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a b s t r a c t

In this study, impacts of an enhanced-moderation Fuel Assembly (FA) named Truly Optimized PWR (TOP)
lattice, which is modified based on the standard 17 � 17 PWR FA, are investigated in a natural circulation
Soluble-Boron-Free (SBF) Small Modular Reactor (SMR). Two different TOP lattice designs are considered
for the analysis; one is with 1.26 cm pin pitch and 0.38 cm fuel pellet radius, and the other is with
1.40 cm pin pitch and 0.41 cm fuel pellet radius. The NuScale core design is utilized as the base model and
assumed to be successfully converted to an SBF core. The analysis is performed following the primary
coolant circulation loop, and the reactor is modelled as a single channel for thermal-hydraulic analyses. It
is assumed that the ratio of the core pressure drop to the total system pressure drop is around 0.3. The
results showed that the reactor power could be increased by 2.5% and 9.8% utilizing 1.26/0.38 cm and
1.40/0.41 cm TOP designs, respectively, under the identical coolant inlet and outlet temperatures as the
constraints.
© 2022 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

Recently, Small Modular Reactors (SMRs) have become an
attractive option in the global nuclear industries. Both heat
exchanger and steam generator are integrated inside the reactor
pressure vessel, enhancing reactor safety [1]. Furthermore, elimi-
nating complicated reactivity control systems such as the Chemical
and Volume Control System (CVCS) makes the reactor system
simpler and more compact. In spite of the several advantages,
soluble boron has several well-known drawbacks, such as poten-
tially positive Moderator Temperature Coefficient (MTC) at a high
soluble boron concentration, a large volume of radioactive liquid
waste, material corrosion, and crud accumulation [2,3]. Moreover,
the Soluble-Boron-Free (SBF) condition enhances the passive
autonomous load-follow, including frequency control operation
[4,5]. The SMR safety is improved further by utilizing the passive
cooling system [6]. Therefore, a natural circulation SBF SMR be-
comes an appealing option for next-generation reactors.

Recently, a Truly Optimized PWR (TOP) lattice has been
demonstrated to successfully enhance the neutronic performance
by Elsevier Korea LLC. This is an
of an SBF SMR named Autonomous Transportable On-demand
reactor Module (ATOM) [7]. In the TOP design of Ref. 7, the pin
pitch is enlarged to increase the hydrogen-to-uranium (HTU)
number density ratio enhancing the neutron moderation. In addi-
tion, the reactor safety is enhanced further by utilizing Cr15Al-
coated Zircaloy-4 as the Accident Tolerant Fuel (ATF) cladding
with negligible change in the excess reactivity, radial, and axial
power distribution [8].

In the natural circulation SMR, the coolant mass flow rate is
relatively lower than that of the pump-cooled SMR. The core mass
flow rate is determined by the balance of the primary cooling
system driving force and resistance force [9]. The reactor power,
geometrical design of the reactor system, and the operation state of
the heat exchanger influence the passively cooled reactor thermal-
hydraulic performance [10].

In this study, the impacts of the TOP lattice design on a natural
circulation SBF SMR core are investigated to maximize the reactor
power. The NuScale reactor, a soluble-boron SMR, is utilized as the
base model design [11]. It is assumed that the NuScale core can be
successfully converted to an SBF core. Several studies have
demonstrated the feasibility of the passive cooled SBF SMR based
on the NuScale core design utilizing the TOP lattice [12,13]. In this
preliminary study, a single channel model is utilized to model the
reactor thermal-hydraulically. The impacts of TOP lattice on the
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Fig. 1. Infinite multiplication factor with respect to HTU value [14].
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core pressure drop, systemmass flow rate, and reactor power under
the constraint of identical inlet and outlet temperatures are
investigated. It will serve as the preliminary bases for the further
comprehensive study and motivation for designing the natural
circulation SBF SMR utilizing the TOP lattice. An in-house code
based on several mathematical models for the natural circulation
system is developed for the analysis.

This paper is organized as follows, Section 2 describes the TOP
lattice configurations, while the calculation model, correlations,
and assumptions are described in Section 3. Section 4 presents the
NuScale reactor key parameters and the numerical results. Finally,
Section 5 concludes the investigation.

2. Truly Optimized PWR (TOP) Lattice

In the current Fuel Assembly (FA) design for PWRs, the fuel
lattice is clearly under-moderated and optimized under the
soluble-boron condition to assure a negative MTC during the
reactor operation. By eliminating the soluble boron, the HTU ratio
can be increased further, resulting in a softer neutron spectrum and
higher excess reactivity. The softer neutron spectrum results in
always sufficiently negative and similar MTC throughout the
operational cycle, which is favorable for a smaller temperature
defect and larger cold shutdown margin at highly burned condi-
tions [14]. Fig. 1 shows the infinite multiplication factor as a func-
tion of the HTU of two fuel enrichments.

Based on the standard 17 � 17 FA, there are two approaches to
enhance the neutronmoderation. The first approach is by enlarging
the pin pitch while fixing the fuel radius, and the second one is by
reducing the fuel radius while preserving the FA size. In this study,
both TOP lattice designs are considered. The fuel pin pitch is
enlarged to 1.4 cm in the first design without changing the fuel
pellet radius as in Ref. 7. Consequently, the equivalent core radius
increases due to the enlarged pin pitch. The impact of the TOP
lattice with varied fuel pin pitches on the power of the natural
circulation core has been investigated [15]. On the other hand, the
fuel pellet radius is reduced to 0.38 cmwith the fixed 1.26 pin pitch
in the second design, as shown in Fig. 2. Therefore, the core size
does not change in the second design. Thus, the second TOP design
is preferable when the TOP lattice is adopted in the existing com-
mercial PWRs. However, the fuel inventory decreases due to the
reduced fuel pellet radius in the second design. Consequently, the
specific power density may increase proportionally. It should be
noted that in South Korea, the smaller fuel radius was used
commercially in the Kori reactor unit-2 [16].

3. Calculation models

In this study, the analysis is performed under the steady-state
condition of the primary coolant circulation loop. Furthermore,
the coolant flow in the reactor core is modelled as a single channel
without considering any cross-flows between the fuel assemblies.

3.1. Pressure drop models in primary loop

The one-dimensional steady-state primary loop momentum [9]
equation is written as follows:

Dppump �Dploss þ DpBuoyancy ¼ 0; (1)

where Dppump is the pressure head provided by the pump, Dploss is
the total pressure drop around the entire loop, and Dpbuoyancy is the
buoyancy pressure head. In the natural circulation system,
Dppump ¼ 0 as the coolant is driven by the density differences be-
tween the hot and cold legs (buoyancy force). Therefore, Eq. (1)
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becomes:

Dploss ¼DpBuoyancy: (2)

The right-hand side of Eq. (2) is the buoyancy force, which is the
driving force of the natural circulation system and is derived by
integrating the gravitational term in the coolant momentum
equation over the flow path along the primary natural circulation
loop using the Boussinesq approximation as follows:

DpBuoyancy ¼ðrcold � rhotÞgDH; (3)

where rcold is the coolant density at the cold leg, rhot is the coolant
density at the hot leg, g is the gravity acceleration constant, and DH
is the thermal center difference between the reactor core and Pri-
mary Heat Exchanger (PHX). The left-hand side of Eq. (2) is the
summation of all irreversible pressure drops (i.e., pressure drops
due towall friction and form losses) in the primary circulation loop.
Therefore, the total pressure drop is defined as:

DPloss ¼DPlowplenum þ DPcore þ DPriser þ DPtopplenum

þ DPsteamgenerator þ DPdowncomer; (4)

where DPlowplenum is the lower plenum pressure drop, DPcore is the
core pressure drop, DPriser is the riser pressure drop, DPtopplenum is
the top plenum pressure drop, DPsteamgenerator is the steam gener-
ator pressure drop, and DPdowncomer is the downcomer pressure
drop. The reversible pressure drops (i.e., accelerational pressure
drop due to a flow area change or phase change) are canceled out as
the momentum equation is integrated over the loop. The coolant
mass flow in the primary loop is calculated utilizing Eq. (2) as one of
the constraints.

3.1.1. 2Core pressure drop model
The total pressure drop in the core is formulated as follows:

DPcore ¼DPinlet þ DPfriction þ DPspacer þ DPoutlet ; (5)

where

DPinlet þDPoutlet ¼ ðKinlet þKoutletÞ
1
2
rv2; (6)

Kinlet ¼1;Koutlet ¼ 0:42; (7)

DPfric ¼ fcore
Lcore
Dcore
e

1
2
rv2; (8)



Fig. 2. Two TOP lattice configurations.
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flaminar ¼
64
Re

; (9)

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fturbulent

p ¼ � 2 log

 
ε=Dh

3:7
þ 2:51
Re

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fturbulent

p
!
; (10)

Re¼ rvDe

m
: (11)

In the above equations, K is the form loss coefficient term for the
coolant inlet and outlet, r is the coolant density, v is the coolant
speed, fcore is the friction factor in the core, Lcore is the core length,
flaminar is the friction factor for laminar flow, fturbulent is the friction
factor for turbulent flow utilizing Colebrook correlation [17], Dcore

e is
the equivalent core diameter, Re is the Reynold number, ε is the
pipe surface roughness, Dh is the hydraulic diameter, v is the
coolant flow speed, and m is the fluid dynamic viscosity. The spacer
pressure drop is calculated utilizing the Rehme's formula [18] as
follows:

DPspacer ¼NspacerCv

 
rV2

v

2

!�
As

Av

�2
; (12)

where Nspacer is the number of the spacer grids, Cv is the drag co-
efficient, Vv is the average bundle fluid velocity, As is the projected
frontal area of the spacer, and Av is the unrestricted flow area. The
drag coefficient Cv is calculated utilizing the Dalle Donne formu-
lation [19] as follows:

Cv ¼min

2
66643:5þ 73:14

Re0:264
þ2:79� 1010

Re2:79
;

2h
As
Av

i2
3
7775: (13)

3.1.2. 2Steam generator pressure drop model
The NuScale core utilizes a Helical Coil-type Steam Generator

(HCSG) as the PHX. Generally, there are two configurations of the
HCSG tubes, which are in-line and staggered tube configurations.
Fig. 3 describes both in-line and staggered tube configurations
where SL is the longitudinal pitch, ST is the transversal pitch, umean

is the average coolant speed, umax is the maximum coolant speed,
and d is the tube diameter.

In this study, the in-line tube configuration is assumed to be
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used in the HCSG. Therefore, the pressure drop of the primary
coolant flow through the in-line tube configuration is calculated by
utilizing the Gaddis-Gnielinski correlation [20] as follows:

DPHCSG ¼ xN
1
2
ru2max; (14)

umax ¼ a
a� 1

umean; (15)

where x is the drag coefficient, N is the number of tube columns, r is
the coolant density, umax is the maximum coolant velocity in the
minimum cross-section area, umean is the average coolant velocity,
and a is the transversal pitch to outer tube diameter ratio. The drag
coefficient x is the summation of the drag losses due to the laminar
flow ðxlamÞ, turbulent flow ðxturbÞ, inlet, and outlet effects ðfnÞ. The
drag coefficient is evaluated utilizing following equations:

x¼ xlam þ ðxturb þ fnÞ
�
1� exp

�
�Red þ 1000

2000

��
; (16)

xlam ¼280p

�
b�0:5 � 0:6

�2 þ 0:75

a1:6ð4ab� pÞRed
; (17)

xturb ¼
ft

Re
0:1ðbaÞ
d

; (18)

ft ¼

2
66640:22þ

1:2
�
1�

�
0:94
b

��0:6
ða� 0:85Þ1:3

3
7775100:47

�
b
a
� 1:5

�

þ 0:03ða�1Þðb�1Þ; (19)

fn ¼ 1
a2

�
1
N
� 1
10

�
; for 5 � N � 10; (20)

fn ¼0; for N � 10; (21)



Fig. 3. In-line and staggered tube configuration.
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DHCSG
e ¼

�
4a
p

� 1
�
d; for b>1;

�
4ab
p

� 1
�
d; for b<1;

(22)

Red ¼
DHCSG
e umaxr

m
; (23)

where b is the longitudinal pitch to outer tube diameter ratio, Re is
the Reynold number, d is the outer tube diameter, and m is the
coolant dynamic viscosity.

In the primary circulation loop, the friction pressure drops of the
lower plenum, riser, upper plenum, and downcomer are much
smaller than the pressure drops of the core and HCSG. Therefore,
these pressure drops are neglected in this preliminary investigation
while the form losses in those components are considered.
3.2. HCSG heat transfer model

The HCSG is comprised of the secondary coolant (water) flowing
through the helical tubes while the primary coolant is on the shell
side. In this preliminary investigation, the HCSG heat transfer is
modelled with several simplifications utilizing the predetermined
secondary side condition. The secondary system is not modelled
explicitly, and the temperature at the secondary system is adjusted
depending on the conditions. The objective of this model is to
ensure that the HCSG heat transfer is equal to the generated reactor
power. The HCSG heat transfer equation in steady state is given as
follows:

G
dh
dz

¼ q
00
Ph
Af

; (24)

G

�
h
�
Tprimary
z

�
� h
�
Tprimary
z�1

��
zi � zi�1

þ
�
Tprimary
z � Tsec ondary

z

�
Ph

RSGAf
x0;

(25)

where,

1
RSG

¼ Q
AhDTm

; (26)
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DTm¼DTmax � DTmin

ln DTmax
DTmin

; (27)

Ah ¼NtubesP
tubes
h l; (28)

Ptubesh ¼pDo; (29)

where G is the mass flux, h is the coolant enthalpy, q
00
is the heat

flux, Ph is the heated perimeter, z is the HCSG axial mesh, Af is the
coolant flow area, Rsg is the steam generator thermal resistance, Ah

is the total heat transfer area, Q is the total heat transferred to the
secondary side, DTmax and DTmin are the maximum and minimum
temperature difference between the primary and secondary sides,
Ntubes is the total number of tubes, Ptubesh is the helical tubes heated
perimeter, l is the tube length, and D0 is the outer diameter of the
helical tubes. First, the HCSG thermal resistance Rsg is calculated
utilizing the reference value and then used for the SG heat transfer
calculation in Eq. (27). It is assumed that the heat transfers at the
lower plenum, upper plenum, riser, and down-comer are negligibly
small and neglected for the analysis.
3.3. Single channel model

Currently, the in-house Thermal-Hydraulic (TH) code is uncou-
pled with a neutronic code. Consequently, a chopped cosine func-
tion is used to determine the axial power distribution. Furthermore,
the axial heat conduction is neglected, allowing the analysis to be
performed at the axial level. First of all, the bulk temperature along
the axial mesh is determined utilizing following equations:

hðzÞ¼ q
000 ðzÞVf

w
þ hðz�1Þ; (30)

TbðzÞ¼ Thf ðhðzÞÞ; (31)

where h is the coolant enthalpy, z is the axial mesh unit, Vf is the
fuel volume unit, w is the single channel mass flow, Tb is the bulk
temperature, and Thf is the coolant temperature corresponding to
the coolant enthalpy. Then, the evaluated bulk temperature dis-
tribution is utilized for the core pressure drop calculation in the
single channel model and radial fuel temperature calculation.
Finally, the heat conduction for the cylindrical fuel rod in the
steady-state condition is calculated utilizing following equation:

1
r

d
dr

�
kr

dT
dr

�
þ q

000 ðrÞ ¼ 0; (32)

where r is the fuel radius, T is the fuel temperature, k is the thermal
conductivity, and q

000
is the volumetric heat generation rate. Eq. (32)

is solved by utilizing the standard Finite Difference Method (FDM).
In determining the cladding (wall) temperature, the Dittus-Boelter
correlation [21] and Jens-Lotte correlation [22] are utilized. The
Dittus-Boelter and Jens-Lotte correlations are used for the sub-
cooled and nucleate-boiling regions. The correlations are defined
as follows:

Dittus-Boelter:

Nu ¼ 0:023Re0:8Pr0:4; (33)
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Nu¼hcDe

kf
; (34)

hc ¼ q
00

Tw � Tb
: (35)

Jens-Lotte:

q
00	
W


m2�

106
¼
exp

�
4PðPaÞ
6:2�106

�
254

ðTwðCÞ � TsatðCÞÞ4; (36)

whereNu is the Nusselt number, Re is the Reynold number, hc is the
convective heat transfer coefficient, kf is the fluid thermal con-
ductivity, De is the equivalent diameter, Pr is the Prandtl number, q

00

is the heat flux, P is the coolant pressure, Tw is thewall temperature,
and Tsat is the saturated coolant temperature. The estimated tem-
peratures fromboth correlations are compared, and the lower value
will be used as the wall temperature.
3.4. Calculation algorithm

The in-house code reads the input data regarding the system
geometry, power parameter, and other necessary data. First, the
buoyancy pressure head and initial total mass flow rate are deter-
mined. Then, the code performs the primary system pressure drop
evaluation following the primary circulation loop. Then, the total
Fig. 4. The calculat

334
mass flow rate is updated and evaluated utilizing Eq. (2). The
reactor power is calculated after the mass flow rate converges. The
detailed calculational flow chart is shown in Fig. 4.
4. Numerical results and discussions

The NuScale reactor core is designed based on the 17 � 17 PWR
FA with 160 MWth power for one Nuclear Power Module (NPM)
[11]. The HCSG is utilized as the primary heat exchanger. The
reactor pressure vessel height is 17.7 m and the diameter is 2.7 m,
containing the reactor core, pressurizer, and HCSG. Table 1 shows
the main parameters of the NuScale reactor design considered in
this work.

Fig. 5 shows the primary coolant flow pattern in the NuScale
SMR system [23]. The current analysis considers the lower plenum,
core, riser, upper plenum, HCSG, and downcomer. Detailed infor-
mation regarding the NuScale reactor design can be found further
in references [11,23,24].

As the NuScale licensing process is ongoing with the target to be
a commercial reactor, several key parameters, especially for the
HCSG, are not available to the public. Therefore, several assump-
tions are utilized in this study. First, the thermal center difference is
approximated as the distance between the active core center and
the HCSG center, which is 8.354 m. As the coolant temperature
difference between the inlet and exit is known, the buoyancy force
of the NuScale core is calculated utilizing Eq. (3). Based on Eq. (2),
the buoyancy force is equivalent to the total system pressure drop
ion flow chart.



Table 1
Major design parameters of the NuScale reactor [11].

Parameter Value

Core power 160 MWth
Height of active core 2 m
System pressure 12.75 MPa
Inlet temperature 531.5 K
Best estimate flow 587.15 kg/s
Average core coolant velocity 0.82 m/s
Number of FA 37
FA pitch 21.5 cm
Fuel rod pitch 1.26 cm
Fuel rod diameter 0.95 cm
Fuel density 10.625 g/cm3

Number of spacer grids per FA 5
Number of helical tubes per NPM 1380
Tube column per NPM 21
Steam temperature 579.8 K
Feedwater temperature 422 K
HCSG tube outer diameter 15.875 mm
HCSG total heat transfer area 1665 m2

Total primary coolant flow path 2673 cm
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in the steady-state condition. In addition, the ratio of core pressure
drop to the total system pressure drop Pcoredrop=P

total
drop is assumed to be

0.3. By utilizing these two constraints, the whole analysis regarding
the pressure drop can be performed.

Table 2 shows the numerical results for the reference design and
both TOP lattice designs. First, the in-house code is utilized to
perform the calculation for the standard reference design to vali-
date the assumptions. The Potherdrop comprises of the lower plenum,

upper plenum, riser, and downcomer form loss. It is found that the
Fig. 5. NuScale primary coolant circulation loop [23].
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in-house code results are close to the reference ones, while the
average core coolant velocity is a bit overestimated. By utilizing the
reference mass flow rate, average core temperature, and core flow
area, the average core coolant velocity is estimated to be 0.868 m/s.
The slight difference in the coolant speed might be due to the core
bypass flow, which is not considered in the current analysis. The
core mass flow rate, thermal power, and hot and cold leg temper-
atures are similar to the reference values. Therefore, the single
channel analysis model and other utilized assumptions are
considered to be acceptable and can be used to analyze the TOP
lattice impacts.

The TOP design analysis is performed using identical inlet and
outlet temperatures as the constraint. For simplicity, the TOP
design configuration is identified by the pin pitch followed by the
fuel pellet radius, and the units are in cm. For example, 1.26/0.38
means that the TOP design pin pitch is 1.26 cm and the fuel pellet
radius is 0.38 cm.

Fig. 6 shows the impacts of the TOP lattice designs compared to
the standard reference FA design. It is observed that the core
coolant flow area dictates the impacts of the TOP design on the
core. The core pressure drop is reduced by enlarging the core
coolant flow area, increasing the mass flow rate and core thermal
power. The thermal power increases by 2.5% and 9.8% for the 1.26/
0.38 and 1.40/0.41 TOP designs, respectively. The 1.26/0.38 design
thermal power gain is much smaller than that of the 1.40/0.41
design due to the smaller increase of the core coolant flow area,
resulting in a smaller decrease in the core pressure drop. The in-
crease in thermal power is proportional to the increase inmass flow
rate under the same DT constraint. As the core pressure drop de-
creases and the mass flow rate increases, the HCSG pressure drop
and the other loss form pressure drops increase, satisfying the
steady-state natural circulation condition. Additionally, the core
coolant speed is reduced due to the increase of the coolant flow
area in the core. Generally, the Critical Heat Flux (CHF) is a function
of the pressure, quality, coolant enthalpy (inlet and saturated), and
coolant mass flux. The mass flux itself is the function of the core
coolant speed. Therefore, the CHF and the Departure from Nucleate
Boiling Ratio (DNBR) value might be lower due to the reduced core
coolant speed. The core coolant speed reduction of the 1.26/0.38
TOP design is clearly smaller than the 1.40/0.41 design. Conse-
quently, the DNBR reduction of the 1.26/0.38 design should be
lower than the 1.40/0.41 design. However, it should be noted that
the CHF is also a function of the pressure, quality, and coolant
enthalpy. Therefore, a comprehensive TH-analysis is necessary to
advocate the benefits of both TOP designs.

One of the primary assumptions in this study is the ratio of the
core pressure drop to the total system pressure drop. Consequently,
a sensitivity study regarding the Pcoredrop=P

total
drop ratio is performed. In

the results of Table 2, it is assumed that the ratio of the core
pressure drop to the total pressure drop is 0.3. For the sensitivity
analysis, the ratio is perturbed by ±0:05.

Figs. 7 and 8 show the sensitivity results for the 1.26/0.38 TOP
design and 1.40/0.41 TOP design, respectively. One notes that both
TOP designs exhibit similar behavior in the sensitivity analysis. It is
clear that the power gain is more significant with a bigger
Pcoredrop=P

total
drop ratio in both TOP designs. Meanwhile, as the Pcoredrop=P

total
drop

ratio increases, the reduction of the core pressure drop has a more
significant impact on increasing the mass flow and thermal power
due to the bigger weighting of the core pressure drop. Therefore,
even though the reduction of the core pressure drop at 0.25 Pcoredrop=

Ptotaldrop ratio is the biggest, the thermal power gain is the smallest.

Finally, one of the essential parameters in the reactor design is
the MTC. As discussed in the introduction and TOP lattice section, a



Table 2
Impacts of the standard and TOP lattice on the reactor performance.

Parameter Pin pitch/fuel radius (cm)

1.26/0.41 1.26/0.38 1.40/0.41

Equivalent core radius (cm) 73.78 73.78 81.95
PcoredropðPaÞ 2353 2085 1276

PHCSGdrop ðPaÞ 5070 5315 6056

Potherdrop ðPaÞ 444 467 535

Mass flow (kg/s) 587 (587.15)a 602 645
Average core coolant speed (m/s) 0.87 (0.82)a 0.83 0.66
Core coolant flow area (m2) 245 265 354

Thotcoolantð�CÞ 310 (310)a 310 310

Tcoldcoolantð�CÞ 259 (259)a 259 259

Thermal power (MWth) 160 164 175

a Reference values.

Fig. 6. Comparison of each TOP design's

Fig. 7. Sensitivity analysis for
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sufficiently negative and similar MTC throughout the reactor
operation is preferable for a smaller temperature defect and larger
cold shutdown margin, especially in the highly burned condition.
The MTC analysis is performed for each fuel assembly type utilizing
the Serpent 2 Monte Carlo code with ENDF/B-VII.1 library [25,26]. A
standard 17 � 17 FA configuration without burnable absorbers is
considered for a consistent comparison. Table 3 shows the MTC
comparison of each FA type at 0 MWd/kgU and 40 MWd/kgU,
including the MTC uncertainty.

It is observed that the standard FA design has the most negative
MTC and also the biggestMTC changes during the FA depletion. The
standard PWR FA design is optimized under the soluble boron
condition to assure a negative MTC throughout the reactor opera-
tion. Therefore, the fuel lattice is clearly under-moderated, result-
ing in a strongly negative MTC, which may affect the stability of the
reactor axial power. Meanwhile, both TOP FA designs are optimized
impact on the reactor performance.

the 1.26/0.38 TOP design.



Fig. 8. Sensitivity analysis for the 1.40/0.41 TOP design.

Table 3
The MTC comparison between the standard and TOP FAs.

FA design H/U 0 MWd/kgU 40 MWd/kgU MTC changes (pcm/K)

MTC (pcm/K) Uncertainty (pcm/K) MTC (pcm/K) Uncertainty (pcm/K)

Standard PWR FA 4.10 �30.39 0.32 �40.55 0.43 �10.16
TOP 1.26/0.38 5.25 �24.90 0.30 �29.56 0.40 �4.66
TOP 1.40/0.41 6.28 �18.29 0.28 �21.63 0.38 �3.35
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to have a softer neutron spectrum resulting in sufficiently negative
MTC and minor MTC changes during the depletion.
5. Conclusions

This study focuses on the investigation of the TOP design im-
pacts on the natural circulation SBF SMR. It is found that the core
coolant flow area is the main parameter that dictates the impact of
the TOP lattice design to the reactor performance. The thermal
power increases by 2.5% and 9.8% for 1.26/0.38 and 1.40/0.41 TOP
lattices, respectively. The bigger power gain of the 1.40/0.41 design
is due to the more significant increase in the core's coolant flow
area. In terms of the core average coolant speed, the 1.26/0.38
design has a smaller reduction than the 1.40/0.41 design, indicating
that the reduction of the CHF and DNBR might be lower too. The
utilization of the 1.26/0.38 design is also suitable for the existing
core without a change in the reactor size.

Furthermore, the possibly thermal power gain is bigger in the
proposed TOP designs with the increase of the core fractional
pressure drop. Additionally, as the fractional pressure drop in the
core increases, the reduction of the core pressure drop has a more
significant effect on the thermal power gain. Finally, it is confirmed
that both TOP designs have a sufficiently negative and similar MTC
throughout the depletion. In contrast, the standard FA design has
strongly negative and significant MTC changes in highly burned
conditions.

A comprehensive TH-analysis using a 3D power profile must be
performed to justify the benefits of the TOP design and determine
the optimized design in terms of both neutronic and thermal-
hydraulics viewpoints. In addition, the pressure drop model
should also be refined further for more accurate results.
337
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Abbreviation

ATOM Autonomous Transportable On-demand Reactor
Module

CHF Critical Heat Flux
CVCS Chemical and Volume Control System (CVCS)
DNBR Departure from Nucleate Boiling Ratio
FA Fuel Assembly
FDM Finite Difference Method
HCSG Helical Coil Steam Generator
HTU Hydrogen-to-Uranium
LOCA Loss of Coolant Accident
MTC Moderator Temperature Coefficient
PHX Primary Heat Exchanger
SBF Soluble-Boron-Free
SMR Small Modular Reactor
TH Thermal-Hydraulic
TOP Truly Optimized PWR
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