.5 −3.4 +0.4
10.0 −7.2 −4.1 +0.2

haracteristics of the U-Battery are investigated in this section for
wo typical reactor core configurations, including cylindrical cores,
ayout 37*4 or Layout 37*3, and an annular core, Layout 30*4.

.1. Temperature coefficient of reactivity

One of the important principles of nuclear reactor design is that
eactors should have negative reactivity temperature coefficient.
able 9 presents the average temperature coefficients of reactiv-
ty of Layout 37*4 (cylindrical core) and Layout 30*4 (annular core)
rom 800 to 1000 K. The term fuel means the fuel smeared compacts
n the fuel blocks; the term moderator means the graphite structure
f the fuel blocks excluding the fuel compact; and the term reflec-
or means the graphite side reflector and central graphite reflector
if present). As shown in Table 9, both reactor core configurations
ave negative temperature coefficients of reactivity during the
hole lifetime. The fuel and moderator have negative temperature

oefficients of reactivity, while the reflector has a slightly positive
eactivity temperature coefficient. The positive reactivity temper-
ture coefficients attributes to the hardened energy spectrum at
igher temperature. In fact, the positive reactivity temperature
oefficient of the reflector of the U-Battery is smaller than other
TRs like HTR-10 because of a larger neutron leakage.

The positive reactivity temperature coefficient of the reflector
oes not lead to any safety problems for the U-Battery. Firstly, the
eactivity temperature coefficients of the fuel and moderator are
egative, and the absolute values of the negative coefficients of the

uel and moderator is far larger than that of the reflector. Secondly,
he temperatures of the fuel and moderator will increase faster than
hat of the reflector. This means negative reactivity will be induced
rst by the fuel and moderator before positive reactivity may be

nduced by the reflector. Thirdly, the temperature change of the
eflector will be less than those of the fuel and moderator because
f the large heat capacity of the reactor core of the U-battery, which
eans that the positive reactivity possibly induced by the reflector

an easily be offset by the negative reactivity induced by the fuel
nd moderator.

.2. Neutronic risk of water ingress

Since the U-Battery will probably adopt a power conversion sys-
em based on a Rankine cycle, the risk of water/steam ingress into
he reactor core exists during its operation. Because water/steam
ngress is a design-basis accident for modern HTRs with steam
ycles, the effect of water/steam in the U-Battery on the reactiv-
ty was investigated in order to gain insight into this risk known.
he reactivity induced by the water/steam is plotted as a func-
ion of the water density in the coolant channel of fuel blocks in
ig. 12 for Layout 30*4, i.e., case 7 in Table 5. As shown in Fig. 12,
he water/steam in the reactor induces positive reactivity during

he whole lifetime of the U-Battery. For the water/steam density
p to 0.001 g/cm3, a small positive reactivity (��< 0.002 �k/k)

s induced. However, when the water/steam density is larger, the
eactivity induced increases significantly and reaches a maximum
Fig. 12. Induced reactivity by water/steam as a function of the water/steam density
and time for Layout 30*4.

value at a water density of 0.4 g/cm3 for Layout 37*3 at BOL, then
drops off rapidly because of the neutron absorption in the water.
The induced reactivity changes with the same pattern at different
fuel burnup times, but with different maximum values in different
water/steam densities.

For Layout 37*3, the reactivity induced by water/steam is sim-
ilar. However, the maximum possibly induced reactivity of Layout
30*4 is less than that of Layout 37*3 because the central graphite
blocks provide better neutron moderation. Although the neutron
moderation of Layout 30*4 is better than that of Layout 37*3, Lay-
out 30*4 is still under-moderated. The maximum reactivity induced
for Layout 37*3 and 30*4, which is determined by the water/steam
density, is illustrated in Fig. 13 as a function of time. As shown in
Fig. 13, the maximum induced reactivity for Layout 37*3 increases
with the fuel burnup and reaches the maximum value of 0.148 �k/k
after 6.5 EFPYs, then drops quickly with the fuel burnup. For Layout
30*4, the maximum value and time are 0.119 �k/k and 6.0 EFPYs,
respectively.

Figs. 12 and 13 indicate that the potential risk of the positive
reactivity induced by water/steam does exist for the whole life-
time of the U-Battery. Furthermore, the possibly induced positive
Fig. 13. Maximum reactivity induced by the water/steam as a function of the burnup
for Layout 37*3 and Layout 30*4.
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M. Ding, J.L. Kloosterman / Nuclear Eng

ive reactivity insertion should be considered in the design basis of
he U-Battery. A coolant purification system should be designed to
imit the maximum steam density in the reactor. Other gas cycles
ike SCO2, N2 or He–N2 are recommended for the U-Battery in order
o eliminate water ingress risk.

. Conclusions

The neutronic feasibility of the 20 MWth U-Battery with a life-
ime of 10 effective full power years (EFPYs) or longer has been
nvestigated by using SCALE 5.1 based on validated HTR tech-
ologies. The neutronic calculations show that the design of the
0 MWth U-Battery with a 10-EFPY lifetime is feasible and still
ather flexible using less than 20% enriched uranium, like Layout
7*4 and Layout 30*4. The U-Battery has negative temperature
oefficients of reactivity during the whole 10-EFPY lifetime, which
artly ensures its inherent safety.

The neutronic effects of six important design parameters have
een investigated parametrically. (1) Increasing fuel enrichment
an easily increase the lifetime and the effective multiplication fac-
or of the U-Battery. (2) As the packing fraction of TRISO particles
ncreases, the fuel lifetime of the U-Battery increases; however, the
ffective multiplication factor at beginning-of-life (BOL) decreases
ecause of the lower neutron moderation. (3) The higher the fuel
nrichment and the packing fraction of TRISO particles are, the
ower the reactivity swing during 10 EFPYs will be. (4) There is an
ptimum fuel kernel radius for each fuel compact (i.e., radius) and a
pecific fuel lifetime. (5) The radius of fuel kernels has a small influ-
nce on the kinf of a typical fuel block in the range of 0.2–0.25 mm,
hen the radius of fuel compacts is 0.6225 cm and the lifetime of

he fuel block is 10 EFPYs.
Eleven possible reactor core configurations analyzed include

ve cylindrical reactor cores (Layouts 37*3, 37*4, 61*3, 19*3 and
9*4), two annular reactor cores (Layouts 30*3 and 30*4), and four
catter reactor cores (Layouts 30*4B, 30*4C, 34*4A and 24*4B). The

omparison of the cylindrical reactor cores with the non-cylindrical
nes shows that neutron under-moderation is a basic characteris-
ic of the reactor core of the U-Battery, because a large amount of
eavy metal is loaded into the reactor core for a 10-EFPY or longer
ng and Design 241 (2011) 5093–5103 5103

lifetime. Thus, increasing the neutron moderation in the reactor
core by replacing some fuel blocks with graphite blocks and dis-
persing the graphite blocks in the reactor core are two effective
ways to extend the fuel lifetime and to increase the fuel burnup
of the U-Battery. For the same reason, positive reactivity ranging
from 0 to 0.16 �k/k is induced by water or steam with density up to
1.0 g/cm3 if it enters the reactor core of the U-Battery. Some promis-
ing designs, like Layout 37*4, Layout 30*4 and Layout 30*4B, will
be evaluated by thermal-hydraulic analysis in the near future.
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