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Abstract In this study, COMSOL v5.2 Multiphysics
software was utilized to perform coupled neutronics and
thermal-hydraulics simulations of a molten salt fast reac-
tor, and the SCALE v6.1 code package was utilized to
generate the homogenized cross-section data library. The
library’s 238 cross-section groups were categorized into
nine groups for the simulations in this study. The results of
the COMSOL model under no fuel flow conditions were
verified using the SCALE v6.1 code results, and the results
of the neutronics and thermal-hydraulics simulations were
compared to the results of previously published studies.
The results indicated that the COMSOL model that
includes the cross-section library generated by the SCALE
v6.1 code package is suitable for the steady-state analysis
and design assessment of molten salt fast reactors. Subse-
quently, this model was utilized to investigate the neu-
tronics and thermal-hydraulics behaviors of the reactor.
Multiple designs were simulated and analyzed in this
model, and the results indicated that even if the wall of the
core is curved, hot spots occur in the upper and lower
portions of the core’s center near the reflectors. A new
design was proposed that utilizes a flow rate distribution
system, and the simulation results of this design showed
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that the maximum temperature in the core was approxi-
mately 1032 K and no hot spots occurred.
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1 Introduction

Molten salt fast reactors (MSFRs) were found to meet
the objectives of Generation IV reactors, including sus-
tainability, fuel resource optimization (utilizing thorium
instead of uranium enrichment), non-proliferation, safety,
and waste management [1]. An initiative named evaluation
and viability of liquid fuel fast reactor system (EVOL) was
implemented under the European Atomic Energy Com-
munity’s Seventh Framework Program [2, 3], and during
the EVOL project, a benchmark reactor was developed for
the pre-conceptual MSFR design. The reactor’s specifica-
tions and parameters were studied and analyzed to explore
the reactor’s operation and capabilities [4]. This study
focuses on the design and performance assessment of
MSFRs. First, we validated the model using the benchmark
results [3]. Subsequently, we explained the reasons for the
difference between our results and the published results
with regard to the maximum temperature in the core.
Aufiero [5] and Fiorina [6] reported the maximum tem-
perature in the core as 1300 K, whereas Hu [7] and Li [2]
reported it as 1200 K and 2100 K, respectively. These
results are not valid because the melting point of the nickel
alloy utilized for the core structure is approximately
1600 K. Secondly, the optimized geometry of the core of
the MSFR design [8, 9] was assessed. Finally, a modified
design was proposed that utilizes a flow rate distribution
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system to increase the flow mixing in the core cavity and
reduce the temperature peaking factors in the salt and core
walls.

2 System description

The MSFR design utilized in this study was a 3000-MW
thermal reactor with a fuel circuit, intermediate circuit, and
transformation system [3]. The fuel circuit (Fig. 1) consists
of the salt fuel, which is both the fuel and coolant, key
cavity, gas injection system, bubble separators, heat
exchangers, tubes, and pumps. Table 1 presents the speci-
fications of the molten salt utilized in the fuel circuit. The
salt in the fuel loop is composed of lithium fluoride and
actinide fluoride, where actinide fluoride is composed of
fissile materials (such as uranium-233[233U] and pluto-
nium) and fertile materials (such as thorium). The pro-
portion of actinide fluoride in the fuel salt was fixed at
22.5 mol%, and the total volume of fuel salt in the fuel
loop was approximately 18 m>. The fuel salt flows from the
bottom to the top of the core cavity. After exiting the core,
the fuel salt, which is fed into 16 groups of pumps and heat
exchangers located around the core, circulates through the
fuel circuit in approximately 4 s [3]. As depicted in Fig. 1,
the entire fuel circuit is located inside a reactor vessel,
which acts as a second barrier. The three main components
of the core are the top and bottom neutron reflectors, the
radial fertile blankets (shown in red in Fig. 1), which are
part of the radial reflectors, and the fuel reprocessing units.
The thick top and bottom reflectors are made of nickel-
based alloys and designed to absorb more than 99% of the
leaking neutrons. The radial reflectors include a fertile
blanket that is approximately 50 cm thick. The blanket is
filled with a fertile LiF-ThF, salt, initially composed of
22.5 mol% ***ThF,, to increase the MSFR’s breeding ratio.

Reprocessing

Gas extraction

Gas injection

Fig. 1 (Color online) Schematic of the molten salt fast reactor
(MSFR) fuel circuit [3]
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The radial reflectors are enclosed by a 20-cm-thick layer of
B,4C, which provides additional neutron protection from the
heat exchangers. The fuel circuit includes a salt draining
system, which can be used for a planned shutdown or for an
emergency shutdown to prevent rapid increases in core
temperature. In an emergency, the fuel salt geometry can
be passively reconfigured by draining the fuel salt into
tanks located under the reactor to produce passive cooling
and an acceptable reactivity margin. In this study, two fuel
types were utilized at the beginning of the operation, i.e.,
#33U-dependent and transuranic (TRU)-dependent. The
initial fuel salt was composed of LiF-ThF,—(TRU)F;,
which means that the reference MSFR is initiated with a
TRU mixture consisting of 87.5% Pu (2.7% ***Pu, 45.9%
2%y, 21.5% **°Pu, 10.7% 2*'Pu, and 6.7% >*’Pu), 6.3%
Np, 5.3% Am, and 0.9% Cm. The compositions of the fuels
utilized in this study are provided in Table 2, the thermo-
dynamic properties of the fuel and blanket salts are sum-
marized in Table 3, and Fig. 2 shows the benchmark
MSFR geometry.

3 Methodology

The main objectives of this study were to investigate the
COMSOL v5.2 Multiphysics (COMSOL) software’s
capability of representing and calculating the MSFR’s
different parameters by coupling neutronics [10] and
thermal-hydraulics [11] models, assess the different MSFR
designs, and propose an improved design. COMSOL is a
powerful interactive simulation environment used to model
and solve various types of scientific and engineering
problems; however, to utilize this software in this study, it
was necessary to obtain the nuclear data constants, which
were calculated using the SCALE v6.1 code package [12].
Additionally, the MSFR geometry was modeled using the
graphically enhanced editing wizard software that is uti-
lized by critical safety specialists who use the SCALE
software system developed at the Oak Ridge National
Laboratory, which is utilized and accepted worldwide for
nuclear safety analyses. The ENDF/B-VII cross-section
library was utilized in all the calculations in this study.
These codes allow the neutron transport equation to be
solved in integral form using multi-group approximation;
therefore, it is a valuable tool for the validation process
when experimental data are unavailable. Figure 3 illus-
trates the coupled calculation procedure. The MSFR was
modeled utilizing the SCALE v6.1 code package and the
T6-DEPL sequence was utilized at a set temperature to
calculate the core’s criticality. Then, utilizing different
temperatures, the T-DEPL sequence was used to calculate
and generate nine groups of cross sections. From the
results, the cross sections can be described as a function of
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Table 1 Specifications of the
molten salt utilized in the fuel
circuit [3]

Fuel composition

LiF-[ThF,~(TRU)F;]
LiF-[ThF,—**UFE,]

Amount of fissile and fertile in molten salt (mol%) 22.5
Volume of fuel salt inside and outside the core (m®) 18
Inlet temperature (K) 923
Outlet temperature (K) 1023
Mean salt temperature (K) 948
Flow rate (m>/s) 4.5
Number of heat exchangers and pump groups 16

Table 2 Initial composition of the fuels utilized in the 233U- and
TRU-started MSFRs in the benchmark calculations [3]

B3y-started MSFR TRU-started MSFR

Th Py Th Actinide
38,281 kg 4838 kg 30,619 kg Pu 11,079 kg
19.985 mol%  2.515 mol%  16.068 mol% 5.628 mol%
Np 789 kg
0.405 mol%
Am 677 kg
0.341 mol%
Cm 116 kg
0.058 mol%

temperature and used as input data in the neutronics
COMSOL model. The statistical error in the neutronics
COMSOL model was set to < 0.001. The MSFR modeled
by the COSMOL software was used to validate the neu-
tronics COMSOL model at different temperatures by
comparing the criticality with the SCALE v6.1 results. The
power density calculated by the neutronics COMSOL
model was used as the heat source input in the thermal—
hydraulics COMSOL model, which was utilized to produce
the temperature and velocity distributions. The temperature
and velocity distributions were then inputted into the
neutronics COMSOL model to account for the temperature
and velocity distribution effects on the different
parameters.

The cross-section library utilized in this study contains
microscopic cross sections from 238 energy groups, which
were categorized into nine groups as a benchmark [13].

The nine groups were classified into three regions, the fast
region above 73 keV included three groups, the resonance
region between 12.9 eV and 73 keV included five groups,
and the thermal region below 12.9 eV included one group.
Table 4 presents the energy ranges of the nine groups.
Figure 4 shows the fission cross sections of ***U and TRU.
The resonance region of most isotopes is located between
12.9 eV and 73 keV, so it is represented by five groups,
while the thermal group (below 12.9 eV) includes only one

group.
3.1 Neutronics COMSOL model

The nine-group diffusion and six-group delayed neutron
equations (Egs. 1, 2, respectively) [14] can be represented
by the convection and diffusion application model and
transport of diluted species model, respectively, as follows:
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In both equations, the left- and right-hand sides define the
loss and production mechanisms, respectively. The sub-
scripts a, s, and f denote absorption, scattering, and fission,
respectively. The superscript g is the number of neutron
energy groups, i is the precursor, v¢ is the neutron speed of
group g (cm/s), ¢ and is the neutron flux (n/cm2 sl), D is
the diffusion constant (cm), X is the macroscopic removal

Table 3 Fuel salt
thermodynamic properties as a

function of its temperature

(T) in K

Property Formula Range (K)
Density [p (kg/m?)] 4094-0.882 x (7-1024) 893-1123
Specific heat capacity [C,, (J/K kg)] — 1111 4+ 2.78T 867-907

Thermal conductivity [4 (W/K m)] 0.928 + 8.40E — 05-T 891-1020
Dynamic viscosity [p (Pa s)] p-5.55E — 08-exp(3689/T) 898-1119
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1147.5 1607.5

Core Fuel Salt

Fig. 2 (Color online) Benchmark geometry of the MSFR (dimen-
sions in mm) showing the fuel salt (yellow), fertile salt (red), B,C
protection (blue), reflectors, and 20-mm-thick walls composed of a
Ni-based alloy (green) [3]

ENDF/B-VII
238-energy group MSFR Geometry

Scale V6.1
t-depl & t6-depl

9- group of MXS at
different temperature

[~ ]

Neutronic model
by COMSOL

Thermal-hydraulic
model by COMSOL

Velocity
distribution

Temperature
distribution

Fig. 3 The calculation flowchart

cross section (cm_l), % 1s the fraction of delayed neutrons,
v is the average number of neutrons produced by fission
induced by a neutron, 4 is the decay constant (s_l), p is the
fraction of delayed neutrons produced, C; is the precursor
concentration (cm_3), and u is the fuel’s velocity vector
(cm/s).

When the stationary diffusion model includes the time-
dependent coefficient partial differential equation [15], it is
represented as follows:

@ Springer

Table 4 Energy ranges of the nine groups [13]

Group number Neutron energy

Upper limit Lower limit

1 20 MeV 1.4 MeV
2 1.4 MeV 573 keV
3 573 keV 73 keV
4 73 keV 2.29 keV
5 2.29 keV 186 eV
6 186 eV 52 eV
7 52 eV 3325 eV
8 3325 eV 129 eV
9 129 eV 17 ev

2
eaa "+daa—”+v- (—=cVu—oau+7)+ - -Vu+au=f,

o2 ot
(3)

where u is the dependent variable, e, is the mass coeffi-
cient, d, is the damping/mass coefficient, c is the diffusion
coefficient, o is the conservative flux convection coeffi-
cient, y is the conservative flux source term, f3 is the con-
vection coefficient, a is the absorption coefficient, and f is
the source term.

The coefficient form of the partial differential equation
is used to represent Eq. (1), which must be solved. First,
the equation must be solved as an eigenvalue problem by
assuming that power is only produced via neutron fission
reactions and k. is equal to 1, which produces Eq. (4) as
follows:

e 4+ ddyu 4+ V - (—cVu — au+y) + - Vu + au = f.
(4)

The diffusion equation’s final form is that of Eq. (5) and
the eigenvalue solution is utilized as the initial guess to the
stationary problem. The convergence rate of stationary
problems is strongly dependent on the initial guess;
therefore, the solution converges faster if the initial guess is
close to the solution.

9
EEY Ef;’*g'} ¢
/=1,
0 , (5)
= Y w1y Ef o
g=l1

g=l#¢

At~V -DEVE +

The second step is to solve Eqgs. (1) and (2) utilizing the
initial guess generated by the eigenvalue solution under the
condition that the reactor’s power is equal to 3 GW uti-
lizing the global equations in the module.
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Fig. 4 (Color online) Neutron
fission cross sections of 2>*U
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The same symmetry and vacuum boundary condition
can be represented by Egs. (6) and (7), respectively, as
follows:

—n-(~DV§) =0 (6)

! )

21312

where D is the diffusion coefficient.

The symmetry and outer boundary conditions of the fuel
and fertile circuits can be represented by Egs. (8) and (9),
respectively, and utilized to solve the precursor’s concen-
tration equation (Eq. 2).

—n-(=VC) =0
Ci=0

(3)
©)

The COMSOL software utilizes the finite element method
to introduce test functions that are defined through a
computational mesh. For each computational cell or mesh
element, several test functions are locally defined. Addi-
tionally, as part of the finite element method, shape func-
tions are defined that are used to represent the candidate
solutions.

TRITON software utilizes the T-DEPL module to gen-
erate the macroscopic neutron cross section, the energy
released per fission, delayed neutron fraction, decay con-
stants, and delayed neutron production of the precursor
groups for the different regions (i.e., fuel, blanket, and
absorber and structure materials). The nuclear constants
required to solve the neutron multi-group diffusion equa-
tion in the COMSOL model were generated utilizing the
ENDIF/B-VII library in the T-DEPL module. In this study,
the 238-energy group library was adopted and the
238-group macroscopic cross sections were categorized
into nine energy groups. The group constants generated at
different temperatures must be interpreted as a function of
temperature. The criticality calculated by the T6-DEPL
module was used to validate the neutronics COMSOL

model at different temperatures for both fuel types and the
nine energy groups were chosen from the benchmark.

3.2 Thermal-hydraulic COMSOL model

Turbulent flow (k—& model) and heat transfer (fluids
model) models were utilized in the COMSOL software to
study the thermal-hydraulics of MSFRs, which are based
on the fundamental laws of the mass, momentum, and
energy conservation equations used in the computational
fluid dynamics method. The laminar and Euler models
were initially incorporated and then extended to account
for turbulence effects using the k—¢ model. The propensity
for an isothermal flow to become turbulent is measured by
the Reynolds number as follows:

(10)

where u is the dynamic viscosity (Pa s), p is the density
(kg/m3), U is the velocity(m/s), and L is the scale of the
flow’s length (m).

Assuming that the fluid is incompressible and Newto-
nian, the Navier—Stokes equations [15, 16] become
Egs. (11) and (12) as follows:

p% +p(u-Vyu=V-|—pl+p(Vu+ (Vu)")| + F,
(11)
pV -u=0, (12)

where p is the density (kg/m’), u is the velocity vector (m/
s), P is the pressure (Pa), and F is the volume force vector
(N/m?).

The k—e model is one of the most widely used turbulence
models for industrial applications. The T-DEPL module
utilized in this study includes the standard k—¢ model,
which introduces two additional transport equations
(Egs. 7, 8) and two dependent variables, turbulent kinetic

@ Springer
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energy, k, and turbulent dissipation rate, e. The turbulent
viscosity is modeled as follows:

k2
Uy =p C/J ? ’ (13)

where C,, is a model constant.
The transport equations for k and e (Egs. 14, 15,
respectively) are as follows:

ok
Pt pu-Vk=V- <(u+’”)w> TP —pe,  (14)
ot O

0
p—8+pu'V8:V~ ,u+M—T Ve +C81EPk
ot o, k
&
_C82p?a (15)

where the production term is calculated by Eq. (16) as
follows:

Py = it (Vu (Vu+ (Vu)T) —%(V . u)z) - %pkv .

(16)

The heat transfer in the solid and liquid interfaces is
obtained by solving Eqs. (17) and (18) as follows:

oT oS
pCp(——l—utmns~VT) +V-(g+q)=—0pT~—+0Q

ot ot
(17)
or
pCp(a—ku-VT) +V-(qg+4q)
0
zapT<a—lZ+u-Vp>+f~Vu+Q, (18)

where C,, is the specific heat capacity at constant stress (J/
kg K), T is the absolute temperature (K), uyans i the
velocity vector of translational motion (m/s), o is the
coefficient of thermal expansion (1/K), S is the second
Piola—Kirchhoff stress tensor (Pa), t is the viscous stress
tensor (Pa), Q contains additional heat sources (W/m?), and
q and g, are the heat flux by conduction and radiation (W/
mz), respectively.

4 Results

The MSFR geometry was modeled using COMSOL
software and the SCALE v6.1 code package (Fig. 5);
however, due to its symmetry, only one-sixteenth of the
core was modeled. To validate the neutronics model cre-
ated by the COMSOL software, the results from the neu-
tronics COMSOL model were compared with the SCALE
v6.1 results. In the neutronics COMSOL model, the num-
ber of meshes is equal to 17,615. In the thermal-hydraulics

@ Springer

COMSOL model, three different numbers of meshes in the
core were utilized to study the effect of mesh size on the
results due to discrepancies in the previously published
study results [2, 5-7]. The number of meshes in the core
utilized was 8665, 25,804, and 217,105 in cases I, II, and
III, respectively, which is shown in Fig. 6; however, to
reduce the computation time, a small number of meshes
were utilized in the solid regions.

Table 5 shows the effective multiplication factors, kg,
calculated utilizing the SCALE v6.1 and COMSOL soft-
ware under the condition of no flow at different tempera-
tures for the ***U- and TRU-started MSFRs.

For the >**U-started MSFR, the differences between the
SCALE v6.1 and COMSOL results were approximately
322, 194, and 361 pcm at 923, 948, and 1000 K, respec-
tively. These differences are attributed to the different
calculation methods utilized by the software and because
the nuclear data were categorized into nine groups in the
COMSOL model.

For the TRU-started MSFR, the differences between the
SCALE v6.1 and COMSOL results were approximately
156, 169, and 27 pcm at 923, 948, and 1000 K, respec-
tively. These differences are attributed to the same reasons
as the differences in the **U-started MSFR results. The
results were in good agreement, which validated the neu-
tronics COMSOL model; therefore, it was utilized in this
study to represent the MSFR.

The neutronics COMSOL model calculates the local
power densities, neutron flux, precursor concentration, and
reactivity. In TRU- and 233U-started MSFRs, the maximum
power density is located at the core’s center, as shown in
Fig. 7. The power density at the core’s center in a TRU-
started MSFR is greater than in a 23U-started MSFR,
which implies that the fast neutron flux is greater in a TRU-
started MSFR compared to that in a ***U-started MSFR.
Additionally, the total fission energy release from a fissile

(C)) (b)

Fig. 5 (Color online) 3-D models of the fuel circuit a COMSOL v5.2
Multiphysics and b SCALE v6.1. The red, blue, yellow, and green
areas represent the fuel, fertile blanket, absorber, and structure,
respectively
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Fig. 6 Number of meshes in
the core utilized in the thermal—
hydraulics COMSOL model:

a case I = 865, b case

II = 25804, and ¢ case

III = 217105
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(b) Case II (c) Case III

Temperature (°K) 233-started MSFR

TRU-started MSFR

SCALE v6.1 COMSOL SCALE v6.1 COMSOL
923 0.9904 £+ 0.0011 0.9871754 £ 0.00049 1.0254 £+ 0.0010 1.02695989 £ 0.00041
948 0.9868 + 0.0013 0.9848586 £ 0.00032 1.0241 £+ 0.0012 1.02579067 £ 0.00063

1000 0.9847 £+ 0.0012

0.9810806 + 0.00064

1.0237 £+ 0.0015 1.02343186 + 2.6e—06

element in TRU is greater than that in ***

2Py and ***Pu, as shown in Fig. 8.

The power densities generated by the neutronics
COMSOL model were utilized as the heat source input
values in the thermal-hydraulics COMSOL model, which
was used to predict the temperature and velocity distribu-
tions. The temperature and velocity distributions in the fuel
circuits of the ?**U- and TRU-started MSFRs calculated
using the thermal-hydraulics COMSOL model at a fuel
flow rate of 4.5 m*/s for cases I, II, and III are presented in
Figs. 9, 10, and 11, respectively. In all cases, the maximum
temperature was located near the core wall where the flow
became vortex, as can be seen in the figures. In the 230-

U, except for

Fig. 7 (Color online) Power

. 3
densities (W/m®) of a 23U- m Surface:-(W/m)
started and b TRU-started o0 1 2 3
MSFR

(a)

started MSFR, the maximum temperatures were 1460.37,
1612.37, and 2223.95 K for cases I, II, and III (which had
8655, 25,804, and 217,105 numbers of meshes), respec-
tively. It is evident from the results that the maximum
temperature increased with an increase in the number of
meshes in the core. The same conclusion was determined
for cases I, II, and III for the TRU-started MSFR, where the
maximum temperatures were 1448.22, 1612.45, and
2224.20 K, respectively. The difference in the number of
meshes explains the different maximum temperature
results. The maximum temperature was published by
Aufiero [5] and Fiorina [6] of 1300 K and Hu’s result [7] of
1200 K. These results are relatively consistent with the

(&) o
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Fig. 8 Total energy released
from fission 250

Total Energy release

Fission energy release (MeV)

190 1

180 1

— Cm245|,

] Cm244 |

— Am243 ]

] Am241 |

— Pu242 |

| Pu241 |
— Pu240

Pu239 |
Pu238

— Np237 |
— U233

case I results in this study. Our results, however, were
closer to the results of Li’s study [2], which determined a
maximum temperature of 2100 K. Therefore, the discrep-
ancy was determined to be caused by the difference in the
number of meshes utilized in the model, as revealed by
cases I, II, and III, because the heat transfer analysis
depends strongly on the flow field, particularly when vortex
flow is present. The velocity at the center of the vortex is

Incident energy (MeV)

approximately zero and the heat transfer from convection is
minimal; therefore, only heat transfer from conduction
occurs. Consequently, when the element size is decreased,
the heat transfer from conduction decreases, and the heat is
then generated from fission. This flow is more accurately
described when using a smaller element size (greater
number of meshes) [17]; therefore, to obtain accurate
results, the element size must be very small. As such, these

Fig. 9 (Color online) ) )
Temperature and velocity %10° %10°
distributions for case I (number 1.45
of mesh = 8665). a >**U-started = 1.4 - 1.4
MSFR temperature distribution, 135 1.35
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temperature distribution, ¢ >**U- 1.25
started MSFR velocity e '
distribution and d TRU-started 0 m 112 S
MSFR velocity distribution I8 LI
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Fig. 10 (Color online)
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results were unacceptable; therefore, the reference core As expected, the outlet temperature was approximately
geometry must be optimized to prevent vortex regions from 100 K higher than the inlet temperature, which corresponds
occurring, which cause high temperatures. with the benchmark and the temperature predicted utilizing

Eq. (11). The maximum temperature in the core, however,
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was approximately 1300.95 K higher than the inlet tem-
perature calculated utilizing Eq. (11) as follows:

P
dT = ,
p x Cp x flow rate

(19)

where P is the reactor power (3 GW), p is the fuel salt
density (4124.87 kg/m3 at T =973 K), C, is the specific
heat of the fuel salt (1593.94 J/kg K at T = 973 K), and the
flow rate was 4.5 m’/s.

The temperature and velocity distributions determined
by the thermal-hydraulics COMSOL model were used as
input data in the neutronics COMSOL model to study the
effect of fuel flow on temperature. The macroscopic cross
sections are highly temperature-dependent and the emis-
sion location of the delayed neutrons is affected by the
fluid’s motion due to their half-life time. In contrast,
prompt neutrons have a very small half-life. Table 6
compares the k.pr values calculated via the COMSOL
software for the 2**U- and TRU-started MSFRs utilizing a
flow of 4.5 m?/s for the different numbers of meshes in the
core to those of the EVOL benchmark [3]. For the lowest
mesh number (8665), the **U- and TRU-started COMSOL
results were similar to the EVOL results. The 2**U-started
differences were 946, 1137, and 1807 pcm when the
number of meshes was 8665, 25,804, and 217,105,
respectively. For the TRU-started results, the differences
were 55, 194, and 642 pcm when the number of meshes
was 8665, 25,804, and 217,105, respectively. As previously
discussed in Sect. 3, the temperature increases where the
kegr values decrease with the largest number of meshes
because the cross sections are highly temperature-depen-
dent. Therefore, to obtain more accurate results, the num-
ber of meshes must be increased. Additionally, the
reactor’s reactivity decreases based on the fuel flow,
because large amounts of delayed neutrons are emitted
from the core. The maximum losses were approximately
1614 and 1030 pem for the **U- and TRU-started MSFRs,
respectively, which are in agreement with the EVOL
results for a low number of meshes.

Table 6 Comparison of k. values for the COMSOL models and
EVOL benchmark

233(-started MSFR TRU-started MSFR

EVOL COMSOL EVOL COMSOL

No. of mesh kg No. of mesh kgt

0.98301 8665 0.97355 1.01955 8665 1.01900
25,804 0.97164 25,804 1.01761
217,105 0.96494 217,105 1.01313
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The prompt neutron distributions are presented in
Figs. 12, 13, 14, 15, 16, 17, 18, 19 and 20.

For the 2**U-started MSFR, the maximum fluxes of the
first, second, third, fourth, and fifth neutron energy groups
occurred at the core’s center with values of
7.98383 x 10", 1.05851 x 10'°,  2.06449 x 10",
5.69202 x 10"°, and 1.05053 x 10" neutrons/(cm” s),
respectively. The maximum fluxes of the sixth, seventh,
and eighth neutron energy groups occurred at the top and
bottom of the core with values of 9.06652 x 10'3,
14110 x 10", and 2.78732 x 10" neutrons/(cm? s),
respectively. The maximum flux of the ninth neutron
energy group occurred at the fertile material with a value of
1.35349 x 10" neutrons/(cm? s).

For the TRU-started MSFR, the maximum fluxes of the
first, second, third, fourth, and fifth neutron energy groups
occurred at the core’s center with values of 8.63153x 10,
1.11209 x 10'°, 2.13570 x 10", 5.57955 x 10'°, and
7.85002 x 10'* neutrons/(cm2 s), respectively. The maxi-
mum fluxes of the sixth, seventh, and eighth neutron
energy groups occurred at the top and bottom of the core
with values of 6.45237 x 10", 9.79504 x 10", and
1.90963 x 10" neutrons/(cm? s), respectively. The maxi-
mum flux of the ninth neutron energy group occurred at the
fertile material with a value of 1.14321 x 10" neutrons/
(cm2 S).

From these results, it is evident that for the ninth neutron
energy group, which has neutron energy in the thermal
energy range of 12.9 to 107> eV, the maximum neutron
flux occurs inside the fertile blanket. The flux in the fertile
blanket was more thermal than in the core region because
the fast fission neutrons generated in the core thermalized
as they moved toward the outer regions, becoming maxi-
mum in the fertile blanket, and a high thermal flux was
observed in the fertile blanket and structure’s material.

Figure 21 shows the total neutron fluxes in the core,
blanket, absorber, and structure regions of the 23U- and
TRU-started MSFRs. For the ***U-started MSFR, the
average flux in the core was 4.03697 x 10'° neutrons/
(cm2 s). The maximum flux in the core was
1.07494 x 10'®  neutrons/(cm?s),  which steadily
decreased toward the outer region of the core until it
reached 1.67329 x 10'° neutrons/(cm? s) at the fuel core/
structural material boundary. The total flux in the blanket
was 1.24907 x 10" neutrons/(cm2 s) and decreased to
2.90720 x 10" neutrons/(cm2 s) at the fertile blanket/
second structural material boundary.

The same behavior was observed for the TRU-started
MSFRs. The average flux in the core was 3.62538 x 10"
neutrons/(cm? s) and the maximum flux in the core was
1.04980 x 10'®  neutrons/(cm®s),  which steadily
decreased toward the outer region of the core until it
reached 1.65252 x 10 neutrons/(cm2 s) at the fuel core/
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Fig. 12 (Color online) Neutron
flux for the first energy group.
a >3 U-started MSFR and

b TRU-started MSFR

(a)

Fig. 13 (Color online) Neutron
flux for the second energy
group. a 233U-started MSFR and
b TRU-started MSFR

(a)

Fig. 14 (Color online) Neutron
flux for the third energy group.
a 2*U-started MSFR and

b TRU-started MSFR

(a)

structural material boundary. The total flux in the blanket
was 1.25863 x 10" neutrons/(cm2 s) and decreased to
2.99966 x 10' neutrons/(cm2 s) at the fertile blanket/
second structural material boundary.

233U_started MSFR: In the core region, it is evident that
the largest contribution in total flux comes from the fourth
neutron energy group (neutron energy between 2.29 and
73 keV), which contributes approximately 53% of the total
flux. The third neutron energy group has the second-largest
contribution of 19%, followed by the fifth, first, and second
neutron energy groups with contributions of 10%, 7.3%,
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and 9.5%, respectively. The contributions of the sixth,
seventh, eighth, and ninth groups are less than 0.8%.

In the blanket region, the largest flux contribution in
total flux comes from the fourth neutron energy group,
contributing 42-53% of the total flux. The fifth neutron
energy group contributes the second-largest amount rang-
ing from 20 to 31%, followed by the sixth, third, and ninth
neutron energy groups with contributions up to 23%, 15%,
and 11%, respectively. The maximum contribution of the
remaining groups was 11%.
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Fig. 15 (Color online) Neutron
flux for the fourth energy group.
a *3U-started MSFR and

b TRU-started MSFR

Fig. 16 (Color online) Neutron
flux for the fifth energy group.
a 23U-started MSFR and

b TRU-started MSFR

Fig. 17 (Color online) Neutron
flux for the sixth energy group.
a 23U-started MSFR and

b TRU-started MSFR

TRU-started MSFR: In the core region, it is evident that
the largest contribution in total flux comes from the fourth
neutron energy group, which contributes approximately
53% of the total flux. The third neutron energy group has
the second-largest contribution of 20%, followed by the
second, first, and fifth neutron energy groups with contri-
butions of 11%, 8%, and 7%, respectively. The contribu-
tions of the sixth, seventh, eighth, and ninth groups are less
than 0.25%.

In the blanket region, the largest contribution comes
from the fourth neutron energy group, contributing

@ Springer
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40-53% of the total flux. The fifth neutron energy group
contributes the second-largest amount ranging from 18 to
31%, followed by the third, ninth, and sixth neutron energy
groups with contributions up to 14%, 8.8%, and 8%,
respectively. The maximum contribution of the remaining
groups was 11%.

The presence of light elements in the salt, such as
lithium and fluorine, produced a softer neutron spectrum in
the MSFR core compared with other solid-fuel fast reac-
tors, which is the reason the highest neutron flux values
were from the epithermal energy groups.
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Fig. 18 (Color online) Neutron
flux for the seventh energy
group. a 2**U-started MSFR and
b TRU-started MSFR

(a)

Fig. 19 (Color online) Neutron
flux for the eighth energy group.
a *¥U-started MSFR and

b TRU-started MSFR

(a)

Fig. 20 (Color online) Neutron
flux for the ninth energy group.
a 233U-started MSFR and

b TRU-started MSFR

(a)

The precursor concentration distributions for the six
groups of the **U-started MSFR are presented in Fig. 22.
The maximum concentrations of the first through sixth
groups  were  6.71018 x 10", 5.76196 x 10'°,
2.08157 x 10'%, 1.53499 x 10'°, 1.87656 x 10°, and
4.7346 x 10® cm ™, respectively. The maximum precursor
concentrations of the first through fourth groups occurred
near the core’s wall and the maximum precursor concen-
trations of the fifth and sixth groups occurred near the top
of the core’s center, which was attributed to the fuel’s flow
becoming vortex near the wall (Fig.22c, d). This
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phenomenon was more apparent in precursor groups with
small decay constants. When the salt’s circulation time was
4 s, the half-life of the precursors of delayed neutrons with
a small decay constant was approximately 55.46 s. For
delayed neutron precursors with a short half-life of 0.22 s,
this effect was almost nonexistent. For all groups, the
maximum precursor concentration decreased with the
decay constant.

The precursor concentration distributions for the six
groups of the TRU-started MSFR are presented in Fig. 23.
The maximum concentrations of the first through sixth
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Fig. 21 (Color online) a 2*U-
started MSFR, b TRU-started
MSEFR and ¢ Total neutron flux
for all energy groups

(a)
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groups  were  4.08564 x 10'°,  1.24218 x 10'!,
277181 x 10'°, 2.25090 x 10'°, 2.88048 x 10°, and
5.4025 x 10® cm™?, respectively. The maximum precursor
concentrations of the first through fifth groups occurred
near the core’s wall and the maximum precursor concen-
tration of the sixth group occurred near the top of the core’s
center, which was attributed to the fuel’s flow becoming
vortex flow near the wall. The half-life values of the six
precursor groups generated via SCALE v6.1 are presented
in Table 7 for the ***U- and TRU-started MSFRs. These
results show that the delayed neutron’s half-life for the
TRU-started MSFR is greater than that of the ***U-started
MSEFR; therefore, its effect differs based on the fuel flow.
Notably, the prompt neutrons were not affected by the fuel
salt flow because they were created via fission within
10~"3 s after the fission event [18]; however, the distribu-
tion of precursors, and consequently the delayed neutrons,
were affected by the fuel flow. This is a unique feature of
the MSFR, wherein some of the precursors exit the core,
leading to a decrease in the reactor’s criticality.

@ Springer
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Based on these results, it was concluded that this model
is suitable for studying MSFRs; however, the model’s
design must utilize a large number of meshes and prevent
the occurrence of vortex regions. Therefore, a thermal-
hydraulic model was utilized [8, 9]. The model’s geometry,
which is presented in Fig. 24a, included curved radial core
walls (in contact with the fertile blanket) to prevent the
vortex region that occurred in the benchmark geometry
from forming.

To obtain a balance between calculation efficiency and
accuracy, the maximum bulk cell size was set at 3 cm. The
mesh utilized in the model is illustrated in Fig. 24b.

The fuel salt temperature and velocity distributions for
the model are presented in Fig. 25. The maximum veloci-
ties occurred near the lower and upper reflectors due to the
curvature of the inlet and outlet, respectively. The mini-
mum velocities occurred at the top and bottom of the core’s
center and near the wall, which are also where the hot spots
occurred with temperatures of approximately 1225, 1105,
and 1154 K, respectively.
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Fig. 22 (Color online) m m
Precursor concentrations Y 1 2

(precursors/cm?) for the **U-
started MSFR. a First group,
b second group, c third group,

d fourth group, e fifth group and
f sixth group
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From these results, it was concluded that this design
does not prevent the occurrence of hot spots. Consequently,
two modified designs, Design I and II, were studied in
which the upper and lower walls were curved. These
designs are presented in Fig. 26.

The temperature distributions for the Design I and II
models are presented in Fig. 27. It is evident that hot spots
still occur on the top and bottom of the core’s center and
the wall between the core and blanket in both designs. The
highest temperatures in Design I were approximately 1102
and 1148 K and in Design II were approximately 1091 and
1157 K, which occurred on the top of the core’s center and
the wall between the core and blanket, respectively, in both
designs.’

Based on these results, hot spots still occur even when
both the upper and lower walls of the core are curved.
Therefore, a new design was determined that can distribute
the flow proportionately to the energy generated. Figure 28
shows the proposed design, which includes 12 channels
with different cross-sectional areas at the inlet.

To perform the grid sensitivity analysis, we used dif-
ferent element sizes in the mesh. Table 8 shows the max-
imum temperature results for each element size and the
differences between the maximum temperatures do not
exceed 4.2°. The fuel salt temperature and velocity distri-
butions for the proposed model are presented in Fig. 29.
The maximum and minimum velocities occurred near the
curvatures of the 12 channels near the wall between the
core and blanket, respectively. The highest temperature
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Fig. 23 (Color online)
Precursor concentrations
(precursors/cm®) for the TRU-
started MSFR. a First group,

b second group, ¢ third group,
d fourth group, e fifth group and
f Sixth group

Table 7 Decay constants and
beta fractions of the six
precursor groups

@ Springer

® 2 3
.~ |

|
:

(a)
" ® " 3
-

©
) ® 12 3
1

(e)

o m m o
x10* - - x10"
2
1:2
4.05
i 118
4 1.16
308 0 m 1.14
112
38 i 1:1
3.85 5 1.08
o Loy & Wo
o m m o
x10%° ! z x10%°
2
25 5
2.4
ey 1.8
2.3
2.2 — 0 m 1.6
21 1.4
-1
2 12
1.9 z
" 0 L y 2 L] 0
o m m o
x10° @ : 2 > x10°
2 6
3
5
2.5 1
a4
2
15 S o
2
1 -1
0.5 2 1
2
0 keey 0

Precursor group

TRU-started MSFR

233U-started MSFR

Decay constant [/ (1/s)]

Fraction (/)

Decay constant [4 (1/s)]

Fraction (/)

A N AW N =

9.65E—03
2.33E-02
1.00E—01
2.48E—01
9.48E—01
2.45E+00

7.51E-05
5.23E-04
4.17E-04
7.30E—04
2.46E—04
7.46E—05

1.25E-02
3.59E-02
1.38E—01
3.18E—-01
1.22E+00
3.15E+00

291E-04
6.66E—04
7.66E—04
1.14E-03
3.27E-04
1.37E-04




Simulation of a molten salt fast reactor using the COMSOL Multiphysics software Page 17 of 19 115

Fig. 24 a Geometry of the
MSEFR and b computational
fluid dynamic mesh utilized in
the model

Fig. 25 (Color online)
a Temperature distribution and
b velocity distribution

Fig. 26 Geometries of the two
modified MSFRs: Design a [
and b II

Fig. 27 (Color online)
Temperature distributions for
Designaland b II
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was approximately 1032 K, while the temperature out of
the core is equal to 1023. So that the highest temperature is
eight degrees higher than the outlet temperature. Based on
these results, the proposed design prevents hot spots from
occurring in the core.

1.1275m

2.255m| |[e— >

Fig. 28 Geometry of the proposed MSFR

Table 8 Maximum temperatures utilizing different element sizes

Element size (cm) Maximum temperature (K)

1031.840
1027.650
1029.223
1027.744
1028.949
1028.956

0 N N Lt W

Fig. 29 (Color online)

a Temperature and b velocity
distributions of the proposed
MSEFR design

Temperature (K)

@ Springer

5 Conclusion

The steady-state of the MSFR was investigated based on
the neutronics benchmark of the MSFR developed by the
EVOL project. We used the SCALE v6.1 code package to
generate the nuclear constants required to perform this
study and validate the neutronics COMSOL model. We
performed a coupled neutronics and thermal-hydraulics
analysis of the MSFR core utilizing COMSOL v5.2 Mul-
tiphysics software and the use of turbulence models was
determined more suitable for this simulation. The main
objective of this study was to validate the reactor core
model created by COMSOL. First, the model was validated
under the condition of no flow by comparing the k. results
with the SCALE v6.1 results, which were found to be in
good agreement. Second, the model was validated using
EVOL data and the kg results, which determined that the
shape of the fluxes in the model and reference were in good
agreement. The discrepancies in the temperature distribu-
tions in previously published studies were caused by the
difference in the number of meshes utilized in the core. The
heat transfer and computational fluid dynamics analysis
results depend strongly on fluid flow, especially when
vortex flow occurs. Vortex flow is more accurately
described using a smaller element size (increasing the
number of meshes); therefore, the reference core geometry
must be modified to prevent the formation of vortex flow,
which causes hot spots. The maximum total flux values in
the **U- and TRU-started MSFRs were 1.07494 x 10'°
and 1.04980 x 10'° n&zutrons/(cm2 s), respectively, which
occurred at the core’s center in both MSFRs. The largest
total flux contribution comes from the neutron energy
groups with energy ranging between 2.29 and 73 keV (the
epithermal energy groups). The presence of light elements
in the salt, such as lithium and fluorine, produced a softer
neutron spectrum in the MSFR core compared to other
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solid-fuel fast reactors, which is the reason the highest
neutron flux contributions were from the epithermal energy
groups. The maximum thermal flux occurred in the fertile
region and the maximum precursor concentrations of the
six groups occurred near the wall of the core and at the top
of the core’s center. This is attributed to the fuel’s flow
becoming vortex flow near the wall and this phenomenon
was more prominent in precursor groups that have a small
decay constant. The computational fluid dynamics and heat
transfer results showed that the maximum temperatures
occur near the walls, which is caused by the fuel’s flow
becoming vortex near the wall. From the results, it was
determined the original reference geometry needed to be
optimized to prevent the formation of vortex flow regions,
which leads to the occurrence of hot spots. Finally, it was
determined that the coupled neutronics and thermal-hy-
draulics model created by the COMSOL software was
suitable to model MSFRs; however, the modification of the
model’s geometry to utilize a large number of meshes and
prevent the occurrence of vortex regions was required. By
studying multiple designs, it was concluded that the opti-
mum design must have a flow distribution system to pre-
vent the occurrence of hot spots and the final design
proposed in this study was able to prevent the occurrence
of hot spots in the core.
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