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a b s t r a c t

A complete solution for a soluble-boron-free (SBF) small modular reactor (SMR) is pursued with a new
burnable absorber concept, namely centrally-shielded burnable absorber (CSBA). Neutronic flexibility of
the CSBA design has been discussed with fuel assembly (FA) analyses. Major design parameters and goals
of the SBF SMR are discussed in view of the reactor core design and three CSBA designs are introduced to
achieve both a very low burnup reactivity swing (BRS) and minimal residual reactivity of the CSBA. It is
demonstrated that the core achieves a long cycle length (~37 months) and high burnup (~30 GWd/tU),
while the BRS is only about 1100 pcm and the radial power distribution is rather flat. This research also
introduces a supplementary reactivity control mechanism using stainless steel as mechanical shim (MS)
rod to obtain the criticality during normal operation. A further analysis is performed to investigate the
local power peaking of the CSBA-loaded FA at MS-rodded condition. Moreover, a simple B4C-based
control rod arrangement is proposed to assure a sufficient shutdown margin even at the cold-zero-power
condition. All calculations in this neutronic-thermal hydraulic coupled investigation of the 3D SBF SMR
core are completed by a two-step Monte Carlo-diffusion hybrid methodology.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

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

1. Introduction

The water-cooled small modular reactors (SMRs), which are
considered as ones of the Gen-IV reactor concepts [1], have gained
significant international attention in nuclear reactor R&D field after
the most recent nuclear accident in Japan, Fukushima-Daiichi [2,3].
These reactors are designed to be passively safe, compact, simple
and less dependence on active control system [1,4e6]. For the
enhanced safety, advanced inherent and passive safety systems are
offered, in which heat exchangers and steam generators are inte-
grated inside the reactor pressure vessel [4,7]. These systems can
eliminate the possibility of loss of coolant accident (LOCA).

For a truly integrated and high-performance SMR, complicated
reactivity control systems including the chemical and volume
control one must be simplified a lot. In spite of several advantages
of using the soluble boron (SB) in pressurized water reactors
(PWRs), it has several well-known drawbacks such as slow reac-
tivity response, potentially positive moderator temperature coef-
ficient (MTC) with a high SB concentration, etc. [8,9]. A soluble-

boron-free (SBF) SMR with a small excess reactivity is clearly
desirable in this regard [10e13]. Moreover, recent studies demon-
strate that an SBF system is advantageous for passive autonomous
load-follow and frequency control operations [14,15]. Therefore, an
SBF SMR is highly attractive option for safety and economy of next
generation reactors.

In an SBF system, the excess reactivity is held down during the
normal operation by both burnable absorber (BA) and mechanical
shim rods (MSs). Meanwhile, the number of MSs and the MS worth
should be minimized because it can cause distortion of radial and
axial power distributions, and consequently reduce the operational
margin of the reactor. It is obvious that less number of MS and
smaller MS worth are favorable in view of the safety aspect. Hence,
a successful SBF system is always accompanied with an effective BA
design that can reduce core excess reactivity significantly as shown
in Ref. [8,11e13,16].

This paper is concerned with a small-size PWR designed for
high-performance SBF operations, and it is named ATOM (Auton-
omous transportable on-demand reactor module). The ATOM core
adopts a newly proposed BA concept for Gd2O3 (gadolinia), the
centrally-shielded burnable absorber (CSBA), to achieve an SBF core
design. For the successful SBF operation, the burnup reactivity* Corresponding author.
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swing (BRS) must be sufficiently small, for example, smaller than
1000 pcm, and the number of MSs can be really minimized. The
reduced number of MS is advantageous for either simplifying the
control mechanism or enhancing shutdown margin since the
number of shutdown rods can be increased. Moreover, the core is
also designed to have a minimal excess reactivity of about 500 pcm
to overcome a negative reactivity due to xenon buildup during a big
power-drop transient.

In this study, a Monte Carlo-deterministic two-step procedure is
used for the ATOM core analysis. First Monte Carlo Serpent 2 [17] is
used for spatial homogenization with the nuclear library ENDF/B-
VII.1 and a 3-D nodal diffusion code, COREDAX [18], performs
thermal-hydraulic-coupled neutronic calculations. A wrapper for
the two codes and two-step Serpent-COREDAX procedure was well
verified and validated for the analysis of PWR with a high BA
loading [10,19].

2. The centrally-shielded burnable absorber design

In modern PWRs, BA has beenwidely used to control the reactor
reactivity during the normal operation. However, current com-
mercial BA technology has several limitations lowering the reactor
performance. Integral type of BAs (e.g., gadolinia-bearing fuel, IFBA)
may degrade fuel thermo-mechanical properties and the fuel rod
internal pressure is increased by IFBA [20], while discrete BA de-
signs limit the control rod (CR) worth and insertion, or reduces the
fuel inventory by replacing fuel rod (e.g., wet annular burnable
absorber (WABA), Pyrex) [11,20]. More importantly, these BAs are

not sufficiently effective to achieve a small BRS for an SBF operation.
Hence, a new burnable absorber, named centrally-shielded burn-
able absorber (CSBA), is proposed here to pursue an high-
performance SBF SMR.

The concept of CSBA is that BA balls are loaded in the centerline
of a typical PWR UO2 pellet, as illustrated in Fig. 1. The unique
feature of the CSBA is that it can offer high neutronic flexibility as
the geometric volume-to-surface-area ratio of CSBA balls and their
number per pellet dictate the spatial self-shielding effect (SSE).
Therefore, an optimum depletion pattern with a small BRS can be
rather easily achieved.

Taking into account properties of various burnable absorbers,
natural gadolinia (Gd2O3) is the best candidate for the CSBA
concept. First of all, gadolinia is a well-proven and popular BA
with a relatively small reactivity penalty and it is compatible
with the UO2 fuel in the operating conditions of the fuel.
Furthermore, there is no concern regarding thermal conductivity
degradation of the fuel due to Gd2O3 addition since the gadolinia
ball is completely separated from the UO2 fuel. The material and
experimental studies for the CSBA-loaded fuel are currently un-
derway and some preliminary results are available at references
[21e23].

When fast-depleting gadolinia is used as BA, the SSE of gado-
linia must be carefully controlled to avoid undesirably rapid
depletion of gadolinium due to the large absorption cross section.
The SSE of BAs in CSBA-loaded fuel can be further enhanced since
the BAs are loaded at the central region of the fuel pellet being
shielded by the fuel material. In addition, the highest SSE is
observed in case of single ball-shaped CSBA since the spherical
shape minimizes the exposure area per unit volume. If it is
required to reduce the SSE, the number of CSBA balls can be
increased. The SSE is also affected by the geometric ratio of the
CSBA which depends on effective CSBA ball radius at every burnup
step. Fig. 2 presents very different behaviors of the infinite
multiplication factor of 17 � 17 CSBA-loaded FAs with various
CSBA designs. It is found that reactivity swing can be flexibly
controlled by adopting the CSBA concept varying the number and
radius of CSBA balls in the fuel pellet. Regarding the CSBA position,
the CSBA-loaded fuel is further characterized in an appendix at the
end of this paper.

As the BA is loaded into the center of fuel pellet, CSBA is clearly
classified as integral type. One of the important advantages of the
CSBA design is that it remains inside the fuel pellet even in a severe
accident scenario. However, the fuel inventory will be less than the
typical UO2 pellet, since CSBA ball replaces a certain amount of the
fuel.

       2-a: Impact of the number of CSBA balls                          2-b: Impact of CSBA ball size

Fig. 2. Lattice analysis with several CSBA ball designs.

Fig. 1. Design configurations of CSBA-loaded fuel rod.
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3. Numerical results and discussion

3.1. The ATOM core design

In the center for autonomous small modular reactor research
(CASMRR) of KAIST, a 450 MWth ATOM core has been under
development. The CSBA is loaded into the ATOM core with a single-
batch fuel management. Table 1 shows the main design parameters
of the ATOM core while its radial and axial layouts are presented in
Figs. 3 and 4, respectively. The core is loaded with 69 17 � 17 PWR
FAs and each FA consists of 264 CSBA-loaded fuel rods, 24 guide
thimbles and a central instrumentation tube. The core-average
power density is quite low, about 26.0 W/gU, to enhance the
reactor safety and thermal margin. A quite favorable height-to-

diameter ratio of 0.993 is a result of 202 cm core equivalent
diameter and 200 cm active height.

The core reflectors are stainless steel assemblies, instead of the
typical water-baffle configurations, to improve the neutron econ-
omy by reducing the radial neutron leakage. Moreover, at the top
and bottom core, a 5 cm axial blanket fuel of 2% enriched UO2 is
placed to reduce axial neutron leakage for both the no-BA and
CSBA-loaded cores. In addition, the axial power peaking factor is
lowered and the residual BA can be minimized by applying 5 cm
CSBA cutback layers at top and bottom of the core.

The whole core is loaded with 4.95% enriched UO2 to maximize
the core cycle length. The ATOM core is radially divided into three
regions and CSBA design is different in terms of the number of balls
and ball size in each zone, as shown in Fig. 5 and Table 2. As opti-
mized from the previous studies [24,25], the 1-ball design with a
relatively large radius is loaded into zone A to deaccelerate BA
depletion rate here, and to minimize the power peaking factor. Less
self-shielded designs, e.g., smaller 2-ball and 3-ball designs, are
applied to zones B and C as the powers at these zones are lower
than that at zone A in general.

Fig. 6 indicates control rod layout proposed for the ATOM core.
For a practical control rod operation, only 49 FAs are utilized for
reactivity control. There are 25 shutdown bank assemblies and they
are divided into five groups depending on the position. To avoid the
complexity of the control mechanism, one shutdown bank as-
sembly is located at the center and others are located at periphery
regions of the core. Moreover, 12MS-rodded bank are located in the
inner core region for effective reactivity control and lowering po-
wer peaking. The MSs are designed to be almost fully inserted
during the operation to minimize the perturbation of power dis-
tribution. The regulating bank assemblies are in the ring number
four which is less important position because the regulating rod is
mainly for obtaining hot zero shutdown and partly for reactivity
and power control.

It is obvious that a more complete SBF solution is required to
fully attain the criticality throughout the cycle with the use of MS.
In addition, the MSs should be loaded symmetrically in bulk
throughout the core so that the resulting power peaking can be
practically small. Hence, stainless steel doped with 2.5% of hafnium
is selected in this work. Meanwhile the shutdown rod is boron
carbide with 95% enriched B-10 to enhance the shutdown margin.
Boron carbide with natural boron is considered for the regulating
rod. It should be noted that the worth of regulating rod should not
be too high since it is used to control the minor and small reactivity
perturbations in the core such as power defect between hot full
power (HFP) and hot zero power (HZP).

3.2. Neutronic characteristics of the ATOM core

As shown in Fig. 7 and Table 3, the neutronic performance of the
no-BA reference core is compared to the CSBA-loaded one. The
cycle length of CSBA-loaded core is around 28.8 GWd/tU or 36.8

Table 1
Major design parameters of the ATOM core.

Parameters Target Value Unit

Thermal power 450 MWth
Active core height 200 cm
Equivalent diameter 201.6 cm
Power density 26.0 W/gU
Cycle length ~38 month
Fuel loading Single-batch
FA type 17 � 17 WH
Number of FAs 69
Fuel materials UO2

Fuel Density 95.5%
Fuel enrichment (max) 4.95 w/o
Inlet coolant temperature 285.0 0C
Outlet coolant temperature 320.7 0C

Fig. 3. Radial ATOM core layout.

Fig. 4. Axial ATOM core layout. Fig. 5. CSBA loading scheme of one eighth ATOM core.

X.H. Nguyen et al. / Nuclear Engineering and Technology 51 (2019) 369e376 371



months, which is quite shorter than that of reference core, which is
about 33.5 GWd/tU or 43.5 months. The slightly shorter cycle
length in the CSBA-loaded cores are mainly due to the reduced fuel
inventory replaced by CSBA balls, as shown in Table 2, and partially
due to the reactivity penalty of the residual CSBA at end of life
(EOL). On the other hand, the use of CSBA significantly reduces
excess reactivity at beginning of cycle (BOL), from 27,930 pcm to
3692 pcm. The BRS of the CSBA-loaded core is about 1031 pcm,
while the minimum excess reactivity is about 536 pcm. Note that
the reactivity swing and minimum excess reactivity is calculated
after xenon equilibrium not considering excess reactivity near EOL.

This indicates that the ATOM core can survive a 100%-to-15% power
drop transient, which has a negative xenonworth of about 372 pcm
[25].

Fig. 8 presents the ATOM core criticality search after xenon
equilibrium with the use of MSs, in which the MSs are gradually
withdrawn from the core as the burnup increases. The secondary
axis describes the required MS step to obtain the core criticality.
Note that “0 cm”means full insertionwhile “200 cm” indicates fully
withdrawn state. It is observed that the MSs remain quite inserted
during most of the core lifetime. As expected, the cycle burnup of
the core with the use of MSs is slightly reduced to 28.3 GWd/tU. In
the presence of MSs, MSs and CSBAs competitively absorb neu-
trons. This phenomenon slows down the depletion of CSBAs and
increases the residual BA in the core.

Fig. 9 illustrates normalized radial assembly-wise power profiles
at three different burnup conditions. The radial power distribution
is rather flat with a small peaking factor of about 1.20. This shows
clear advantages of the CSBA design and the simple use of MSs in
view of radial power flattening.

Figs. 10 and 11 present the axial power distribution, and core-
average fuel and coolant temperature distributions in the MS-
rodded core at different burnups. As expected, the axial power
distribution is quite bottom-skewed at BOL and the middle of life
(MOL) conditions due to higher coolant density at the bottom half
of the core and the insertion of MSs from the top. It gradually be-
comes top-skewed progressively with burnup. It also can be seen
that there are two local peaks at the BOL condition because of the
blanket and CSBA cutback regions which have no BA. On the other

Table 2
Zone-wise CSBA loading strategy.

Parameters Optimal CSBA Design

Zone A Zone B Zone C

CSBA Design 1-ball 2-ball 3-ball
Ball Radius (r) r ¼ 1.690 mm r ¼ 1.260 mm r ¼ 0.700 mm
Mass Fraction (mGd2O3/mUO2) 0.0268 0.0221 0.0055

E F G H

5 E5 F5 G5 Color Legend
Total

number

4 E4 F4 G4 H4 Shutdown bank
95% B10-enriched B4C

25

3 E3 F3 G3 G4 G5 MS bank
Hf-doped stainless steel

12

2 E2 F2 F3 F4 F5 Regulating Bank
natural B4C

12

1 E1 E2 E3 E4 E5

Fig. 6. Control rod pattern for the ATOM core.

Fig. 7. Evolution of the neutron multiplication factor of the ATOM core.

Table 3
Neutronic properties of the ATOM core.

Case Excess Reactivity at BOL (pcm) Burnup Reactivity
Swing (pcm)

Minimum Reactivity (pcm) Discharged Burnup (GWd/tU)

Without BA 27,930 24,310 e 33.852
CSBA-loaded 3692 1031 536 28.82

X.H. Nguyen et al. / Nuclear Engineering and Technology 51 (2019) 369e376372



hand, it is observed that the core-average fuel temperature follows
the core axial power distribution.

Table 4 lists the nodal burnup distribution of the ATOM core at
the EOL condition. It can be seen that the burnup at the bottom of
the core is high due to the gradual withdrawal of MS and high
coolant density. Particularly, the more bottom-skewed burnup
distribution is found in MS-rodded assemblies (F2, E3 and G3)
compared to others. On the other hand, the maximum nodal
burnup is about 42.4 GWd/tU, which is quite below the current
constraint of about 60 GWd/tU in the typical PWR designs. It is
expected that the peak allowable burnup will be similar for the
CSBA-loaded fuels. Table 4 also explains why the cycle length of
CSBA-loaded core is shorter than that of the core without BA. As
shown in Fig. 2, BAs are completely depleted when the burnup is
greater than 30 GWd/tU. However, the burnup of upper core is
clearly lower than 30 GWd/tU, which indicates that the residual
impact of BA is expected to be noticeable. Hence, it can be said that
the performance of ATOM core can be improved by further opti-
mization of axial CSBA loading scheme.

Table 5 clearly shows that the fuel temperature coefficient (FTC)
and coolant temperature coefficient (CTC) are clearly negative in
the SBF ATOM core. In the evaluation of CTC and FTC, it was
assumed that both FTC and CTC are the linear functions of fuel and
coolant temperatures, respectively. As the burnup increases, both
FTC and CTC become more negative due to the accumulation of
plutonium and fission products which lead to neutron spectrum
hardening. In particular, the CTC of the ATOM core is clearly
negative from the BOL condition due to the SBF condition. It should
be noted that both FTC and CTC are analyzed using Serpent 2 only,
and sufficient number of histories for the Monte Carlo calculations
is considered to make the associated standard deviation (STD) is
small enough.

Fig. 8. Core criticality search using MSs.

BOL  (00.00 GWd/tU) 1.058
MOL (14.00 GWd/tU) 0.983
EOL  (28.25 GWd/tU) 0.783

H

0.888 1.061 1.039
0.985 1.071 0.938
1.156 1.002 0.708

G

0.804 0.954 1.076 1.175
0.877 0.993 1.106 1.073
1.189 1.156 1.082 0.825

F

0.900 0.891 0.841 1.032 0.905
0.917 0.920 0.917 1.077 0.899
1.199 1.191 1.168 1.099 0.819

E

1 2 3 4 5

Fig. 9. Radial assembly-wise power profile.

Fig. 10. Axial power distribution of the ATOM core.

Fig. 11. Core-average axial temperature distribution of the ATOM core.
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It should be recalled that MSs are designed to be almost fully
inserted to keep the core critical during the reactor operation.
However, the MSs have to be gradually withdrawn as the excess
reactivity decreases, especially near EOL. This leads to the local
power perturbation because the MSs are basically neutron
absorber. Figs. 12 and 13 show the local peaking factor of two CSBA-
loaded lattices at different burnup conditions and MS positions.
Note that they are obtained from lattice calculation using Serpent 2.
It can be seen that the pin power distribution is rather flat during
theMS-inserted operation, which is due to small reactivity worth of
MS and compensation between water hole and MS. On the other
hand, asMSs arewithdrawn, the power distribution is redistributed
in such a manner that the power of the pins near the water hole
increases while that of the other pins decreases. However, the

Table 4
Axial burnup distributions of MS-rodded ATOM core at EOL condition (Unit ¼ GWd/tU, reddish ¼ high burnup, greenish ¼ low burnup).

Table 5
Fuel and coolant temperature coefficients.

Condition FTC ± STD (pcm/K) CTC ± STD (pcm/K)

BOL �2.365 ± 0.145 �48.114 ± 1.47
MOL �2.650 ± 0.141 �51.429 ± 1.46
EOL �3.038 ± 0.113 �62.853 ± 1.37

Fig. 12. Local power peaking factor of 1-ball design with and without MS.

Fig. 13. Local power peaking factor of 2-ball design with and without MS.
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maximum peaking factor is still quite small, only 1.081 with asso-
ciated uncertainty of 0.25%. This indicates that theMSs in the ATOM
core are very favorable for reactivity control during normal oper-
ation without significant power distortion.

3.3. Cold shutdown evaluation

Table 6 tabulates the neutron multiplication factors for various
control rod configurations of the ATOM core at a clean BOL (no
xenon buildup). Statistical uncertainty of the k-eff values are less
than 10 pcm and 10% of uncertainty is considered in evaluation of
the shutdown reactivity worth requirement. It is clear that the core
stays subcritical with some margin even in the case of rod stuck
accident at the cold zero power (CZP) condition. Therefore, a cold
shutdown is guaranteed with the proposed control rod arrange-
ment. Hot shutdown is obviously assured due to strongly negative
CTC and FTC. However, the core still needs a secondary shutdown
system (i.e., emergency boron injection) to meet the mandatory
PWR safety regulation. Table 6 also includes COREDAX-calculated
shutdown worth at the CZP condition and one can notice that dif-
ference between the two codes are noticeable, but acceptably small.

4. Conclusions

In this paper, an advanced SBF SMR core has been successfully
developed by introducing the newly-developed CSBA concept. An
optimal and simple CSBA loading scheme is proposed to minimize
the core excess reactivity and BRS. Therefore, the movement of
regulating control rods can be minimized without compromising
significantly the core performance. In the optimum CSBA-loaded
core configuration derived in this study, the BRS is only 1031 pcm
for most of the fuel cycle, which is very favorable for an SBF oper-
ation and sufficient to survive a big xenon transient. To maximize
the cycle length, a single-batch fuel management is adopted in the
ATOM core and a long cycle length of about 36.8 months is ach-
ieved. On the other hand, the excess reactivity can be suppressed to
attain core criticality with the sole use of mechanical shim rods and
the power peaking factor is well acceptable over the whole oper-
ational period. Furthermore, the core shutdown margin is always
guaranteed with a simple control rod arrangement even at the cold
zero power condition. In view of neutronics, it can be concluded
that a high-performance SBF SMR core is achievable with the CSBA
concept.
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Appendix. Sensitivity study on the position of the CSBA ball

The CSBA ball position can deviate from the desired position in
the actual fabrication and this may result in different neutronic
performances of the CSBA-loaded fuel. To evaluate potential im-
pacts of the CSBA position within the fuel pellet, a single lattice
problem in Fig. A-1 is analyzed with Serpent 2. In the 3-D lattice
analysis with reflective boundary conditions, the CSBA balls are
axially and radially perturbed from the desired position. Two per-
turbations in positions are considered, either 0.05 cm or 0.1 cm for
both 1-ball and 2-ball designs. The CSBA radius of the 1-ball and 2-
ball designs is 0.169 cm and 0.126 cm, respectively.

Figure A-2 shows the burnup-dependent reactivity differences
between the perturbed and the unperturbed cases. It is observed
that the maximum reactivity difference is only about 42 pcm with
an associated uncertainty of 8.50 pcm.We also found that the small
change in the CSBA SSE of 1-ball design is mainly due to the radial
position change, and it is quite insensitive to an axial perturbation.
However, the axial perturbation contributes more to the CSBA SSE
change in the 2-ball cases since the two CSBA balls interfere each
other and the size is quite smaller than in the 1-ball case. In addi-
tion, the maximum differences are often found at BOL condition,
while negligible ones are at EOL condition when BAs are largely
burned out.

Fig. A-1. CSBA-loaded fuel pellet problem

Table 6
Cold-zero-power shutdown worth evaluation at BOL condition.

BOL, no Xenon COREDAX Serpent 2 Difference (pcm)

K-eff Total Worth (pcm) K-eff* Total Worth (pcm)

All rod out 1.10796 NA 1.10701 NA 77
All Rod in (Except F5) 0.97718 �12079 0.97942 �11768 �234
All Rod in (Except G5) 0.97890 �11899 0.98063 �11643 �180
All Rod in (Except E5) 0.97607 �12196 0.97900 �11812 �307
All Rod in (Except E2) 0.98679 �11083 0.98997 �10680 �326
All Rod in (Except E1) 0.97765 �12030 0.97986 �11722 �231
All rods in 0.97526 �12281 0.97838 �11876 �328

* standard deviation < 10 pcm.
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Fig. A-2. Burnup-dependent reactivity differences due to a 0.05 cm perturbation

Fig. A-3 presents the burnup-dependent reactivity differences
with a larger perturbation of 0.1 cm. In this case, the maximum
reactivity change of 143 pcm is caused by the radial perturbation in
the 1-ball design. Meanwhile, one can see again that the axial
perturbation contributes more significantly in the 2-ball cases as
observed in Fig. A-2.

Fig. A-3. Burnup-dependent reactivity differences due to a 0.1 cm perturbation

In summary, it is mentioned that the SSE of the CSBA-loaded fuel
weakly depends on the CSBA position in the UO2 pellet. However,
impact of CSBA position on reactivity is quite small even for a 0.1 cm
perturbation, which is a very improbable with the industrial stan-
dards in the pellet fabrication.

Nomenclature

ATOM Autonomous Transportable On-demand Reactor
Module

BA Burnable Absorber
BOL Beginning of Life
BRS Burnup Reactivity Swing
CASMRR Center for Autonomous Small Modular Reactor Research
CSBA Centrally-Shielded Burnable Absorber
CR Control Rod
CTC Coolant Temperature Coefficient
EOL End of Life
FTC Fuel Temperature Coefficient

HFP Hot Full Power
HZP Hot Zero Power
MOL Middle of Life
MS Mechanical Shim Rod
PWR Pressurized Water Reactor
SB Soluble Boron
SBF Soluble-Boron-Free
SSE Spatial Self-shielding Effect
SMR Small Modular Reactor
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