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A B S T R A C T

The in-house coupled thermal-hydraulic and neutronic code, MTRDYN, has been developed with a three- 
dimensional capability to solve few-group neutron diffusion equations and thermal-hydraulic parameters for 
plate type fueled research reactor. The multi-group neutron diffusion equations are addressed through neutron 
flux factorization within an adiabatic kinetic equation. Heat conduction in the fuel element was computed using 
the finite difference method, with the heat transfer restricted to the radial direction approximation. This study 
aims to evaluate the accuracy of the MTRDYN in calculating the behavior of RSG-GAS reactor during steady-state 
operation. The calculated core parameters include excess reactivity, power peaking factor (PPF), fuel cladding 
temperature, and coolant temperatures. The coolant and cladding temperature obtained from MTRDYN were 
validated against measured data from instrumented fuel elements (IFE) located at various positions within the 
core. The calculated excess reactivity for the first and sixth cores differed from experimental results by − 160 pcm 
and 20.0 pcm, respectively. The total control rod reactivity showed a maximum error of 3.9 % compared to 
experimental results. No significant differences in kinetic parameters were found compared to the RSG-GAS 
safety analysis report (SAR). The calculated fuel cladding temperatures showed a maximum deviation of 5.78 
%. Based on these calculations, the MTRDYN code demonstrates sufficient accuracy in determining the steady- 
state neutronic and thermal-hydraulic parameters of the RSG-GAS reactor.

1. Introduction

The RSG-GAS reactor reached its first criticality in 1987, becoming 
the third research reactor constructed in Indonesia. RSG-GAS is a pool- 
type research reactor utilizing low-enriched uranium oxide fuel (U3O8- 
Al) with 19.75 % enrichment and a density of 2.96 gU/cm3. In 1999, the 
U3O8-Al fuel was converted to silicide fuel (U3Si2-Al) while maintaining 
the same uranium density (Liem and Sembiring, 2010; Sembiring et al., 
2001). RSG-GAS is a multipurpose, high-performance research reactor 
that operates at a nominal power of 30 MW with an average thermal 
neutron flux of 2 × 1014 n/cm2s (Pinem and Sembiring, 2019). RSG-GAS 
features various facilities for neutron beam experiments, irradiation for 
nuclear fuel and materials, and radioisotope production.

The study of neutronic and thermal-hydraulic parameters plays a 
crucial role in nuclear reactor safety analysis. Accurate calculation and 
analysis of neutronic parameters and the fuel cladding temperature 
distribution are essential for assessing reactor behavior and maintaining 
safe nuclear reactor operation. Several researchers have developed 
codes for thermal-hydraulic subchannel calculations in plate-type fuel 
elements and cladding (Castellanos-Gonzalez et al., 2018; Jo et al., 
2014; Kaminaga, 1994), along with various thermal-hydraulic codes to 
analyze plate-type fuel subchannels (Boustani and Khakshournia, 2020; 
Iliuk et al., 2016; Vaidya et al., 2010). Most subchannel software codes 
for plate-type reactors are used to verify specific research reactor 
parameters.

Software development at BATAN (National Nuclear Energy Agency), 

* Corresponding author.
E-mail address: suri001@brin.go.id (S. Pinem). 

Contents lists available at ScienceDirect

Nuclear Engineering and Design

journal homepage: www.elsevier.com/locate/nucengdes

https://doi.org/10.1016/j.nucengdes.2025.114746
Received 19 August 2025; Received in revised form 31 December 2025; Accepted 31 December 2025  

Nuclear Engineering and Design 448 (2026) 114746 

Available online 8 January 2026 
0029-5493/© 2026 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:suri001@brin.go.id
www.sciencedirect.com/science/journal/00295493
https://www.elsevier.com/locate/nucengdes
https://doi.org/10.1016/j.nucengdes.2025.114746
https://doi.org/10.1016/j.nucengdes.2025.114746


now known as part of BRIN (National Research and Innovation Agency), 
has involved the development of 2-D and 3-D multi-group neutron 
diffusion codes for plate-type research reactors, namely BATAN-2DIFF 
(Liem, 1994) and BATAN-3DIFF (Liem, 1999). Additionally, a core 
fuel management code, BATAN-FUEL (Liem, 1996), was developed and 
has been routinely applied for core management in the RSG-GAS 
reactor. The BATAN-FUEL program has been validated against 
measured neutronic parameters of the RSG-GAS core (Kuntoro et al., 
2021; Pinem et al., 2016a). Later, the MTRDYN code was developed as a 
tool for calculating the safety-related neutronic parameters for the RSG- 
GAS reactor operation and experiment (Pinem and Sembiring, 2006). 
The core power distribution from the neutronic solver was then used as 
the power source for the node-wise subchannel thermal-hydraulic solver 
in the MTRDYN. Heat conduction in the fuel plate was resolved using the 
finite difference method, accounting for both time and spatial varia
tions, with the assumption that heat transfer occurs solely in the radial 
direction. Three-dimensional coupled neutronic and thermal-hydraulic 
models were solved using spatial discretization by the finite difference 
method, while the implicit method solved the time function.

Various transient events, including reactivity insertion accident 
(RIA) analysis, have been studied using the MTRDYN code for the RSG- 
GAS (Dibyo et al., 2021; Pinem et al., 2022; Pinem et al., 2020a). This 
study aims to validate the MTRDYN performance in calculating the 
steady-state neutronic and thermal-hydraulic parameters, including 
excess reactivity, kinetic parameters, coolant temperature, and fuel- 
cladding temperature, to compare with the experimental data. Other 
parameters, such as radial power peaking factor and axial temperature 
distribution, were compared to the other existing calculation data. 
Coolant and fuel cladding temperature measurements were obtained 
using Instrumented Fuel Elements (IFE) RI-10 and IFE RI-11, which were 
installed at various core positions in the reactor. The cores being eval
uated were the first and sixth cores of the RSG-GAS reactor, which 
correspond to the existing measurement being considered for this study.

2. MTRDYN

2.1. Motive, goals, and challenges

The development of coupled neutronic and thermal-hydraulic (N/ 
TH) code systems originated from the necessity to perform deterministic 
safety assessments for nuclear power plants (NPPs). A common 
approach is coupling two pre-existing neutronic codes and a thermal- 
hydraulic code, sometimes developed independently at national labo
ratories, for accurately modeling the dynamic response between the two 
sets of physical properties. This kind of “external coupling” uses a 
separate process to exchange data between both codes with an external 
script. Another, more integrated approach is to fully integrate both N/ 
TH solvers with the neutronic and thermal-hydraulic modules are linked 
into a single code. This approach of “internal coupling” makes it easier 
for the users to make the input script to model the reactor core and its 
related system components (Akbas et al., 2015, 2019). Both approaches 
showed a good performance for simulating the safety-related reactor 
parameters that are essential either in steady state or transient problems 
of the reactor system.

External coupling between Monte Carlo (MC) neutron transport 
codes with Computational Fluid Dynamics (CFD) codes is often used for 
high-fidelity research and design. It combines the accuracy of a 
neutronic model being solved using Monte Carlo with the detailed heat 
transfer (affected by the change in fluid flow) capabilities of CFD 
(Vazquez et al., 2012). The challenge with this type of coupling is the 
need for a robust mesh mapping or interpolation scheme between the 
different meshes used by both neutronic and CFD codes. Since most of 
the Monte Carlo simulations were developed using a cell structure by 
CSG (Constructive Solid Geometry) methods, while CFD codes rely on 
typically finer and often unstructured mesh (Hu and Rizwan-uddin, 
2008; Wu and Kozlowski, 2015; Zhang et al., 2021). While some 

Monte Carlo codes have developed the capabilities to utilize CAD-based 
geometry, such as MCNP, Serpent, and OpenMC, the coupling mecha
nism to typical CFD codes and deterministic codes (subchannel code or a 
reactor core system analysis code, such as RELAP) is still quite chal
lenging since it needs a manual tune-in to consolidate the mesh region or 
nodes being used between both codes (Cardoni and Rizwan-uddin, 
2011; Lago et al., 2024; Leppänen, 2022; Loi et al., 2024; Suikkanen 
et al., 2014).

The development of large and fast computers, including their 
accessibility to the users, influenced modern nuclear reactor analysis 
methods, which enable a significant transition from simplified analytical 
techniques to a high-fidelity, coupled MC-CFD method as previously 
mentioned. Simplified analytical techniques or in their numeric 
approach can be called a deterministic method often sacrificing detailed 
spatial and temporal parameters (Duderstadt and Hamilton, 1977). The 
choice between these two methods involves a fundamental trade-off 
between computational fidelity and cost (running time and hardware 
specification). Deterministic codes are highly efficient for simulating 
time-dependent transients due to relying on simplified assumptions such 
as multigroup energy structures, homogenized cross-sections, and a 
simple thermal hydraulics approach, such as single-phase sub-channel 
analysis.(Akbas et al., 2015; Shemon et al., 2014). Monte Carlo codes 
offer a higher degree of physical fidelity but at a significant computa
tional cost, limiting their use for solving scenarios needed for the Safety 
Analysis Report (SAR), which is needed in developing reactor design, 
while their use as a more detailed model as a comparation for deter
ministic codes might be considered for steady-state problems (Novak 
et al., 2022; Passons and Tsvetkov, 2022; Stauff et al., 2024; Vazquez 
et al., 2012).

The numerical methods used to discretize the governing equations in 
space and time are a critical differentiator between reactor simulation 
codes. The finite-difference method could be used for spatial dis
cretization, which is a well-developed and robust method for codes with 
a specific coordinate system (Akbas et al., 2015). Another widely used 
method for spatial discretization is the Nodal Method, which solves the 
averaged parameters over large, homogenized regions (nodes), and it 
has been implemented to our in-house code, the NODAL3, and open 
source PWR Core Simulator, KOMODO, showing a considerable 
improvement on calculation time. Other commercial codes, such as 
PARCS and NESTLE, also use a similar approach, which is computa
tionally efficient and has become the standard for performing full-core, 
time-dependent analyses in most Light Water Reactor (LWR) safety 
codes (Alnaqbi et al., 2022; Imron, 2019; Imron and Hartanto, 2021; 
Osusky et al., 2018; Pinem et al., 2024; Pinem et al., 2025a; Pinem et al., 
2016b; Pourrostam et al., 2021; Purdue University, 2004). Another 
approach, such as Finite-Element Method (FEM), has been used widely 
through the development of the MOOSE Framework by Idaho National 
Laboratory and featured at the PROTEUS developed by Argonne Na
tional Laboratory (Pater, 2019; Shemon et al., 2014). This method dis
cretizes the spatial domain into a mesh of finite elements to solve the 
equations, which is compatible with the Griffin module of MOOSE, of
fering high geometric flexibility, allowing for detailed modeling of 
complex core components (INL, 2025; Prince et al., 2024).

On the other hand, the choice of integration method for the temporal 
(time) variable has a direct impact on a code's stability and efficiency for 
a transient problem. The implicit method solves the variables at the next 
time step simultaneously with the current time, which provides excel
lent numerical stability. This stability was advantageous for systems 
having a widely varying time scales (stiff) as it allows for large time steps 
(interval), hence reducing overall computational cost for long transients' 
problems. On the other hand, the explicit methods, which solve the next 
time step using the current time, require very small time steps to 
maintain their stability, limiting their practicality for a long transient 
problem (Akbas et al., 2019; Imron, 2019; Liem et al., 2016).

In the 90s, BATAN was developing various calculation codes by using 
the best approach can be applied at that time, to calculate the core 
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safety-related parameter, while utilizing the measured data from the 
MTR-type reactor commissioned in 1987, RSG-GAS (Operasi Reaktor, 
1987; Pinem et al., 2025b). A 2-D diffusion approach was developed in 
1994, named BATAN-2DIFF, which was later developed with depletion 
capability for the RSG-GAS in-core fuel management, later known as 
BATAN-FUEL (1996) (Liem, 1994, 1996). The next development was to 
improve the diffusion code to facilitate 3-D Cartesian geometry for a 
detailed core model, marking the development of our BATAN-3DIFF 
code (Liem, 1999; Sembiring and Liem, 1999). Then, in the early 
2000s, following the similar approach being used, the MTRDYN code 
was developed by improving BATAN-3DIFF capabilities, adding a hard- 
coded single-phase subchannel thermal-hydraulic solver to facilitate a 
coupled neutronic and thermal-hydraulic calculation, adding the dy
namic calculation capability to the code. This code was named MTRDYN 
as the acronym of MTR-type reactor dynamic, which, in the beginning, 
was able to solve either static or dynamic problems for RSG-GAS (Dibyo 
et al., 2024; Pinem et al., 2022; Pinem and Sembiring, 2006). Its per
formance opens its potential for being used in other reactor cores with 
similar plate-type fuel elements in cartesian geometry (Dibyo et al., 
2021; Pinem et al., 2020b).

In the recent period, most of these codes were used as it is, with the 
code being adequately maintained but not significantly upgraded, due to 
the limitations on the personnel capabilities and the lack of urgency for 
adding feature updates. The concern for maintaining knowledge man
agement has arisen within our institution, including maintaining the 
aforementioned in-house codes developed. With limited computational 
resources and limited access to other “Gold Standard” codes developed 
worldwide, the practical approach was to use a fast and reliable deter
ministic code while also developing personnel capabilities in open- 
access nuclear codes.

2.2. Neutronic model

The time-dependent neutron diffusion equation for a few energy 
groups typically expressed as: 

1
vg

•
∂φg(r, t)

∂t
= ∇ • Dg(r, t) • ∇φg(r, t) − Σrg(r, t)φg(r, t)

+
∑G

gʹ=1

Σs gʹ→g(r, t)φgʹ(r, t)+ χp g

∑G

gʹ=1

νp gʹΣf gʹ(r, t)φgʹ(r, t)

+
∑K

k=1
χd k gλkCk(r, t) g = 1,…,G

(1) 

while the delayed neutron precursor equation commonly expressed as: 

∂Ck(r, t)
∂t

=
∑G

gʹ=1

νd k gʹΣf gʹ(r, t)φgʹ(r, t) − λkCk(r, t) k = 1,…,K (2) 

with (r, t) corresponds to its position and time. While:
vg, average neutron speed at group g.
φg(r, t), neutron flux at group g.
Dg(r, t), diffusion coefficient.
Σrg(r, t), macroscopic removal cross section.
Σs gʹ→g(r, t), macroscopic scattering cross section from group gʹ to g.
νp gʹΣf gʹ(r, t), prompt neutrons fission cross section, with 

νp gʹ ≈ (1 − β)νgʹ

χp g, prompt neutron chi for group g
χd k gdelayed neutron chi for group g from precursor group k
λk, precursor decay constant
Ck(r, t), precursor group k concentration
νd k gʹΣf gʹ(r, t), precursor group k production cross section from 

fission νd k gʹ ≈ βkνgʹ

The right-hand side of Eq. (1) enumerates the processes affecting 
neutron population, with first two terms signify neutron losses 

attributed to leakage and removal from energy group g. Conversely, 
neutron production through in-group scattering, prompt fission, and 
delayed neutron from fission are represented by the third, fourth, and 
fifth terms, respectively. The right-hand side of Eq. (2) shows precursor 
dynamics caused by its generation from fission reactions (first term) and 
its depletion via precursor decay (second term). Both equations explic
itly incorporate key nuclear parameters: νd and χd for delayed neutrons, 
and νp and χp for prompt neutron, taking account to the effective delayed 
neutron fraction β.

MTRDYN adopts a flux factorization approach to facilitate a robust 
and efficient problem solution. This approach partitions the time- 
dependent neutron flux into time-dependent amplitude p(t) and shape 
functions Ψ g(r, t) shown below 

φg(r, t) = p(t)Ψ g(r, t) p(0) = 1 (3) 

The shape function satisfies the following constraint with φ+
g (r,0)

represents initial adjoint neutron flux: 

∂
∂t

∫ ∑G

g=1

φ+
g (r,0)Ψg(r, t)

vg
dV = 0 (4) 

From a physical standpoint, the shape function changes (consider
ably) slowly over time compared to the amplitude function. This char
acteristic permits the use of larger time intervals when computing the 
shape function.

Utilizing Eqs. (3 and 4) in conjunction with the principles of 
perturbation theory, both Eqs. (1 and 2) can be modified into two 
equivalent equations, such as the amplitude function: 

dp(t)
dt

=
ρ(t) − β(t)

Λ(t)
p(t)+

∑K

k=1
λkCk (5) 

∂Ck(t)
∂t

=
βk(t)
Λ(t)

p(t) − λkCk(t) k = 1,…,K (6) 

and the shape function as follows. 

1
vg

•

(∂φg(r, t)
∂t

+
1

p(t)
dp(t)

dt
Ψg(r, t)

)

= ∇ • Dg(r, t) • ∇Ψg(r, t)

− Σrg(r, t)Ψg(r, t)+
∑G

gʹ=1

Σs gʹ→g(r, t)Ψgʹ(r, t)

+ χp g

∑G

gʹ=1

νp gʹΣf gʹ(r, t)Ψgʹ(r, t)

+
∑K

k=1
χd k gλkCk(r, t) g = 1,…,G

(7) 

The integral kinetic parameters in Eqs. (5 and 6) are defined as 

βk(t) ≡
1

F(t)

∫ ∑G

g=1
φ+

g (r,0)χdkg

∑G

gʹ=1
νdkgʹΣfgʹ(r, t)Ψgʹ(r, t)dV (8) 

β(t) ≡
∑K

k=1
βk(t) (9) 

Λ(t) ≡
1

F(t)

∫ ∑G

g=1
φ+

g (r, 0)
[

1
vg

]

Ψg(r, t)dV (10) 

ρ(t) ≡ −
1

F(t)

∫ ∑G

g=1
φ+

g (r,0)ΔΣrg(r, t)Ψg(r, t)dV

+
1

F(t)

∫ ∑G

g=1
φ+

g (r,0)Δ

[
∑G

gʹ=1

Σs gʹ→g(r, t)

+ χp g

∑G

gʹ=1

νp gʹΣf gʹ(r, t)

]

Ψgʹ(r, t)dV

(11) 
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F(t) ≡
∫ ∑G

g=1
φ+

g (r,0)χg

∑G

ǵ =1
νǵ Σfǵ (r, t)Ψgʹ(r, t)dV (12) 

with p(t) is the amplitude function, β(t) is the total delayed neutron 
fraction, ρ(t) is net reactivity and Λ(t) is prompt neutron generation 
time.

2.3. Adiabatic model

The Adiabatic Model (AM) implemented in MTRDYN was developed 
with two key assumptions. First, the energy spectra of prompt and 
delayed neutrons are assumed to be similar, or the differences are 
negligible. This means delayed neutrons are treated as if they are 
emitted from their precursors at the same time as prompt neutrons. 
Another assumption being considered was that the derivatives of both 
amplitude and shape functions are assumed to always be zero. Conse
quently, Eqs. (2–5) simplifies to: 

∇Dg(r, t)⋅∇Ψg(r, t) − Σrg(r, t)Ψg(r, t)+
∑G

gʹ=1
Σsgʹ→g(r, t)Ψgʹ(r, t)

+
1

keff
χg

∑G

ǵ =1
νǵ Σfǵ (r, t)Ψǵ (r, t) = 0

(13) 

keff denotes the effective multiplication factor, and the shape func
tion can be determined by applying the eigenvalue criticality procedure. 
The shape function Ψ g(r, t) was updated following the update on few- 
group cross sections for each region, which also update the kinetic pa
rameters through adjoint calculation.

2.4. Thermal-hydraulic model

The thermal-hydraulics module of the MTRDYN was developed for 
plate-type fuel sub-channels with single-phase coolant flow. The heat 
conduction equations at fuel plates are solved with a radial-only heat 
transfer approximation. The single-phase fluid flow was used, with the 
mass flow rate for each coolant channel from user-defined input, which 
was assumed to be equal through each coolant channel node near heat- 
generating regions. The mass continuity and energy conservation 
equations were then solved with the thermal module of MTRDYN after 
space discretization using the finite-difference method and implicit 
method in the temporal domain.

2.4.1. Heat conduction in the fuel plate
The heat conduction equation for the 1D (x-axis) fuel plate can be 

written as 

ρ(x, t)C(x, t) ∂T(x, t)
∂t

=
∂

∂x
k(x, t)

∂
∂x

T(x, t)+ q(x, t) (14) 

with
C(x, t), fuel meat specific heat
ρ(x, t), fuel meat density
T(x, t), fuel meat temperature
k(x, t), fuel meat thermal conductivity
q(x, t), power density (volumetric power generation)
Eq. (14) was completed by the boundary conditions: 

− k(x, t)
∂

∂x
T
(

x , t)
⃒
⃒
⃒
⃒
x=0

= 0 (15) 

− k(x, t)
∂

∂x
T
(

x , t)
⃒
⃒
⃒
⃒
x=XF

= qʹ́ (XF, t) (16) 

− k(x, t)
∂

∂x
T
(

x , t)
⃒
⃒
⃒
⃒
x=Xin

CL

= qʹ́ ( Xin
CL, t

)
= Hg

[
T(XF, t) − T

(
Xin

CL , t)
]

(17) 

− k(x, t)
∂

∂x
T
(

x , t)
⃒
⃒
⃒
⃒
x=Xout

CL

= qʹ́ ( Xout
CL , t

)
= h

[
T
(
Xout

cl , t
)
− TL(t)

]
(18) 

with
XF, half thickness of the fuel meat
Xin

CL, distance of the inner cladding
Xout

CL , distance of the outer cladding
Hg, effective thermal conductance of gap between fuel meat and 

inner cladding
qʹ́ ( Xin

CL, t
)
, heat flux at the inner fuel cladding

qʹ́ (XF , t), heat flux at the fuel meat outer surface
TL(t), bulk coolant temperature
Although the gap conductance was included in the above equations, 

in general, there was no gap between the fuel meat and cladding, hence 
the gap conductance can be neglected. The time-dependent equations 
are solved by implicit method and the resulting nonlinear equations are 
linearized taking the values of thermal conductivity k, density ρ and 
specific heat C from the previous time step. The resulting three-diagonal 
system of linear equations was then solved by the Gauss Elimination 
Method. The steady-state form of the heat conduction equations was 
obtained by setting the 1

Δt term to zero. The same solution procedure was 
used in this case.

2.4.2. Fluid dynamics equations of the coolant
The general equations for the coolant temperature distribution in the 

axial direction with coolant flow only in the Z-axis can be written in the 
following form: 

ρL(z, t)CL(z, t)
∂TL(z, t)

∂t
+GL(z, t)CL(z, t)

∂TL(z, t)
∂z

= γqʹ́
L(z, t)+ qʹ́ʹ

L(z, t)

(19) 

with all parameters changes along the fuel plate z-axis, where
ρL(z, t), coolant density
CL(z, t), coolant specific heat
TL(z, t), bulk coolant temperature
GL(z, t), coolant mass flow rate
qʹ́

L(z, t), fuel cladding heat flux between the surface and coolant
γ, the surface area of the cladding to the volume of the coolant ratio
qʹ́

Ĺ(z, t), volumetric power density at the coolant
The equations are discretized in the axial direction so they could 

coincide with the neutronics axial mesh. The z-derivative was approxi
mated as 

∂TL(z, t)
∂z

=
2
[
TLi(t) − Tin

Li(t)
]

Δzi
(20) 

with i correspond to the axial node, hence TLi(t) is the average coolant 
temperature, Tin

Li(t) is the inlet coolant temperature and Δzi is the axial 
height of the node. The inlet temperature for the node i was computed 
using the linear interpolation from the previous node i − 1 (as) 

Tin
Li(t) = 2TLi− 1(t) − Tin

Li− 1(t) (21) 

The resulting equation for the coolant temperature is: 

ρLi(t)CLi(t)
∂TLi(t)

∂t
+GLi(t)CLi(t)

2
(
TLi(t) − Tin

Li(t)
)

Δzi
= γψ i(t)+ qLi(t) (22) 

Using the fully-implicit scheme, the eq. (3− 13) can be written as 
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TLi(t+Δt)
[

ρLi(t+Δt)CLi(t+Δt)
1
Δt

+GLi(t+Δt)CLi(t+Δt)
2

Δzi

]

= γψ i(t+Δt)+ qLi(t+Δt)+TLi(t)
[

ρLi(t+Δt)CLi(t

+Δt)
1
Δt

]

+Tin
Li(t+Δt)GLi(t)CLi(t)

2
Δzi

(23) 

The nonlinear eq. (23) was linearized using the values of the coolant 
density ρLi and the coolant specific heat CLi from the previous time step. 
A constant mass flow rate, CLi, was then applied to all axial nodes. The 
cladding surface heat flux was approximated using the cladding and 
coolant temperatures from the previous time step 

qʹ́
Li(t+Δt) ≈ hLi(t)

[
T
(
Rout

cl , t
)
− TLi(t)

]
(24) 

where the heat transfer coefficient hi(t) is computed using the inlet 
coolant temperature Tin

Li(t + Δt). To compute the heat transfer coeffi
cient, the Dittus-Boelter correlation was applied: 

hLi = 0.023Re0.8Pr0.4kL

De
(25) 

with kL is the coolant thermal conductivity, and De is the coolant flow 
channel equivalent hydraulic diameter. The Reynolds (Re) and Prandtl 
(Pr) numbers are defined as 

Re =
De G

μ =
[L]

[
M.L− 2.T− 1

]

[
M.L− 1.T− 1

]

Pr =
Cp μ
kL

=

[
L2.T− 2.K− 1

] [
M.L− 1.T− 1

]

[
M.L1.T− 3.K− 1

]

(26) 

where, G is the coolant mass flow rate for each coolant area and μ is the 
coolant viscosity

2.5. Modeling assumptions and implementation in the MTRDYN

Since a heat transfer was considered on the thermal module of 
MTRDYN, single-phase fluid was facilitated in the axial direction only 

(Z-axis), with the inlet coolant in the top side of the fuel element was 
considered, the forced coolant flow being modeled was in line with the 
gravity. The energy balance from the radial (x-axis) heat transfer was 
solved for each mesh of the fission region. On the other hand, the 
thermal properties of material, such as the fuel meat thermal capacity, 
density, and thermal conductivity, are considered as constant in 
MTRDYN, including the cladding thermal properties and the solid ma
terial dimension (fuel thickness, cladding thickness, and coolant width). 
The water properties being used in MTRDYN came from the steam table 
data provided by JAERI, but MTRDYN terminates the simulation when 
the coolant temperature has been exceeding the coolant temperature 
limit of 374.15 K (101 ◦C), which surpasses the boiling temperature of 
water at atmospheric pressure. By this approach, any dynamic calcula
tion, starting from a steady state with feedback or transient calculation, 
will be terminated once the coolant temperature exceeds, to make sure 
that the coolant is still in the liquid phase and the correlation being used 
on the single-phase fluid dynamics is implemented properly.

The input and output files structure of the MTRDYN code is shown in 
Fig. 1. Neutronic parameters such as power density are used as inputs in 
the thermohydraulic simulation to determine the fuel element temper
ature distribution. The coupling between neutronic and thermohy
draulic results was done iteratively since the temperature distribution 
affects neutronic parameters through the few-group cross-section used 
in the diffusion solver. Iterations are carried out until the convergence 
criterion is obtained, and the calculated power and temperature distri
bution are reported for specific operating conditions of the reactor.

By this approach, the convergence criteria being considered mostly 
came from the diffusion iteration, with typical flux and eigenvalue 
convergence criteria (inner and outer). The convergence check for 
neutronic and thermal-hydraulic was limited to the number of iterations 
being used by the user, while during MTRDYN steady state calculation, 
the considered convergence criteria was the total group neutron flux 
relative difference. By this approach, the user could control the time step 
being used for solving the kinetic equation and consider using a proper 
number of neutronic and thermal-hydraulic iterations. A small-time step 
could give a benefit in the of stability, but the repeated diffusion itera
tion for each new group constant based on the new temperature distri
bution was a challenge in a sequential calculation implemented in 
MTRDYN. The output of the MTRDYN code includes neutronic, kinetic, 
and thermal-hydraulic parameters, reported based on the time step 
being applied. In a steady state calculation, even when the transient 
input was used to calculate the dynamic response, the calculated result 
could be seen as an almost constant parameter reported since there is no 
change in the core reactivity, flow rate, and coolant properties, with 
minor reactivity feedback in a steady state calculation model using the 
dynamic feature of the MTRDYN.

Fig. 1. MTRDYN input/output file structure (Pinem et al., 2022).

Table 1 
Main design data of RSG-GAS (Jujuratisbela et al., 1995).

Parameters unit First core Sixth core

Nominal power MWth 10.6 30.0
Number of FEs ​ 12 40
Number of CEs ​ 6 8
Number of beryllium blocks ​ 42 30
Primary coolant flow m3/h 2550 3300
Average flow rate of fuel element m3/h 51.78 47.01
Fuel & control element dimension mm 77.1× 81× 600
Thickness of fuel plate mm 1.3
Coolant channel thickness mm 2.55
Number of plates per fuel element ​ 21
Number of plates per control element ​ 15
Cladding material of fuel plate ​ AlMg2
Cladding thickness of fuel plate mm 0.38
Fuel plate dimensions mm 0.54 × 62.75 × 600
Fuel meat material ​ U3O8-Al
U-235 enrichment w/o 19.75
Uranium density in fuel meat g/cc 2.96
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3. RSG-GAS reactor core

The Typical Working Core (TWC) configuration of the RSG-GAS 
reactor was achieved following six core transitions, with the addition 
of fuel and reflectors (Jujuratisbela et al., 1995; PRSG, 1988). The first 
core consisted of 12 fuel elements (FE) and 6 control elements (CE) to 
facilitate control rods insertion, while operating at a maximum power of 
10.6 MW. The TWC core consists of 40 FE and 8 control elements (CE), 
with a maximum power of 30 MW. The main core data of the RSG-GAS 
reactor are presented in Table 1.

The core was arranged in a 10 × 10 grid with a spacing of 81 × 77 
mm. The fuel elements use low-enriched uranium (LEU) of the MTR- 
type, consisting of 21 parallel fuel plates with a thickness of 0.54 mm 
for the fuel and 0.38 mm for each cladding side. The total fissionable 
mass of U-235 in a single fuel element was 250 g (PRSG, 1988). For 
reactor control and shutdown, fork-type absorbers containing Ag-In-Cd 
are used by replacing six outer fuel plates from a standard fuel element. 
As a result, the control element has a nominal U-235 loading of 178.57 g. 
Fig. 2 illustrates the fuel and control elements. To enhance reactor 
economic efficiency, the core was surrounded by beryllium reflector 
elements, with beryllium reflector blocks positioned in an L-shape 
around the active core, while Fig. 3 shows the TWC core configuration.

The coolant channel (gap) between the fuel plates has a thickness of 
2.55 mm, with demineralized light water serving as the coolant and 
moderator in the reactor core. Heat was extracted via the reactor coolant 
system that operates in both primary and secondary loops. In the pri
mary loop (reactor pool), water flows downward between the fuel plates 
with a minimum flow rate of 800 kg/s at 30 MW operation (Isnaini et al., 
2020), making the average coolant velocity in each channel was 3.8 m/s 
(Subekti et al., 2013).

4. Methodologies

4.1. Measurement of excess reactivity

The first criticality with specific fuel loading of the reactor core 
provides the reference point for calculating excess reactivity, including 
adding fuel elements and reflector elements for excess reactivity. In the 
first core, the first criticality was obtained with nine fresh fuel elements, 
while the control rod bank was positioned at 600 mm and the regulating 
rod at 475 mm. To achieve the desired excess reactivity, additional FEs 
were loaded to the core. The reactivity was determined by calibrating 
the regulating rod after each fuel loading, with the reactivity measure
ments were conducted through the compensation method utilizing a 
reactivity meter. Hence, the excess reactivity of the RSG-GAS first core 
was achieved with 12 FEs, 6 CRs, and 42 beryllium blocks, while in the 
sixth core, excess reactivity was achieved with 40 FEs, 8 CRs, and 30 
reflector elements. The experiment on the core reactivity and kinetic 
parameter was conducted at a low power condition, with the reactivity 
experiment mostly conducted on the near critical source-free condition, 
making the condition analogous to the cold zero power (CZP) without Xe 
and Sm in the core.

4.2. Measurement of coolant and cladding temperature of fuel element

Fission heat generated in the fuel meat was conducted to the coolant 
through the cladding material. However, thermal resistance in the fuel, 
cladding, and coolant leads to a temperature gradient, which induces a 
specific heat flux. Therefore, the reactor coolant flow and the generated 
fission heat are controlled to prevent coolant and fuel cladding tem
peratures from exceeding their limit values and maintain an adequate 
safety margin. The coolant and cladding temperature measurements 
were conducted during the commissioning of the RSG-GAS reactor to 

Fig. 2. Standard fuel element (left) and control element (right) (Pinem et al., 2022; Pinem et al., 2025c; Pinem et al., 2025a).
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Fig. 3. The RSG-GAS TWC configuration.

Fig. 4. Thermocouples' positions in the Instrumental Fuel Element.
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verify the fuel cladding temperatures and the surrounding coolant. The 
measurements utilized two instrumented fuel elements - IFEs, RI-10 and 
RI-11. In these terms, fuel-cladding temperatures were used since both 
IFE, RI-10, and RI-11 were equipped with thermocouples directly wel
ded to the cladding surface on the fuel plate, which are shown in Fig. 4.

RI-10 had three thermocouples, T4, T5, and T6, with T6 on top could 
be used to measure the inlet coolant temperatures, T5 at the bottom was 
used to measure the outlet temperature, and T4, placed 350 mm from 
the top of the fuel plate 3, to measure its fuel-cladding temperature. RI- 
11 was equipped with three thermocouples to measure the fuel-cladding 
temperature at fuel plate no. 1 (T1) and fuel plate no. 10 (T3) at 350 mm 
from the top, while T2 is for fuel plate no 10 at 450 mm from the top. A 
six-channel recorder was used at that time to record the thermocouple 
signals from the instrumented fuel elements. The measurements were 
carried out by increasing the reactor power to the desired level and 
maintaining it (constant power) for 48 h without changing the control 
rod positions. The operating conditions during the experiment are pre
sented in Table 2.

4.3. MTRDYN model for calculations

The MTRDYN program requires a complete set of macroscopic cross- 
section data, including absorption, fission, diffusion, and scattering, as 
well as reactivity coefficients for fuel and moderator temperature. The 
fuel and control elements' cross-section data were obtained through the 
reflective assembly level model. In addition to the fuel and control el
ements, the RSG-GAS reactor core includes several non-fuel compo
nents, such as dummy elements, reflector blocks, rabbit system facilities, 
and others. Therefore, a full core model was utilized to generate few- 
group constants for non-fuel components. A continuous-energy Monte 
Carlo code, Serpent 2 (Leppänen et al., 2015), was used to generate the 
cross-section data for the fuel and control elements of the RSG-GAS 
reactor. The few-group cross-section was generated with the contin
uous energy nuclear data library of ENDF/B-VIII.0 (Brown et al., 2018), 
which collapsed into a four-group (4G) energy structure with energy 
bounds of 1.00E+01, 8.21E-01, 5.54E-03, 6.25E-07, and 1.00E-11 MeV.

The RSG-GAS core developed for MTRDYN consists of a simple 
Cartesian model of the core, as shown in Fig. 3, and an additional 
coolant region in both radial and axial directions, with a height of up to 
60 cm on top to facilitate the positioning of the control rod during a 
steady-state experiment with IFE in the core. The fuel and reflector re
gion was modeled based on the core grid size (7.71 × 8.1 cm) following 
the control rod blades position, with a node size of 2.5 cm for the non- 
fuel region, while the fuel region used a finer mesh of 1.5–2.0 cm in 

radial and axial direction. The axial fuel region consists of not less than 2 
regions to accommodate the control rod insertion, such as ~20 radial 
reparation for control rod position in core and the remaining absorber 
region on top of the core, while the reflector block was modeled as 6 
separated layers of beryllium block to mimic the separation being used 
on the Serpent model. The MTRDYN steady state calculation being 
considered was utilizing an inlet coolant temperature of 36 ◦C at 2 bar 
for two selected cores, the first core (7 and 9 MW) and the sixth core (25 
MW), to facilitate the aforementioned core condition shown in Table 2.

5. Result and discussion

5.1. Excess reactivity

Excess reactivity is considered a key factor in maintaining the safety 
and reliability of nuclear reactor operations, as it refers to the additional 
reactivity margin for the reactor core to operate during its core cycle 
length. The amount of fissile material in the core continuously decreases 
during reactor operation. Additionally, changes in reactivity occur due 
to fuel depletion, fission product poisons, and the loss of reactivity 
caused by temperature changes in the fuel, moderator, and structural 
materials, among others. To sustain operation throughout a fuel cycle, 
the reactor must maintain sufficient excess reactivity to offset reactivity 
losses occurring during the cycle. Excess reactivity was derived by 
calculating the effective multiplication factor (keff) in the calculation, 
but from the perspective of excess reactivity experiment, it came from 
the reactivity measured during the fuel element loaded to the core. 
Table 3 presents the calculated excess reactivity and control rod worth 
for the first and sixth cores in cold zero power (CZP). The difference in 
excess reactivity between the experiment and the calculations for the 
first core is − 1.33 % (− 160.0 pcm), and 0.21 % (20.0 pcm) for the sixth 
core. A discrepancy of 2.17 % and − 3.90 % was observed between the 
experimental and calculated total control rod worth for the first and 
sixth cores, respectively. The control rod worth by MTRDYN was 
calculated by the up-down method, which is subtracting the reactivity of 
the core with all control rods out (ARO) from the core with all control 
rods in (ARI). On the other hand, the experiment came from the sum up 
of each control rod being measured with the compensation method, in a 
critical CZP condition. Overall, the MTRDYN code provides reasonable 

Table 2 
Reactor operating conditions of the first and sixth cores.

Parameters First core Sixth core

Reactor power (MW) 7 9 25

Coolant flow rate (m3/h) 2550 2550 3300
Position bank (mm) 373 373 260
Position regulating rod (mm) 373 373 258
Position RI-10 in core D-7 D-7 E-8
Position RI-11 in core E-6 E-6 D-5

Table 3 
Kinetic parameters of the first and sixth core.

Parameters 1st Core 6th core

Experiment MTRDYN Experiment MTRDYN

Excess 
reactivity (%)

8.46 ± 0.02 8.30 (− 1.90 
%)a 9.87 ± 0.01 9.89 (0.21 

%)
Control rod 

worth (%)
− 17.79 ±
0.04

− 18.17 
(− 2.17 %)

− 15.52 ±
0.04

− 14.91 
(3.93 %)

a (MTRDYN/Experiment- 1) × 100 %. Fig. 5. Distribution of first core radial power fraction.
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results of excess reactivity and total control rod worth compared to 
experimental data.

5.2. Power peaking factor radial and axial

The power peaking factor (PPF), defined as the maximum local 
power density divided by the core's average power density, is essential 
for maintaining the safe and efficient operation of nuclear reactors. PPF 
is crucial to ensure that the reactor operates within safe temperature 
limits to prevent fuel meltdown. The results of the radial PPF calcula
tions for the first core and the sixth core are shown in Figs. 5 and 6. The 
radial PPF values are compared against the results obtained from the 
Batan-FUEL code, which has been verified with Serpent 2 for radial PPF 

calculations (Pinem et al., 2023). The PPF calculations using the 
MTRDYN code show a maximum difference of 3.96 % for the first core 
and 4.3 % for the sixth core.

Axial PPF is an important metric in neutronic parameter calculations 
because it is related to power distribution along the reactor core. This 
parameter is a crucial component in the power distribution to ensure 
that the reactor operates within safe temperature limits. The fuel clad
ding temperature reported in this study was the hottest temperature at 
positions D-7 (RI-10) and E-7 (RI-11) for the first core, and E-8 (RI-10) 
and E-5 (RI-11) for the sixth core.

Since the fuel cladding temperature depends on the axial power 
distribution for the fuel elements, the fuel elements located at specific 
positions could have the maximum axial power fraction, which depends 
on various parameters, such as the control rod position and the fuel 
burnup distribution. The selection of IFE positions (RI-10 and RI-11) was 
considered for a similar reason of measuring the fuel cladding temper
ature in the hottest region in the core. The axial PPF was calculated at 
the aforementioned IFE positions during the measurement of fuel clad
ding temperature, with the calculation results for the first and sixth cores 
shown in Figs. 7 and 8. The maximum axial PPF for the first and sixth 
cores are 1.42 and 1.67, respectively. Based on the safety analysis 
reactor (SAR), the maximum allowed axial PPF is 1.79 (RSG-Batan, 
2011).

5.3. Kinetic parameters

As seen in Table 4, kinetic parameters calculated using MTRDYN 
were compared with the kinetic data reported on the RSG-GAS Safety 
Analysis Report (SAR). The kinetic data on SAR were prepared by 
Interatom for the RSG-GAS 1st and 6th cores, which were calculated 
using their code, such as IAFUEL developed with ENDF/B-V.0. The 
calculation was carried out at the beginning of each core (BOC) with its 
corresponding power, with the kinetic parameters shown a good 

Fig. 6. Distribution of sixth core radial power fraction.

Fig. 7. Axial power distribution of the 1st core for RI-10 and RI-11.

Fig. 8. Axial power distribution of the 6th core for RI-10 and RI-11.

Table 4 
Comparison of kinetic parameters for oxide and SAR.

Reactor parameters First core Sixth core

SAR MTRDYN SAR MTRDYN

Total delayed neutron 
fraction. βeff (pcm)

765.00 728.00 
(− 4.84 %)a

719.00 711.10 
(− 1.10 %)

Prompt neutron lifetime ℓ 
(μs)

61.30 59.47 (− 2.99 
%)

64.51 61.82 (− 4.17 
%)

a (MTRDYN/SAR- 1) × 100 %.
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agreement to the experiment on kinetic parameter that been carried out 
using the rod drop method (Sembiring and Pinem, 2002). The calculated 
effective delayed neutron fraction (βeff) for the first core and the sixth 
core shows differences of 4.84 % and 1.10 %, respectively, compared to 
the SAR. The calculated prompt neutron lifetime shows the differences 
of 2.99 % for the first core and 4.64 % for the sixth core.

5.4. Steady state thermal-hydraulic

Thermal-hydraulic studies are crucial in the safety analysis of nu
clear reactor operations. Accurate calculations are needed to predict the 
reactor's operating conditions and ensure the safe operation of nuclear 
reactors. The average axial cladding temperature distribution calcula
tion at position E-6 for the first core at 7 MW is shown in Fig. 9, while 
Fig. 10 shows the cladding temperature at position D-5 for the sixth core 
at 25 MW. The calculations with MTRDYN are compared with the 
COOLOD-N program. The COOLOD-N program was routinely used at the 
RSG-GAS reactor to determine the fuel temperature (Hastuti et al., 2000; 
Hastuti and Subekti, 2013). The COOLOD-N model of the IFE fuel po
sition uses the axial power distribution shown in Figs. 7 and 8 with the 
average power density provided by MTRDYN, which differs from the full 

core 3D model being implemented in MTRDYN. The relative difference 
was described as (MTRDYN/COOLOD-N- 1) × 100 %

The maximum cladding temperature for the first core calculated by 
the MTRDYN code was 55.3 ◦C, which is lower than COOLOD-N with a 
relative difference of − 4.19 % compared to COOLOD-N. For the sixth 
core, the maximum temperature calculated was 76.4 ◦C, with a 1.92 % 
difference compared to COOLOD-N. Meanwhile, the calculated coolant 
temperature for the sixth core is shown in Fig. 11. When compared to 
COOLOD-N, the maximum relative difference was − 4.64 %, with the 
discrepancies coming from the coolant temperature being used by 
COOLOD-N compared to the JAERI steam table being compiled for the 
MTRDYN. The results for both cladding and coolant temperatures show 
no significant difference between the calculations using MTRDYN and 
COOLOD-N, with the difference less than 4 ◦C.

The analysis of nuclear fuel cladding temperature behavior is one of 
the most important aspects of nuclear safety. If the temperature of the 

Fig. 9. The average cladding temperature for RI-11 at the first core, 7 MW.

Fig. 10. The average cladding temperature for RI-11 at the sixth core, 25 MW.

Fig. 11. The average cladding temperature for RI-11 at the sixth core, 25 MW.

Table 5 
Measured data and MTRDYN results for RSG-GAS First Core at 7 MW power.

Reactor parameters Measured 
data

MTRDYN Difference (◦C)

Temperature T1 (◦C) 63.36 ± 0.38 59.70 − 3.66 (− 5.78 
%)a

Temperature T2 (◦C) 47.40 ± 0.51 49.00 1.60 (3.38 %)
Temperature T3 (◦C) 47.40 ± 0.25 48.40 1.00 (2.10 %)
Temperature T4 (◦C) 54.30 ± 0.25 55.90 1.60 (2.95 %)
Temperature T5 (◦C) bottom clad. 

(outlet)
35.28 ± 0.25 33.80 − 1.48 (− 4.20 

%)
Temperature T6 (◦C) top clad. 

(inlet)
28.58 ± 0.25 28.50 − 0.08 (− 0.28 

%)

a (MTRDYN/Experiment-1) × 100 %.

Table 6 
Measured data and MTRDYN results for RSG-GAS First Core at 9 MW power.

Reactor parameters Measured 
data

MTRDYN Difference (◦C)

Temperature T4 (◦C) 61.83 ± 0.25 59.60 − 2.23 (− 3.61 
%)a

Temperature T5 (◦C) bottom clad. 
(outlet)

38.15 ± 0.25 37.10 − 1.05 (− 2.75 
%)

Temperature T6 (◦C) top clad. 
(inlet)

30.05 ± 0.25 30.10 0.05 (0.17 %)

a (MTRDYN/Experiment-1) × 100 %.
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fuel element increases beyond critical values, the fuel element melts 
down, causing fuel damage. Therefore, the analysis and calculation of 
fuel element meltdown in nuclear reactors is a crucial issue to be 
addressed for reactor operation safety. A comparison was made between 
the thermal-hydraulic outputs of the MTRDYN code and the experi
mental results for the RSG-GAS first core configuration. For the first 
core, the calculation results at 7 MW and 9 MW power are shown in 
Tables 5 and 6. At 9 MW power, only RI-10 was used in the measure
ments. The maximum discrepancies are 3.66 ◦C (5.78 %) between the 
calculation and experimental results at 7 MW, and it lowers to 2.23 ◦C 
(3.61 %) at 9 MW conditions.

For the sixth core, the calculation results at 25 MW power are shown 
in Table 7 with the maximum difference between the calculated results 
and the experimental data was 3.90 ◦C (5.19 %). With the discrepancies 
not exceeding 4 ◦C, the calculated temperature from the MTRDYN is in 
good agreement with the experiment, presenting its capabilities for 
determining the coolant and fuel cladding temperatures of the RSG-GAS 
as a kind of MTR-type research reactor.

6. Conclusion

The coupled neutronic and thermal-hydraulic code, MTRDYN, has 
been developed for plate-type fuel reactors. To validate this code, 
neutronic and thermal-hydraulic parameters were calculated and 
compared with experimental results during the RSG-GAS commis
sioning. The calculated excess reactivity was in good agreement with a 
maximum deviation of 1.33 % from experiments. The calculated fuel- 
cladding temperatures showed a maximum difference of 5.78 % 
compared to measurements, which mostly below 4 ◦C. In the other hand, 
calculated radial PPF showed a maximum deviation of 4.3 % compared 
to the Batan-FUEL calculations. Based on these results, the MTRDYN 
demonstrates good consistency in determining the RSG-GAS neutronic 
and thermal-hydraulic parameters.
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