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Abstract

The interaction and feedback between 3D neutronics and thermal hydraulics are of great significance in reactor safety
analyses, particularly for the TRIGA reactor. Owing to the TRIGA reactor’s pulse-transient operation status, the power
changes by six to eight orders of magnitude within an extremely short duration; this operation is significantly different from
PWRs and imposes some challenges for conventional neutronics methods. To describe the transient status of rod insertion
or withdrawal, a novel time-dependent particle transport algorithm based on the combined and moving geometry methods is
developed and integrated into the neutronics code MagicMC, which is a Monte Carlo particle transport code developed by
the Nuclear Energy and Application Laboratory. Combined with the subchannel model, this work presents neutronics and
thermal-hydraulics coupling methods for high-fidelity simulation of the TRIGA reactor. First, a steady-state coupling method
is established based on over-relaxation iteration, and the number of neutrons in the Monte Carlo simulation is adaptively
controlled according to convergence. Subsequently, a transient coupling method is proposed based on the semi-implicit
coupling strategy, and a dynamically changing time-step strategy is designed for the coupling iterative process to achieve
reasonable convergence. The parameter mapping strategy between neutronics and thermal hydraulics was constructed using
one-to-one mapping and volume weight methods. To verify the reliability of the methods, a JST TRIGA Mark II reactor
was selected as the validation benchmark. The coupling results were in good agreement with the experimental data of the
JSI TRIGA Mark II reactor, and the coupling methods achieved a high-fidelity numerical simulation of TRIGA reactor.
Therefore, the coupling methods proposed in this paper can provide technical support for reactor experiments and the safe
operation of the TRIGA reactor.
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1 Introduction
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2021JJ40445). for neutron activation analysis and radiation hardness stud-

ies [1-3]. TRIGA has a small core size, strong neutron
leakage, and extremely uneven core power and tempera-
ture distribution [4]. In addition, owing to the selection of
U-ZrH as fuel, it exhibits an extremely high prompt negative
temperature coefficient [5], which has led to the develop-
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and thermal-hydraulic coupling provide solutions to this
problem.

In general, transient coupling can be divided into explicit,
semi-implicit, and implicit coupling according to the differ-
ent situations of the intercode communication process [7].
This coupling strategy is also applicable to TRIGA reactors.
Figure 1 shows the working principles of the different tran-
sient couplings. Explicit coupling does not consider conver-
gence in the time step but only data exchange at the begin-
ning of the time step, and the Operator Splitting method [8,
9] is widely used in explicit coupling. Semi-implicit cou-
pling requires iterative calculations at each time step to
ensure the calculation accuracy, which is usually based
on the Picard iteration method [10-12]. Implicit coupling
solves transient problems from the perspective of simultane-
ous neutronics and thermal-hydraulic equations, with data
exchange between the solving steps. Because of this prop-
erty, achieving full implicit coupling between independent
codes of different computational domains is challenging.
The JFNK method is typically used for realizing implicit
coupling [13, 14]. Because of the temporal behavior of tran-
sient coupling, current neutronics solutions in the coupled
systems of TRIGA reactors usually use the deterministic
method [6, 15, 16], which simplifies the geometry and neu-
tron energy group; thus, obtaining a high-fidelity solution
has been challenging in transient coupling.

With advancing computational power, the Monte Carlo
(MC) method is increasingly applied in the coupling of tran-
sient neutronics and thermal-hydraulics, owing to its precise
geometric representation and high-fidelity computational
accuracy. Two approaches analyze temporal neutron behav-
ior in MC transient neutron transport methods: the quasi-
static method [17, 18] and the time-dependent Monte Carlo
(TDMC) method [19, 20]. The quasi-static method solves
time-dependent neutron flux as a factorization of the time-
independent shape function and time-dependent amplitude
function. The amplitude function variation is calculated
using the point kinetics model [17], which can suffer from
inaccuracy due to discretization [20]. The MC code Mag-
icMC [21], developed by the Nuclear Energy and Applica-
tion Laboratory (NEAL) at the University of South China,
implemented a TDMC particle transport algorithm based on
the combing method [22] and moving geometry method. By
coupling MagicMC with SubChanFlow, this work presents
high-fidelity transient coupling methods for TRIGA reactors,
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developing an adaptive time-step strategy with semi-implicit
transient coupling for TRIGA reactor pulsed transients.

The goal of this study is to establish a high-fidelity
neutronics/thermal-hydraulics transient coupling method
for TRIGA reactors. First, a novel time-dependent MC
particle transport algorithm was established based on the
combined and moving geometry methods. The neutronics/
thermal-hydraulics coupling method was then developed
using MagicMC and SubChanFlow for TRIGA reactors. 1)
In Sect. 2, the codes used in the coupling are introduced,
the steady-state and transient coupling methods used in this
study are proposed, and the convergence of the transient
coupling time step is constrained. 2) In Sect. 3, based on the
coupling methods, the MC and subchannel code models of
JSI TRIGA Mark 1II reactor are created based on coupling
methods, and the relevant geometry and material data of the
models are described. 3) Section 4 is the result presentation
and experimental comparisons. The experimental data from
the JSI TRIGA MARK II reactor were compared and veri-
fied using the coupling methods developed in this study. The
results show that the coupling method proposed in this study
can complete the steady-state and transient simulations of a
TRIGA reactor with high accuracy.

2 Neutronics/thermal-hydraulics
coupling method based on MagicMC
and SubChanFlow

In this study, the MC code MagicMC and subchannel code
SubChanFlow (SCF) [23] were used as solvers for neutron-
ics and thermal-hydraulics calculations. The interface for
data exchange between codes was built using the C++ lan-
guage. Serial calculations are performed between the MC
and subchannel codes, and the exchange of data fields is a
strategy that combines one-to-one grid mapping and the vol-
ume weight method [24]. To ensure the computational speed
and convergence of the transient calculation, this study adds
a time-step optimization module to the transient coupling
process and uses semi-implicit coupling to deal with the
transient process.

2.1 Neutronics analysis code MagicMC

MagicMC is a neutron/photon transport calculation code
based on the MC method, which can complete the modeling
of a variety of complex geometries. It has developed a spe-
cial time-dependent particle transport module for transient
neutronics/thermal-hydraulics coupling calculations.
MagicMC coupled with the on-the-fly cross-section
generation method can quickly and accurately evaluate the
impact of the Doppler effect [25] on the resonance cross
sections. Owing to the TRIGA reactor’s pulse-transient
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operation status, the reactor changes from critical to super-
critical and then to subcritical and finally reverts to its criti-
cal condition within an extremely short duration. To realize
an accurate description of the pulse process induced by the
continuous insertion or withdrawal of the pulse rod, Mag-
icMC not only developed a time-dependent geometric move-
ment function (moving geometry method) to describe the
rod movement in the reactor, but also calculated the time-
dependent power changes under supercritical status through
efficient control of the particle population with the combined
method. The functional modules of the moving geometry,
time-dependent particle transport, on-the-fly cross-section
generation, and time-dependent tally developed by Mag-
icMC for neutronic/thermal-hydraulic coupling are shown
in Fig. 2.

2.1.1 Moving geometry method

In this study, to realize MC calculations with moving geom-
etries usually occurring under TRIGA reactor transient con-
ditions, MagicMC decomposes the MC model into fixed and
moving geometry parts. When the particle enters the moving
geometry region, the positions of the moving geometries are
recalculated based on the current particle time variable and
moving geometry motion parameters (i.e., translation and
rotation), and the particle transport calculation is restarted. At
the end of the transport time step, the particle time variable
and positions of the moving geometries were recalculated, the
cell parameters were updated, and the next transport step was
started. This cycle is repeated until the particles disappear or
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leave the moving geometry region. Figure 3 illustrates the par-
ticle transport process in a moving geometry.

2.1.2 Time-dependent particle transport with the combing
method

In this study, the combination method is introduced as a pop-
ulation control algorithm, which realizes the control of the
number of particles by combining the particle weights when
the neutron population is increased drastically in the TRIGA
pulse-transient operation status. Assuming a total of K parti-
cles in the system at moment ¢, the total weight of the particles
accumulated by the system is given by

ey
A data set was generated according to the following method:

w W
=¢(—+(m-1)— =12,..,N
Cn =Eq7 +(m ) N " @
where ¢ is a uniformly distributed random number from 0 to
1 and N is the number of particles to be maintained.
When c,, falls into the weight interval w;, the corresponding
particle is copied and assigned a new weight value:

3

Figure 4 shows the process of compressing K particles into N
particles with weight w;. Meanwhile, by defining the integer
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Fig.2 (Color online) The functions modules developed by MagicMC in response to neutronics/thermal-hydraulics transient coupling
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Then, the expected values of the particle weights before and
after the compression of the particle with weight w;. are
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Therefore, the weights of the particles compressed using the
combined method are conserved in the statistics.

2.2 Subchannel analysis code SubChanFlow

SubChanFlow (SCF) is a subchannel-level thermal code for
the steady-state and transient analyses of a reactor devel-
oped at KIT [26]. This is written entirely in Fortran [27].
Mass conservation, energy conservation, axial momentum
conservation, and transverse momentum conservation equa-
tions are used to construct the solution model. At present,
SCF can define a variety of coolant fluids such as water,
lead, lead-bismuth, sodium, etc. Simultaneously, based on
the subchannel method, SCF can flexibly divide the control
body in the reactor. In theory, SCF can complete the model
construction of all rod-fuel reactors. Figure 5 shows the
input information and computational flow of SCF.

2.3 Neutronics/thermal-hydraulics coupling
method

2.3.1 Steady-state coupling method

Because of the absence of time-dependent treatment meth-
ods for the steady-state problem, the steady-state coupling
method based on MagicMC and SCF differs significantly
from the transient coupling method. The steady-state cou-
pling process uses an overrelaxed iterative method. Steady-
state coupling starts with an initial thermal-hydraulic cal-
culation with the power set to a uniform distribution. The
calculated temperature and coolant density fields were then
passed to the input model of the MagicMC code, and the
fuel temperature and coolant density were reset according to

Fig.5 (Color online) The input

the mapping relationship, as shown in Eq. 8. The MagicMC
code performs neutron transport to calculate the power dis-
tribution and passes it to the SCF model to correct it. Thus,
the iterative calculation outputs the results when the conver-
gence conditions are satisfied. The steady-state MagicMC-
SCF coupling method is illustrated in Fig. 6. This method
uses the infinite norm of the fuel temperature, calculated
twice using adjacent iterations, as the convergence condi-
tion [28, 29], as shown in Eq. 9.
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of iterations, i, j, k represent the position information of the
fuel element, ei:el is the relative error calculated at the nth
iteration, € is the convergence criterion. In the MC calcula-
tions, the number of simulated particles strongly influenced
the convergence of the results. If the number of particles in
the calculation is not controlled, it can lead to the method
falling into a situation where it cannot converge when the
convergence conditions are set too harshly. In addition, con-
sidering the error in the initial assumption of uniformly dis-
tributed power, an adaptive population control strategy was
developed to adjust the number of neutrons in the MC cal-
culations to satisfy the convergence condition in
neutronics.

n<n

n—1 max

N =

n 1+ 10 —e)]Nn_l n> (10)

where N, is the number of particles simulated in the nth

t !’ — 1
t (s o _ n_c
T, G). k) = { (=)',  +oT, n'>1 (1
LY = max{|T!,(i.j. k) = T (i.j. k)|} (12)

where ¢ is a time point; At is the time step; L; is the infi-
nite norm of the temperature field between adjacent time
steps; T7, _ is the direct result of the coupling method in
the n'th iteration of the calculation at the moment #; a is the
time step increase factor; b is the time step shortening fac-
tor; Ny, is the maximum number of iterations, AT, ;, and
AT, are semi-implicit iterative judgment conditions. As
time advances, the code first calculates the infinite norm
LOTo of the temperature field between adjacent time steps,
and determines the convergence of the data in a single time
step through semi-implicit coupling. The specific method
is as follows.

iteration of the cgmquannal 51mu1aF10T1, N 1 the maxi- a) When L7 < AT, , the data between adjacent time steps
mum number of iterations used to eliminate errors caused it
b iformly distributed are considered to have good convergence and can be
y untformly distributed power. output directly. This method carries out transient cou-
pling to advance and lengthen the time step to reduce the
2.3.2 Transient coupling method number of data exchanges.
b) When L! > AT, ., the coupling method directly consid-
In the transient analysis, because the time-dependent ers that the coupling result has not converged, reduces
changes of the neutronics and thermal-hydraulics make the the time step, and returns to the calculation.
coupling process relatively complex, semi-implicit coupling ~ ¢) When AT, ;, < L; < AT, .« the coupling data is con-
is used as the time-coupling strategy for MagicMC-SCF sidered to be between “convergence” and “non-conver-
coupling in this work. The transient-coupling method is gence”, and the over-relaxation iteration will be carried
illustrated in Fig. 7. out in the time step at this time. During the iteration
""""""""""" S ',n],;?&f}.;;"""""""""""""'""""""""':
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of this time step, the method still performs computa-
tion and judgment of LZO. If the conditions in (a) or
(b) are satisfied, the method prioritizes the execution
of the time-step computation strategy in (a) or (b). If
the conditions in (a) and (b) are not satisfied, iterations
are performed based on the temperatures computed in
Eq. 11 until convergence, after which time advancement
is performed.

Because the transient coupling calculation is a process
advancing with time, in practice, the neutron source calcu-
lated at different time steps will theoretically change. The
coupling method updates the neutron source in each time
step to minimize its influence on the coupling results.

3 Neutronics/thermal-hydraulics models
for TRIGA reactor

The TRIGA Mark II research reactor at the JSI is a typical
250 kW TRIGA reactor, which is used for various applica-
tions, such as neutron activation analysis, neutron radiogra-
phy and tomography, education and training, radiation hard-
ness studies, and benchmark experiments for the verification
and validation of computer codes [1-3].

Figure 8a-b is the overall design of the JSI TRIGA Mark
II reactor [16, 30]. The core of the TRIGA reactor is placed
at the bottom of an open tank (atmospheric pressure) with
a 5 m water column above it. The core has a cylindrical
configuration with 91 designed locations to accommodate
fuel elements or other components, such as control rods, a
neutron source, and irradiation channels. Figure 8c presents
the dimensions of the JSI TRIGA reactor cores. The ele-
ments were arranged in six concentric rings: A, B, C, D, E,
and F, each with 1, 6, 12, 18, 24, and 30 locations, respec-
tively [31, 32].

3.1 Neutronics model

Two different core arrangements are selected as numerical
model for steady and transient states. Core 134 is selected
as the steady-state model, and core 231 is selected as the
research object for the transient model. The core structure
diagram constructed using MagicMC is shown in Fig. 8e. In
core 134, all control rods except the regulating rod are fully
withdrawn. In core 231, both the safety and shim rods are
fully withdrawn, the transient rod (i.e., pulse rod) is fully
inserted into the core, and the regulating rod is partially
withdrawn to make the core exactly critical.

For the neutronics model, to smooth the temperature and
power of the neutronics model, a zirconium rod is designed
at the center of the fuel element, and small sections of
graphite are designed at the upper and lower ends of the

fuel element. The reactor core is reactively controlled by
four control rods: a safety rod, shim rod, regulation rod,
and transient rod. Except for the transient rod, all the other
control rods are designed with a fueled-follower. Figure 8d
shows the design scheme of the fueled-follower control rod
and fuel element. Cores 134 and 231 are designed with 12
wt% uranium and 2*3U with 20 % enrichment fuel elements.
Table 1 lists the materials and dimensions used in the neu-
tronics model.

3.2 Thermal-hydraulics model

The subchannel division method generally uses the coolant
channel as the center [33]. In 2021, Manuel Garcia of KIT
analyzed the two partitioning methods centered on the cool-
ant channel and fuel element using the VVER benchmark
and concluded that negligible difference existed between the
results of the two partitioning methods [29]. Because the
TRIGA Mark II reactor uses ring-filled fuel elements for
the reactor design, this study adopts a subchannel division
method centered on the fuel elements. The core sub-channel
division is illustrated in Fig. 8f.

Natural circulation is used to cool the TRIGA reactor.
The thermodynamic parameters of fuel U-ZrH are shown in
Egs. 13 and 14 and the thermodynamic parameters of stain-
less steel are given by Eqgs. 15 and 16 [18, 34].

Cyuzem = 417 X 10°T? +2.04 x 10° (13)
Cyss) = 2.88 X 10°T% — 9.645 x 10°T + 1.037 x 10°  (15)

kis.s) =—3.3x107°T% + 1.70 X 107°T + 14.280 (16)

where C, is the heat capacity per unit volume, J/(m?*K)is the
unit, and k is the thermal conductivity in units of W/(m-K).

3.3 Spatial mapping method

Spatial mapping methods can be divided into volume
weighting and one-to-one mapping methods. Because no
power is released from the coolant during the actual cal-
culation, the data processing for the fuel element and cool-
ant differ. The main data used for the mapping are power,
temperature, and density. The following method is used to
map the data:

a) In the mapping of the power data, the calculation is com-
pleted using the MagicMC code, ignoring the release of
power in the coolant, only mapping the power data of the
fuel element, and the mapping mode is one-to-one map-
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ping. This simplification is verified in the power density
calculation of steady-state coupling.

In the mapping of the temperature data, we divided the
temperature data into the temperature of the rod bundle
and that of the coolant. For the rod bundle, a one-to-one
mapping method is used to map the temperatures of the
fuel, control rod, cladding, and other structures. Figure 9
shows ring B as an example of a radial temperature-
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axial direction for data mapping.

For the coolant density, the volume weight method is
used to map the data and calculate the average density
according to the position of the coolant ring. In the map-
ping of the reactor material density, the changes in the
density of the fuel and cladding structure are ignored,
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Table 1 JSI TRIGA Mark II

. Component Dimension (cm) Material
reactor geometry and material
information [31] Reflector Thickness 13.6500 Graphite
Height 56.6000 Graphite
Casing 0.6000 Aluminum
Fuel element Outside diameter 3.7600 -
Element length 72.0600 -
Fuel meat diameter 3.6500 U-ZrH'
Thickness of cladding 0.0508 Type 304 stainless steel
Diameter of central hole 0.6350 Zirconium
Fuel meat height 38.1000 -
Axial bottom reflector 8.8140 Graphite
Axial top reflector 8.7380 Graphite
Fueled-follower control rod Total length 111.1250 -
Fuel meat length 38.1000 U-ZrH
Absorber length 38.1000 B,C
Outside diameter 3.4925 -
Thickness of cladding 0.0508 Type 304 stainless steel
Fuel meat diameter 3.3299 U-ZtH
Absorber diameter 3.3299 B,C
Diameter of central hole 0.6350 Zirconium
Transient rod Outside diameter 3.1750 -
Clad thickness 0.0711 Aluminum
Absorber length 38.1000 B,C
Air follower length 38.1000 Void
Neutron source Outside diameter 3.7600 Void + Ra-Be
Thickness of cladding 0.0508 Aluminum

'The 12 wt% uranium and *°U of 20 % enrichment fuel meat, and hydrogen-zirconium atom ratio is 1.65

Mesh of SCF model

rod-i

(one-to-one maping)

Tanf_i

(Volume weight)

lad-i
(one-to-one maping)

Fig.9 (Color online) Spatial mapping of temperature data (10 nodes in axial direction)

Mesh of MagicMC model
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and the density does not change during the coupling cal-
culation process.

4 Experimental and numerical results
comparisons

4.1 Steady-state coupling results

The steady-state calculation used core 134 as the research
analysis model, and two different power levels, 125 kW and
250 kW, were calculated. The two power levels were regu-
lated by the position of the regulating rod, and the remaining
control rods were fully withdrawn. At 125 kW and 250 kW,
the regulating rod was inserted up to 19.4 cm and 13.7 cm,
respectively; the coolant inlet temperature was 21.6 °C at
both the power levels. Table 2 lists the information on k4 for
the steady-state coupling of the two power levels.

Figure 10a—b shows the pin-wise distribution of radial
power factor. The standard deviation of all power factors
did not exceed 0.003. It can be observed that the power fac-
tor of ring B is higher than that of ring A for both power
levels, and this result follows the value of the fuel elements
of rings A and B in [31]. Because the steady-state power is
controlled using only the insertion behavior of the rod R, the
power factors of the rod R and its nearby elements differ sig-
nificantly at the two power levels. In addition, the pin-wise
power peak factors at 125 kW and 250 kW are 1.3734 and
1.3403, respectively, which verifies that the deeper the R-rod
is inserted, the more uneven the core power distribution.
To demonstrate high-fidelity power distribution, Fig. 11a-b
shows a finer radial power density distribution in the active
zone of the core at 125 kW and 250 kW using an x—y grid
of 500x500.

The normalized power distribution is calculated in the
axial direction of the reactor and the results are shown in
Fig. 11c. The relative axial position of only the active zone
of the core is calculated, with the bottom corresponding to
the relative position 0 and the top corresponding to the rela-
tive position 1. The axial power peaking factors at 125 kW
and 250 kW are 1.288687 and 1.300017, respectively.

Figure 11d shows a comparison of the calculated and
experimental values of the fuel temperature for different
rings. Table 3 compares the calculated and experimental
temperatures at certain fuel locations. These temperatures

Table 2 kg for steady-state coupling of two power levels

Power (MW) R control rod Kege Standard deviation
insertion (cm) of kg

125 19.4 1.00007 0.00022

250 14.4 1.00026 0.00020

@ Springer

are located ~7 mm from the center of the fuel element in the
radial direction and their axial position is at half the height
of the fuel meat. The accuracy of absolute temperature
measurements in the experiments, due to calibrating uncer-
tainty, is estimated +3 °C [31]. The temperatures calculated
in this study are consistent with the experimental values. The
main error arises from the necessary model simplification
required for the code-based computation.

4.2 Pulse transient coupling results

The transient calculations use core 231 as the analysis
model. During the transient calculation, the safety and shim
rods are fully withdrawn, and reactivity is introduced by
withdrawing the transient rod for a short time (~ 80 ms).
The integral value of the transient rod under core 231 is
calculated to select the correct position for the transient
rod. The reactivity worth of the transient rod is calculated
using the positive-period method [35], as shown in Eq. 17
and the error propagated during the calculation is given by
Eq. 18 [36].

p=|1- ! —(l—i>—L— ! a7n
keffo keff keff keffo
N1/2
< Ak > 2 N Ak, (18)
keff keffo
where k. denotes the effective multiplication factor. Sub-
sequently, one of the control rods is withdrawn at a cer-

tain position by calculating a new k. Akyp and Ak are
the fractional statistical error estimates for k. and ke,

Ap =

respectively.

The integral worth of the transient rod in core 231 is
shown in Fig. 12a. Compared to the reactivity value of
the transient rod measured in the experiment [6], the inte-
gral value of the transient rod is roughly consistent with
the experimental value, and the main error arises from the
uncertainty of the model simplification construction and
nuclear data.

Based on the calculated integral worth of the core 231
transient rod, this study used a coupled code to perform a
reactivity insertion pulse transient simulation. The reactor
started with an initial power of 100 W and coolant tempera-
ture of 21.6 °C. The length required for the transient rod to
be withdrawn was calculated based on the integral value of
the transient rod, as shown in Fig. 12a. The fixed-source
mode was used to calculate the power change in the reactor
in a single time step. The shortest timescale of the power
change in a single step was 0.002 ms (the minimum scale of
the solving step).
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Element type (default: Fuel)
The radial pin-wise power factor
Core location

O Control rod with fueled follower

Empty position

Transient rod with air follower

(a)

Element type (default: Fuel)
The radial pin-wise power factor
Core location

O Control rod with fueled follower

Empty position

Transient rod with air follower

(b)

Fig. 10 (Color online) Radial pin-wise power factor distribution (R is regulating rod, C is shim rod, S is safety rod, and T is transient rod). a Pin-
wise power factor distribution at 125 kW. b Pin-wise power factor distribution at 250 kW
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Fig. 11 (Color online) Steady-state coupling results. a Radial power density distribution at 125 kW. b Radial power density distribution at 250
kW. ¢ Normalized axial power distribution d Fuel temperature in different rings at 125 kW and 250 kW

Table 3 Temperature comparison between coupling calculation and
experiment for the steady-state condition

Location®  Fuel temperature (°C)
P =250kW P =125kW
Calculation Experiment Calculation Experiment
A-1 242.57 244.00 176.37 176.00
B-2 237.65 240.00 173.55 171.00
C-8 223.82 225.00 167.22 164.00
C-9 217.98 218.00 159.46 -
D-11 210.62 211.00 148.47 139.00
D-13 210.74 201.00 148.50 -
E-14 186.73 184.00 120.40 115.00

*Information about the location can be found in Fig. 10

The pulse power as a function of time is shown in
Fig. 12c—d. To analyze the error source, the peak power of
the power curve, calculated using the coupling code, was
aligned with the experimental value. Table 4 compares the
calculated and experimental values of the key parameters
of the pulse-coupling model. The experimental data used in
this study were obtained from the JSI public TRIGA pulse

@ Springer

experiment, which can be found on the webpage http://
trigapulse.ijs.si/. By comparing the power curve and pulse
parameters, the coupling method proposed in this work
was found to accurately simulate the pulse transient of the
TRIGA reactor. The calculated and experimental power
change curves are generally consistent. Small differences
exist only in regions where the power varies relatively slowly
because the presence of delayed neutrons in these regions
affects the power variations. In the two simulations, the rela-
tive errors between the calculated and experimental values
of the peak power were 0.705% and 1.834%, respectively,
and the relative error of the maximum fuel temperature did
not exceed 4.5%.

Figure 13a-b displays the temperature distribution at dif-
ferent time steps under two transient coupling calculations.
The temperature decreased from the inside to the outside.
However, the positions of the center and transient control
rod do not have a fission power release; therefore, heat can-
not be transferred to these locations in a short pulse time.
Consequently, their temperatures were significantly lower
than those of other parts of the core.

Because the coupling code uses MC for 3D neutronics
calculations, it can output neutron flux distributions for
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Fig. 12 (Color online) Pulse transient coupling results a Comparison
of MagicMC and experimental transient rod integral worth in core
231. b Neutron energy group distribution at the central guide tube at

different energy groups at different time steps. The cen-
tral guide tube was selected as the analysis model, and the
WIMS 69-group and WIMS 172-group structure [37] were
used as the energy group division method. The flux dis-
tribution per lethargy of groups 69 and 172 at the central
guide tube when the peak power was reached under the two
transient conditions is shown in Fig. 12b. The fluxes per
lethargy for the different energy-group structures were in
good agreement. Because the two-pulse calculations had lit-
tle effect on the core structure, the relative flux distributions
under different energy groups were basically the same. A
distinct difference is observed only in the flux magnitude per
lethargy mainly because of the difference in the peak power
owing to the magnitude of the reactivity insertion.

4.3 Computing environment

All calculations were performed on a computer with an
Intel Core i5-13600KF CPU and 48 GB RAM. The cal-
culations were performed using Linux with the CPU
operating at a stable frequency of 4.6 GHz. An OpenMP

——2.758 reactivity insertion (WIMS 172-group structur)

—— 3.008 reactivity insertion (WIMS 172-group structure)
2.758 reactivity insertion (WIMS 69-group structure)
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(d)

peak power for two transient conditions. ¢ Variation of power over
time in 2.75$ reactivity insertion d Variation of power over time in 3$
reactivity insertion

parallel programming model with 20 threads was used for
the computations.

In the steady-state coupling, the calculations were per-
formed with 100 inactive cycles followed by 1000 active
cycles, with 5000 neutrons per generation. The convergence
condition (e;:d) for the coupled system is set to 0.002. For

125 kW operation, the coupled system converges after 59
iterations, and the number of neutrons computed per genera-
tion increases to 22533. For 250 kW operation, the conver-
gence condition is reached after 49 iterations, and the num-
ber of neutrons computed per generation increases to 26629.
The runtime for both the calculations was approximately 3 h.

In transient coupling, MagicMC used 1.5 million parti-
cles in each time bin, and the time bins under a single cou-
pling time step were evenly divided into 100. In the adaptive
time-step strategy, we set AT, and AT, to 6 °Cand 2 °C,
respectively, which controlled the time-step behavior of the
coupled system. Semi-implicit calculations at a single time
step were considered to converge when Li was less than 2
°C. The calculated runtime was approximately 28 h with
2.75$ reactive insertion and approximately 30 h with 3$

@ Springer
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Table 4 Comparisons between coupling calculation and experiment
for the pulse transient conditions

No. Data source p($) P MW) T, CO)

1 Calculation 2.789 693.573 360.06
Experiment 2.750 698.500 373.00

2 Calculation 3.052 977.054 398.81
Experiment 3.000 995.300 406.10

reactive insertion, and the minimum time step for coupling
was 0.0004s.

5 Conclusion

To describe the typical transient conditions of the TRIGA
reactor in detail, neutronics/thermal-hydraulics coupling
method based on MC and subchannel methods was used
in this study. Functional modules of the moving geometry
and time-dependent particle transport were developed using
MagicMC to satisfy the 3D transient neutronics simulation
of the TRIGA reactor. Two coupling methods are proposed
for the steady-state and pulse transient conditions of the
TRIGA reactor: 1) The steady-state coupling method is
based on the over-relaxation iterative method, and the tem-
perature field is chosen as the convergence condition of the
coupling calculation to successively approach the steady-
state solution. 2) The transient coupling method uses semi-
implicit coupling to control the length of the time step and
iteration process using convergence evaluation criteria.
Simultaneously, the source distribution is adaptively updated
using MC iterations to ensure an accurate description of the
source term. Based on the above coupling methods, the JSI
TRIGA Mark II reactor was selected as the analytical model
for validation. The numerical results show that the steady-
state and transient neutronics/thermal-hydraulics coupling
method proposed in this study can successfully realize the
coupling simulation of the corresponding operating condi-
tions, which can provide technical support for reactor experi-
ments and safe operation of the TRIGA reactor.
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