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ABSTRACT: This paper presents the development and capabilities of the Broad-scope Environment for Dual-phase
advanced reactor Operation simulation Kit (BEDOK), an in-house nuclear reactor simulator code created in Singapore
to enhance regional expertise in the complex field of numerical simulation techniques and its applications. Designed
with an emphasis on both flexibility and precision, BEDOK currently supports steady-state problems in light water
reactors (LWRs), with the intention of further development of simulation capabilities, which may cover advanced
small modular reactors (SMRs) that are of interest in the local region. The code features a modular architecture,
allowing easy integration of thermal-hydraulic models, neutron kinetics, and fuel behaviour algorithms in future
development. BEDOK is currently demonstrated with the semi-analytical nodal method for neutron kinetics as well as
a four-equation drift-flux model for thermal-hydraulics. Validation against IAEA and NEACRP LWR core benchmark
problems confirms the accuracy and robustness of the steady-state core neutronics driver, as well as the thermal-
hydraulic feedback module, which is itself verified against OECD sub-channel bundle tests. BEDOK also demonstrates
the accommodation of acceleration and stability techniques for non-linear solvers, for which the choice is also intended
to be modular, given the wide variety of techniques in existing literature. Some novel insights regarding the convergence
to the highly non-linear drift flux equations are also presented.
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1 Introduction
Nuclear power produces a large amount of electricity with a relatively small environmental footprint,

providing a stable and reliable power supply while mitigating climate change. Thus it is seen as essential
for meeting the growing energy demands of modern societies. Modern nuclear reactors are designed with
multiple layers of redundant safety systems to prevent accidents and manage potential risks. However,
nuclear reactor experiments are complex, long-term, costly and highly sensitive; it is impractical to verify the
reliability and safety of nuclear reactor design solely through experiments. High-performance computing
(HPC) technology that supports high-fidelity numerical simulation models has become an indispensable
way to study and develop nuclear reactors. At present, developed countries around the world, such as the
United States, China and the EU as a whole have carried out extensive research in the field of numerical
reactors. For example, the United States has launched three large-scale numerical reactor research projects:
the Consortium for Advanced Simulation of Light Water Reactors (CASL) [1], Nuclear Energy Advanced
Modeling and Simulation (NEAMS) [2], and Center for Exascale Simulation of Advanced Reactors (CESAR).
These projects are aimed at the safety analysis of existing light water reactors (LWR) and next-generation
reactors as well as the development of E-class supercomputers to carry out advanced numerical reactor
research. Similarly, China has also developed an exascale simulator, China Virtual Reactor (CVR) [3,4], that
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aims to achieve full-core high-fidelity simulation. In the EU, the CORTEX (CORe monitoring Techniques
and EXperimental validation and demonstration) and the McSAFER (High-Performance Advanced Meth-
ods and Experimental Investigations for the Safety Evaluation of Generic Small Modular Reactors) projects
develop neutronic, thermal-hydraulic, and thermo-mechanic simulators [5]. On the other hand, prospective
adopters of nuclear energy, such as the UAE, have also started development of their own numerical simulator
projects [6]. In addition to national initiatives, private operators of nuclear power plants have also been
making significant investments in their own numerical simulator platforms [7].

Numerical simulation research is therefore crucial for countries that are considering the adaptation of
nuclear power. It is in this context that this work aims to develop the framework for a long-term numerical
simulator development project under the title Broad-scope Environment for Dual-phase advanced reactor
Operation simulation Kit (BEDOK). A compilation of coupled numerical codes is to be developed in-house,
encompassing each of the major topics in numerical reactor simulation, including cross-section generation,
core neutronics, thermal hydraulics, fuel performance calculation and multiphysics coupling. The develop-
ment of in-house simulation capabilities provides Singapore with independent methods of reactor safety
assessment and analysis. BEDOK follows previous in-house efforts in monte-carlo neutronics [8,9], as well
as in a molten-salt GUI simulator [10].

The current work presented here represents the first step in BEDOK, in which we start from lower
fidelity methods initially, which encompasses a 3D steady state neutron flux solver based on the semi-
analytical nodal diffusion method. Higher fidelity methods will be developed in the future as replacements.
The neutronics solver is coupled with a 1D thermal hydraulic (T-H) solver with cross-section feedback. The
development of BEDOK will prioritise modularity as well as the framework to readily allow for ongoing
incorporation of additional capabilities as well as switching to higher fidelity models. This is essential due to
rapid developments in the field of numerical reactor simulation. Each current capability in BEDOK has also
been verified against benchmark problems. Neutron flux output in this work has been benchmarked against
the standard IAEA 2D and 3D PWR benchmark [11], while neutronics coupling with T-H parameters in
this work is verified via the NEACRP 3D LWR Core Transient Benchmark [12,13]. The 1D thermal hydraulic
drift-flux model is verified against the OECD/NRC benchmark based on NUPEC PWR Sub-channel and
Bundle Tests (PSBT) [14,15] Test Series 1.

The rest of the paper is organised as follows. In Section 2, the theory behind each solver is introduced,
as well as the benchmark problems used in the verification and validation of the constituent models in
BEDOK. In Section 3, results of each benchmark case are reported, with comparison to results obtained
by other benchmark participants as well as other simulators that also have published results for the
aforementioned benchmark cases. Section 4 summarizes the current progress of BEDOK as well as outlining
future improvements.

2 Models and Framework

2.1 Neutronics Model
The neutron transport equation can be integrated over Ω and energy groups g to obtain the diffusion

approximation as follows

1
vg

∂
∂t

ϕg(x, t) = −∇ ⋅ Jg(x, t) − σr g(x, t)ϕg(x, t) + Qg(x, t) (1)
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where the energy and angle integrated source term is

Qg(x, t) = 1
λ∑g′

χgνσ f g′(x, t)ϕg′(x, t) + ∑
g′≠g

σs g g′(x, t)ϕg′(x, t) (2)

where λ is an eigenvalue, χ is the neutron generation fraction, ν is the neutron multiplicity. σr , σ f and σs refer
to the transport, fission and scattering cross sections, respectively.

J(x, t) = ∫ Ωψ(x, Ω, t) dΩ (3)

is the neutron current. The energy group index g is omitted for convenience. Then the approximation

J(x, t) ≈ −D(x)∇ϕ(x, t) (4)

for diffusion coefficient D comes from Fick’s law, with the scalar flux ϕ defined as

ϕ(x, t) = ∫ ψ(x, Ω, t) dΩ (5)

The neutron diffusion can discretised over each equally spaced node in the problem geometry to obtain
then be integrated over two of the three dimensions to obtain 1D diffusion equations (shown here for
x-direction) coupled via additional transverse leakage source terms:

Lx(x , t) = 1
Δy Δz

∫ ∫ Jy(x, t) + Jz(x, t) dydz (6)

where Δ refer to the discretised cell lengths and Jy and Jz refer to the respective directional currents. The
basis of the nodal diffusion method then comes when solving for ϕ at each node. For an in depth classical
review of nodal methods in neutron transport, the reader is referred to work by Lawrence [16]. In nodal
expansion methods, 1D fluxes are further expanded separately for each node. In the case of a fourth-order
semi-analytical nodal method (SANM) [17], the expansion functions are:

f0(x) = 1

f1(x) = x

f2(x) =
1
2
(3x2 + 1)

f3(x) =
sinh(βg x) −Mg1(sinh) f1(x)

sinh(βg) −Mg1(sinh)

f4(x) =
cosh(βg x) −Mg0(cosh) f0(x) −Mg2(cosh) f2(x)

cosh(βg) −Mg0(cosh) − 2Mg2(cosh)

(7)

with

βg =
�
��	Σt g

Dg

Δx

2
(8)

and

Mgk(F) =
2

2k + 1 ∫
1

−1
F(βg x) fk(x) dx (9)
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The resultant group discretised scalar flux is given by

ϕg(x) = ϕg +
4
∑
n=1

agn fn( 2x
Δx
) (10)

where ϕg is the average scalar flux over the node and the an are derived separately for each node [18,19]. The
relations for an derived in BEDOK follows work by Tang [19], which is related to the boundary flux currents,
leakage moments and buckling terms as

ag1 = ag11(J+g + J−g ) + ag12( ∑
g≠g′

Bg′ g ag′1) − Lg1

ag2 = ag21(J+g + J−g ) + ag22( ∑
g≠g′

Bg′ g ag′2) − Lg2

ag3 = ag31(J+g + J−g ) + ag32( ∑
g≠g′

Bg′ g ag′1) − Lg1

ag4 = ag41(J+g + J−g ) + ag42( ∑
g≠g′

Bg′ g ag′2) − Lg2

(11)

The buckling terms are given by

Bg g = Σt g and Bg g′ = −Σg g′ −
χg

ke f f
νΣ f g (12)

where χ is the neutron generation spectrum and ν is the neutrons generated per fission. The boundary
currents are

J+g = −
2Dg

Δx
(ag1 + 3ag2 +Hg ag3 + Gg ag4) (13)

and

J−g = −
2Dg

Δx
(ag1 − 3ag2 +Hg ag3 − Gg ag4) (14)

where

Hg =
βg cosh(βg) −Mg1(cosh)

sinh(βg) −Mg1(sinh) (15)

and

Gg =
βg sinh(βg) − 3Mg2(cosh)

cosh(βg) −Mg0(cosh) −Mg2(cosh) (16)

Lgn are the leakage moments obtained from a second order expansion of the transverse leakage source
term with

Lg(x) = Lg0 +
2
∑
n=1

Lgn fn( 2x
Δx
) (17)
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The agnn are components of a ann vector over the group indices, derived by

a11 =
−Δx

4D(1 +HAB) a12 =
H

4D(1 +HAB) ⋅A

a21 =
−Δx

4D(3 + GCB) a22 =
G

D(3 + GCB) ⋅ C

a31 =
−Δx

4D(1 +HAB) ⋅AB a32 =
−1

4D(1 +HAB) ⋅A

a41 =
−Δx

4D(3 + GCB) ⋅ CB a42 =
−3

D(3 + GCB) ⋅ C

(18)

The remaining functions are defined as

Ag =
sinh(βg) −Mg1(cosh)

Σt gMg1(sinh) (19)

and

Cg =
cosh(βg) −Mg0(cosh) −Mg2(cosh)

Σt gMg2(sinh) (20)

With the functions determined, Eqs. (13) and (14) can be substituted back into Eq. (11) to solve for the
coefficients an via matrix inversion.

2.2 Thermal Hydraulic Model
Thermal hydraulic feedback to the neutronic system is achieved via cross section variations with respect

to boron density, moderator temperature, moderator density, and fuel temperature. For property λ the cross
sections vary as

σ = σo +
∂σ
∂λ
∣

o
(λ − λo) (21)

about reference point “o”, with the exception of fuel doppler temperature which varies the cross sections with

σ = σo +
∂σ

∂
√

λ
∣

o
(
√

λ −
√

λo) (22)

Coolant temperatures and densities are obtained from a simple constant pressure 1D model where
coolant enthalpy is integrated from the inlet as

H(z) = ∫
q′′(z)
Gm A f

dz (23)

where q′′ is the heat flux per unit area, Gm is the coolant mass flow rate and A f is the flow area. Other
thermodynamic properties such as temperature and density are subsequently recovered via look-up table
generated from IAPWS-IF97 data [20]. The grid size of the lookup table required for accurate results has
been discussed by Zou et al. [21] and is adapted in this work. Temperatures in the fuel rod are obtained via
1D heat equation assuming even power generation within the fueled rod cross section.
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In addition to the single phase coolant model, and alternative two-phase model based on the four-
equation drift flux model is available based on work by Zou et al. [22]. The constituent equations of the drift
flux model are firstly the mixture (subscript m) continuity equation

∂ρm

∂t
+ ∂(ρmvm)

∂z
= 0 (24)

The second is the continuity equation for the dispersed phase (i.e., the gas phase g),

∂(αg ρg)
∂t

+
∂(αg ρgvm)

∂z
+ ∂

∂z
(

αg ρg ρl

ρm
V g) = Γg (25)

where subscript l refers to the liquid phase, Γg and V g is the generation rate and mean drift velocity of phase
g. Next is the mixture momentum equation

∂vm

∂t
+ vm

∂vm

∂z
= − 1

ρm

∂p
∂z
− g⃗ ⋅ v⃗m

∣v⃗m ∣
− fm

2DH
vm ∣vm ∣ −

1
ρm

∂
∂z
(

αg ρg ρl

αl ρm
V 2

g)

− 1
ρm

∂
∂z
(τzz + τ̃zz +∑

k
⟨αk ρkvk(vk −

⟨αkvk⟩
⟨αk⟩

)⟩) (26)

where f is the friction factor, p is the pressure and DH is the hydraulic diameter, τ is the normal viscous
stress tensor while τ̃ is the normal turbulent stress tensor and ⟨ ⟩ refers to a flow area averaged value. Finally,
there is the mixture enthalpy-energy equation

∂(ρm Em)
∂t

+ ∂(ρm hmvm)
∂z

+ ∂
∂z
(

αg ρg ρl

ρm
V g(
⟨αg hg⟩
⟨αg⟩

− ⟨αl hl ⟩
⟨αl ⟩

))

= q′′′w aw + vm
∂p
∂z
+

αg(ρl − ρg)
ρm

V g
∂p
∂z

(27)

where E is the internal energy, h is the enthalpy, q′′′w is the wall heat flux per unit volume and aw is the heated
surface area. The variables to be solved for are p, αg , vm and T . Terms such as V g and Γg are implicitly defined
from the input variables with a functional form that can depend on the type of flow regime, and therefore
would constitute separate piecewise models in such cases. The flow regimes considered in this work are
bubbly flow, slug flow, annular mist flow and a transition region between the slug and annular flow regime.
The flow regime regions are separated by cutoff αg values as shown in Fig. 1, which are implemented with the
same criteria as in RELAP5/MOD3 [23]. The functional forms of V g and Γg in each regime are referenced
from TRACE [24] and RELAP5/MOD3 manuals [23], as well as work by Zou et al. [22].

Figure 1: Flow regime map used in this work, which is dependent on gas fraction αg .

In this work the void generation rate Γg models are referenced from the RELAP5/MOD3 manuals [23].
The models are indeed piecewise according to Fig. 1 and thus not shown here due to the complexity.

While piecewise models for V g are available [25–29], the ERPI drift-flux closure correlations [30], which
consist of only one functional model, were validated against the full relevant range of flow regimes and also
subsequently modified and adapted in RELAP5 [23]. The EPRI model for V g is given by
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V g =
ρmVj + ρm(C0 − 1)vm

ρm − (C0 − 1)αg(ρl − ρg)
(28)

with

C0 =
L0

K0 + (1 + K0)αr0
g

(29)

being the distribution parameter and

Vj = 1.41(
(ρl − ρg)gσ

ρ2
l

)
0.25

C2C3C4C5 (30)

σ is the surface tension for which this work uses the model from Vargaftik et al. [31] with

σ = 235.8(1 − 0.625(647.15 − Tl)
647.15

)(647.15 − Tl

647.15
)

1.256

(31)

L0, K0, r0 as well as C2 to C5 are empirically fitted functions of the primary drift flux variables p, αg , vm
and T which follow the description in the RELAP5 manuals [23].

The friction factor f in Eq. (26) is determined from wall friction pressure drop with

(∂p
∂z
)

m
= ϕg(

∂p
∂z
)

g
= ϕl(

∂p
∂z
)

l
(32)

where ϕ refers to the Darcy-Weisbach friction multipliers. This then relates to the friction factor through

fmvm ∣vm ∣ =
1

ρm
(λl ρl α2

l v2
l + C f

√
λl ρl α2

l v2
l λg ρg α2

gv2
g + λg ρg α2

gv2
g) (33)

where

C f = −2 + (28 − 0.3
√

Gm) exp(
(log10 Λ + 2.5)2

2.4 − 0.0001Gm
) (34)

and

Λ =
ρg

ρl
( μl

μg
)

0.25

(35)

μ is the dynamic viscosity, Gm is the mass flow rate and λ is the Darcy friction factor, for which this work
employs the model developed by Cheng [32].

The spatial discretisation for the drift flux problem follows a first order donor-cell scheme. Within
this scheme, derivatives are taken via finite differencing of ‘upstream’ nodes. For instance considering the
derivative for an arbitrary collection of terms F

∂Fi

∂z
= 1

Δz
(F∗i+1/2 − F∗i−1/2) (36)
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then if vm > 0, velocity terms will be evaluated as per normal while other terms such as α and ρ in F∗
are evaluated upstream at i instead of i + 1/2 and F1/2 will be the inlet values. For example, in the mixture
continuity equation

∂(ρmvm)
∂z

∣
i
= 1

Δz , i
(ρm , ivm , i+1/2 − ρm , i−1vm , i−1/2) (37)

Variables evaluated at i + 1/2 are taken as the average value of the neighbouring nodes, for example

ρm , i+1/2 =
1
2
(ρm , i + ρm , i+1) (38)

Boiling Crisis
In LWRs, the critical heat flux (CHF) is a important safety topic concerning the heat flux threshold at

which surface boiling ceases to be an effective form of transferring heat into the coolant. In this work, we
analyse the CHF of PWR systems by employing the Westinghouse-3 (W-3) correlations [33], given by

q′′CHF = K1K2K3K4 (39)

where

K1 = (2.022 − 0.06238p) + (0.1722 − 0.01427p) exp((18.177 − 0.5987p)χe)
K2 = (0.1484 − 1.596χe + 0.1729χe ∣χe ∣)2.326Gm + 3271
K3 = (1.157 − 0.869χe)(0.2664 + 0.8357 exp(−124.1DH/100))
K4 = (0.8258 + 0.0003413(hl ,sat − hin))

(40)

where hl ,sat is the saturated liquid enthalpy and hin is the inlet enthalpy for the node segment. χe is the
equilibrium thermodynamic quality given by

χe =
h − hl

hl g
(41)

where hl g is the latent heat of vaporisation. Following which, the relevant figure is the departure from nucleate
boiling ratio (DNBR), which is the ratio between predicted CHF value and the actual heat flux from the
fuel rod.

In BWRs, the relevant parameter used to analyse the safety margins with respect to boiling crisis is the
critical power ratio (CPR). This is typically calculated from the critical quality χcr i t which is where dry-out
is predicted to occur. In simulators the thermal power can then be increased till χcr i t is reached in the core.
This increased thermal power ratio is the CPR. This work employs the M3-CISE4 correlation [34] for χcr i t
which for a given channel is

χcr i t = (
DH

Dq
)

2
3 K5Lq

K6 + Lq
( χ

χmax
)

0.3

(42)

where

K5 = [1 + 0.0001481(1 − P
Pcr i t
)
−3

Gm]
−1

for Gm ⩽ 3375(1 − P
Pcr i t
)

3

kg/s/m2 (43)
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K5 = (1 − P
Pcr i t
)( 1000

Gm
)

1
3

for Gm > 3375(1 − P
Pcr i t
)

3

kg/s/m2 (44)

and

K6 = 0.279(Pcr i t

P
− 1)

0.4

Gm D1.4
H (45)

Pcr i t is the critical pressure, Dq is the heated parameter and Lq is the heated length.

2.3 Code Structure and Benchmarking
The overall structure and implementation of BEDOK is shown in Fig. 2, which illustrates the solver

modules and data structures passed between them. Input data is passed to a neutronics solver of choice,
which outputs the power profile to the T-H solver. The result is then used to update the cross sections, which
then feeds back to the neutronics solver. The process is repeated till convergence is reached. The modular
nature of this work means that different models will be developed for each solver and should pass the same
data types to the next step in the process. Within each solver type, it is also possible to use the lower fidelity
but computationally faster models as acceleration for higher fidelity models.

Figure 2: Flowchart for the overall algorithm in this work, showing each separate module and data type passed between
them.

Further, iterative systems are accelerated with the use of an extended Anderson scheme [35] based on
the original Anderson acceleration [36]. A range of acceleration schemes for user choice is also intended to
be implemented in BEDOK. The extended Anderson scheme is tailored for fixed-point iteration problems
but can be easily modified to solve minimization problems as well. For solution iterate Xi at iteration i, a
sequence of of coefficients ak is calculated, for a scheme using history length L such that the next iterate is
given by

Xi+1 = Xi + βRi −
i−1
∑

m=i−L
am(Xm+1 + βRm+1 −Xm − βRm) (46)
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where R is the residual and β is the relaxation factor. A optimised solution update is thus obtained using
information from the past L iterations. The Anderson scheme is also known to considerably reduce coupling
iterations between the neutronic and T-H systems by smoothing local oscillatory behaviors [37], and is able to
handle problems where ill-conditioned matrices can cause convergence issues in Newton methods [36]. This
is especially relevant here as the non-linear drift flux equations are solved using the Jacobian-free Newton–
Krylov (JFNK) method [38].

This work is written in MATLAB and simulations are executed in parallel using 10 cores on the
Intel Xeon W-2255 CPU @ 3.70 GHz processor. Neutron flux output in this work is first benchmarked
against the standard IAEA 2D and 3D PWR benchmark [11], with specifications also listed in Ref. [39].
Neutronics coupling with T-H parameters in this work is verified via the NEACRP 3-D LWR Core Transient
Benchmark [12,13], in particular, case A2 of the PWR benchmarks. A quadrant geometry is used with
reflective boundaries to simulate the full core. Further void fraction results of the drift-flux model are verified
against the OECD/NRC benchmark based on NUPEC PWR Sub-channel and Bundle Tests (PSBT) [14,15]
Test Series 1. The experiment behind the Test series 1 benchmark involves a high-pressure and high-
temperature test loop simulating various sub-channel types found in a PWR assembly. The heated section of
the loop also contains a void measurement section using gamma-ray transmission method.

3 Results and Analysis

3.1 PWR Benchmarking
The steady state IAEA PWR ke f f are benchmarked to results obtained from PARCS [40], a nodal

diffusion solver developed under the US NRC. The results are presented in Table 1. ke f f obtained via pure
diffusion solver are within 0.01% difference with PARCS while the nodal diffusion method yields a difference
of 0.001% for both 2D and 3D cases, a significant improvement as expected of a higher fidelity method. The
core power distribution of the IAEA 3D benchmark for each x-y cell is also presented in Fig. 3, compared
against available data from the open nuclear reactor simulator KOMODO [6], which present core power
densities within 1% difference. The 3D power profile of the IAEA 3D benchmark case is also generated and
shown in Fig. 4, where it can be seen that due to a lack of a T-H system feedback, the power is profile is
concentrated in the center of the core with regions of lower power corresponding to presence of control rods.

Table 1: ke f f values for the IAEA PWR benchmark cases [11], with reference to values from PARCS code [40]. Basic
diffusion only and nodal diffusion results produced in this work are presented.

IAEA-2D IAEA-3D
Reference 1.029585 1.029096
Diffusion 1.029647 1.029127

Nodal 1.029600 1.029085
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Figure 3: Core power distribution for IAEA 3D benchmark in comparison to KOMODO results [6]. The upper values
in each cell are the KOMODO values and the lower ones are from this work.

Figure 4: 3D core power profile for the IAEA 3D benchmark [11] generated in this work.
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With the accuracy of the nodal diffusion solver in BEDOK verified, the next step is to couple the
neutronic system to a T-H system that is driven by 1D solvers for both fuel and coolant temperature. For
the T-H coupled case, the benchmark of choice is case A2 of the NEACRP PWR benchmarks [11]. The ke f f
results are presented in Table 2 with reference values. The critical boron concentration with no T-H feedback
assumes fuel and coolant temperatures at reference values. It is clear that the addition of coupling increases
the error of reference ke f f value to 1.7% in this work. As the T-H system employed in this work consists
of lower fidelity 1D models, is expected that the error can be reduced further with more sophisticated T-H
models. It is again useful to note here that the modular nature BEDOK is intended to allow efficient switching
of individual models, such as is expected for the T-H model here, to be crucial for the work in progress. It
can then be seen from Table 3 that slight improvement is obtained from using a two-phase model, though
difference is small for as void fractions are expected to be very small in PWR systems. The 3D power profile
of case A2 is also illustrated in Fig. 5, where the difference with the simpler IAEA 3D case shown in Fig. 4
can be seen with a lower axial power peak. This derives from the negative reactivity coefficient of the core
driving down power as the coolant heats up. The central control rod region is also distinguishable in the 3D
power profile.

When the analysis is performed via the W-3 CHF correlation, the minimum acceptable DNBR is 1.3 [41].
For the PWR benchmark base A2, the predicted DNBR is plot in Fig. 6 alongside the calculated CHF, the
simulation heat flux, as well as the minimum DNBR. The minimum calculated DNBR for this case is 2.4,
well above the minimum allowed DNBR, as expected of a PWR in normal operation.

Table 2: ke f f and critical boron values for the A2 benchmark case in the NEACRP 3-D LWR Core Transient
Benchmark [12,13].

ke f f (at 1000 ppm Boron)
Critical Boron

Concentration (no T-H
Feedback)

Critical Boron
Concentration (with T-H

Feedback)
Reference 1.015627 [6] 1257.32 [6] 1156.6 [42]
This work 1.013931 1248.456 1139.1

% Difference 0.17 0.7 1.5

Table 3: ke f f and critical boron values for the A2 benchmark case in the NEACRP 3-D LWR Core Transient
Benchmark [12,13], comparing single phase and two phase coolant models.

ke f f (at 1000 ppm Boron) Critical Boron Concentration (with T-H Feedback)
Reference 1.015627 [6] 1156.6 [42]

Single phase 1.013915 1139.1
Drift flux 1.013931 1139.3
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Figure 5: 3D core power profile for the A2 benchmark case in the NEACRP 3-D LWR Core Transient Benchmark [12,13]
generated in this work.

Figure 6: Predicted departure from nucleate boiling ratio (DNBR) for the A2 benchmark case in the NEACRP 3-D
LWR Core Transient Benchmark [12,13]. The critical heat flux, calculated heat flux ad minimum acceptable DNBR of
1.3 is also displayed.

3.2 Two-Phase Flow Benchmarking
The OECD/NRC PBST benchmark [14,15] includes participants using computational fluid dynamic

codes of various complexity and fidelity such as RELAP5 [23], TRACE [24] NEPTUNE [43], CATHARE-
3 [44] and FLICA-4 [45]. The four equation drift-flux model developed in this work is benchmark to the
Test series 1 of the OECD/NRC PBST benchmark [14], with the obtained void fraction values presented
in Table 4. Figs. 7–11 are graphs adapted from the NEACRP benchmark results [13], which gives a comparison
of how the αg profile generated in this work compares to results obtained by the various benchmark
participants. For the most part, it can be seen that this work performs fairly well in comparison, though it is
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noted that Run 1.2211 that features a low experimental void fraction value, where this work predicts a void
fraction of 0.2 in comparison to the experimental value of 0.038 at axial level 1.4 m. It is also noted from Fig. 7
that while may other benchmark participants also significantly over predict the void fraction value, even
including commercial 3D computational fluid dynamics codes, this work still predicts the highest αg . This
signifies some room for future development on the low void fraction regime. Regardless, this work performs
on par with the benchmark participants for the remaining test cases, as well as obtaining the most accurate
result in Run 1.2237 comparing to other work in Fig. 9. Further Run 1.2221 also features a low void fraction
test case for which the current model is able to accurately predict. Runs 1.5221 and 1.6221 feature similar low
void fraction cases where the current model over predicts the void fraction.

Table 4: αg values for the NEACRP 3-D LWR core benchmark [12,13]. Test series 1 at axial level 1.4 m.

Run No. This Work Benchmark
1.1222 0.208 0.142
1.1223 0.307 0.332
1.2211 0.201 0.038
1.2221 0.066 0.048
1.2223 0.355 0.311
1.2237 0.417 0.44
1.2422 0.326 0.182
1.2423 0.418 0.508
1.4311 0.359 0.215
1.4312 0.498 0.566
1.4325 0.388 0.335
1.4326 0.493 0.531
1.5221 0.267 0.047
1.5222 0.419 0.411
1.6221 0.275 0.075
1.6222 0.364 0.306

Figure 7: Axial void fraction profile for Run 1.2211 of the OECD/NRC PBST benchmark [14] in comparison with
experiment and benchmark participants, graph adapted from the result publications [15].
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Figure 8: Axial void fraction profile for Run 1.2223 of the OECD/NRC PBST benchmark [14] in comparison with
experiment and benchmark participants, graph adapted from the result publications [15].

Figure 9: Axial void fraction profile for Run 1.2237 of the OECD/NRC PBST benchmark [14] in comparison with
experiment and benchmark participants, graph adapted from the result publications [15].
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Figure 10: Axial void fraction profile for Run 1.4325 of the OECD/NRC PBST benchmark [14] in comparison with
experiment and benchmark participants, graph adapted from the result publications [15].

Figure 11: Axial void fraction profile for Run 1.4326 of the OECD/NRC PBST benchmark [14] in comparison with
experiment and benchmark participants, graph adapted from the result publications [15].

3.3 Drift-Flux Convergence
Due to nonlinear closure models in the four equation drift flux model, difficulties were expected in

the numerical convergence of the two-phase flow solutions. In this aspect, various techniques to achieve
better numerical stability such as second order differencing and staggered grid discretisation has been
studied [21,22]. In general, various methods are available for the acceleration and convergence improvements
of the solution of non-linear equations, especially those derived from physical systems [38,46–50]. Not all
methods have been applied specifically to the solution of drift-flux equations. The variety of approaches
available, such as reduced order methods for example [49,50], mean that the actual effectiveness of these
techniques in the context of the drift-flux equations would require extensive effort and thus be more appro-
priate as a future publication. A more concise effort is mode in this work where the effects of a few simpler
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stabilisation and acceleration techniques are studied in this work to demonstrate the possibilities available
for improving the computational efficiency of the drift-flux equations. The first is varying the weights of the
drift flux equations and the second is the utilisation of the extended Anderson acceleration scheme [35].
Preconditioning of the JFNK solver is not done as implementing the finite difference preconditioner in
MATLAB was unsuccessful.

The varying of equation weight is implemented as follows, the four drift-flux equations in BEDOK
are implemented with base units g/cm3/s for Eqs. (24) and (25), cm/s2 for Eq. (26) and g/cm/s3

for Eq. (27). Eqs. (24)–(27) are then each multiplied by a weight factor wi for i = 1, 2, 3, 4. So for instance
for Eq. (24), the associated residue R1 is

∂ρm

∂t
+ ∂(ρmvm)

∂z
=R1 (47)

which after including the weight factor becomes

w1[
∂ρm

∂t
+ ∂(ρmvm)

∂z
] =R1 (48)

To ensure that faster convergence is not being achieved due to the weight factors relaxing the conver-
gence criteria, the condition wi ⩾ 1 is imposed and convergence will be judged based on the sum of the
L2-norm of the equation residues. A non-exhaustive study is done on Run 1.2237 of the OECD/NRC PBST
benchmark [14] with results reported in Table 5. It can be seen that the base case of w1 = w2 = w3 = w4 = 1
actually does not converge, but increasing the weights appropriately does allow convergence of the equations
even when the convergence criteria is strictly tighter. The case of w1 = 10, w2 = 5, w3 = 1, w4 = 100 performed
the best here and is thus chosen for BEDOK, but a more exhaustive study could perhaps yield a better weight
distribution, and the trends reflected in Run 1.2237 may not necessarily hold in general.

Table 5: Convergence behaviour for Run 1.2237 of the OECD/NRC PBST benchmark [14] based of varying weights. A
‘–’ indicates non-convergence.

w1 w2 w3 w4 Cycles to Converge w1 w2 w3 w4 Cycles to Converge
1 1 1 1 – 10 1 1 1 –
1 10 1 1 – 1 1 10 1 –
1 1 1 10 53 10 1 1 10 –
1 10 1 10 37 1 1 10 10 –
1 1 1 100 – 10 10 1 10 –

100 10 1 10 – 10 100 1 10 –
20 10 1 100 37 10 10 1 100 32
10 20 1 100 40 5 10 1 100 32
10 5 1 100 28 5 2 1 100 31

The effectiveness of the extended Anderson acceleration scheme [35] is studied in the context of a
subset of cases in the test series 1 of the OECD/NRC PBST benchmark [14], with the convergence behaviours
reported in Figs. 12–16. In all cases it can be seen that the extended Anderson acceleration scheme does
provide faster convergence in comparison to cases where the scheme is not used. It is also noted that the
accelerated cases tend to have stepwise convergence behaviour as opposed to a slower but steady convergence
rate of the unaccelerated case.
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Figure 12: Convergence behaviour for Run 1.2211 of the OECD/NRC PBST benchmark [14] with and without the
extended Anderson scheme [35]. Anderson-n indicates the history length used.

Figure 13: Convergence behaviour for Run 1.2223 of the OECD/NRC PBST benchmark [14] with and without the
extended Anderson scheme [35]. Anderson-n indicates the history length used.
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Figure 14: Convergence behaviour for Run 1.2237 of the OECD/NRC PBST benchmark [14] with and without the
extended Anderson scheme [35]. Anderson-n indicates the history length used.

Figure 15: Convergence behaviour for Run 1.4325 of the OECD/NRC PBST benchmark [14] with and without the
extended Anderson scheme [35]. Anderson-n indicates the history length used.
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Figure 16: Convergence behaviour for Run 1.4326 of the OECD/NRC PBST benchmark [14] with and without the
extended Anderson scheme [35]. Anderson-n indicates the history length used.

3.4 BWR Benchmarking
With a two-phase T-H model and a neutronics solver, the next step is to verify the coupling between the

two via the NEACRP BWR case D1 benchmark. The steady state ke f f value obtained is indicated in Table 6,
where this work obtains a ke f f value within 0.2% of the benchmark participants, well within the standard
deviation. The core power distribution for this BWR benchmark is also presented in Fig. 17. Following, the
critical power ratio for this BWR benchmark case is also analysed for which in this work the critical void
fraction predicted by the MS-CISE4 correlation [34] is presented in Fig. 18 in relation to the hottest channel,
which shows a safety margin expected in steady state operation.

Table 6: ke f f values for the D1 benchmark case in the NEACRP 3-D LWR Core Transient Benchmark [12,13]. The
reference value is taken as the average of the benchmark participants, with standard deviation indicated.

Steady State ke f f

Reference 0.985 ± 0.009
This work 0.987

% Difference 0.2
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Figure 17: 3D core power profile for the D1 benchmark case in the NEACRP 3-D LWR Core Transient Bench-
mark [12,13] generated in this work.

Figure 18: Predicted critical void fraction, based on M3-CISE4 critical equilibrium correlation [34], in the D1
benchmark case in the NEACRP 3-D LWR Core Transient Benchmark [12,13], in comparison to the hottest channel.

4 Conclusion
The development of Singapore’s in-house nuclear reactor simulator code package, BEDOK, marks a

first step in Singapore’s commitment in advancing local expertise in the development and understanding of
nuclear reactor simulation codes. This simulation tool can currently be applied to analysis in steady-state
LWR problems, with further development ongoing. BEDOK currently supports a nodal diffusion solver for
neutronics that employs a fourth-order expansion on the flux. Whereas for the T-H module, a single-phase
1D model is included for analysis in PWRs while a 1D drift-flux model was also developed for two-phase
flow analysis. Capabilities of BEDOK are demonstrated in the verification of IAEA [11] and NEACRP [12,13]
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benchmark cases for generic LWR reactors, as well as OECD PWR sub-channel and bundle tests for two-
phase flow verification [14,15]. The benchmark verification provides confidence in the core neutronics driver,
the T-H models, as well as the coupling regime for these two systems in time-independent problems. Some
difficulties were encountered in the convergence of the drift flux solutions, as discussed with some novel
insights. The implementation of further stabilisation techniques will be included in the ongoing development
of BEDOK. Parameters critical to reactor safety margins, such as CHF and DNBR have also been calculated
in the benchmark cases. Future work will include development of time-dependent capabilities, optimisation
of algorithms for efficiency, and further refinement of accuracy. As part of the BEDOK project, cross-section
generation capabilities are also to be developed to enable the analysis of new-generation small modular
reactors, which are the reactor type of key interest in the Southeast Asian region.
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