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The implementation of CMFD acceleration and recent enhancements in STREAM deterministic transport code are
presented in this study. A comprehensive description of the two-level CMFD approach in STREAM is provided,
including its parallelization strategies and iteration algorithms. The main performance improvement comes from
adopting an improved odCMFD method, complemented with code optimization at the programming level. Nu-

merical evaluations against various realistic core problems demonstrate that the adopted odCMFD significantly
improve the efficiency and robustness of CMFD acceleration in STREAM, enabling stable and accurate simula-
tions with coarser meshes and reduced computational time.

1. Introduction

STREAM is a deterministic transport code that employs a method of
characteristics (MOC) to solve the multi-group neutron balance equa-
tion. STREAM is capable to work as a lattice code to generate macro-
group cross section (MGXS) for nodal code in two-step framework [1]
or direct solver utilizing the 3D MOC/diamond-difference (DD) scheme
[2-4]. While the MOC method offers high-fidelity solutions by means of
fine-mesh discretization, it costs thousands of source iterations to
converge when simulating realistic core problems. This challenge can be
resolved using acceleration methods such as the coarse-mesh finite dif-
ference method (CMFD).

First introduced in 1983 [5], CMFD has been widely adopted for
transport acceleration. Its core idea is the use of correction factors to
preserve the net current at the interfaces, allowing the lower-order so-
lution to accurately duplicate the node-wise reaction rates of the
higher-order solution. In this context, the MOC serves as the high-order
solver with fine spatial resolution, while the CMFD method operates as
the low-order solver with a coarser mesh. This correction-based
coupling strategy grants CMFD flexibility to accelerate various
high-order transport solvers, including Monte Carlo [6].

A major drawback of traditional CMFD is its inherent instability in
certain problems, particularly when dealing with optically thick meshes.
Several techniques have been proposed to address this issue. One
straightforward approach is to perform multiple transport sweeps prior
to applying CMFD acceleration [7,8]. While this method can improve
stability, the high computational cost of transport solver may negate the

benefits of CMFD acceleration. Another commonly used technique in-
volves the application of relaxation factor to dampen the
finite-difference diffusion coefficient [9] or the current correction factor
[10]. The first one uses a factor over 1 or known as over-relaxation while
the latter use a relaxing factor less than one (under-relaxation).

Modifying the flux prolongation scheme has also proven effective in
improving stability. Traditional CMFD employs flat prolongation, where
the prolongation is based on the ratio of updated CMFD flux to old CMFD
flux. A more advanced approach which known as IpCMFD interpolates
the flux differences linearly at the coarse-mesh cell edges between the
high-order and low-order solution [11,12]. This approach has been
found to be unconditionally stable, as supported by both theoretical and
numerical analyses [13,14].

Another widely used stabilization method includes the use of the
partial current-based CMFD (pCMFD) method [15]. Unlike the tradi-
tional CMFD, which applies a single correction factor to the net current,
pCMFD uses two correction factors for the partial currents. This
approach ensures unconditional stability regardless of optical thickness.
Effort to generalize the traditional CMFD and pCMFD produce the
optimally diffusive CMFD (odCMFD) method [16]. This method in-
troduces an adjustable parameter into the diffusion coefficient, which is
determined from a specific set of polynomials derived through Fourier
analysis. The odCMFD approach has been shown to yield uncondition-
ally stable solutions with minimal implementation complexity. Studies
[17,18] have found that the optimal value of the adjustable factor varies
depending on the transport method used. Zhou [18] proposed an
improved version of the odCMFD method designed specifically for
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quasi-3D transport methods, aimed at solving 3D problems more effi-
ciently. Since the 3D MOC/DD solver in STREAM can be considered a
quasi-3D transport method, it is worth exploring the adoption of this
improved odCMFD formulation to enhance the performance of
STREAM.

The default stabilization techniques that have been implemented in
STREAM are the odCMFD method which uses the original adjustable
factor proposed by Zhu [16], along with a dynamic under-relaxation
scheme applied to the current correction factor. The value of the
damping factor in this scheme is determined empirically based on the
residual of the fission rate [2]. Moreover, more transport iterations are
performed at earlier stages to ensure the stability of CMFD.

This paper presents the detailed implementation of CMFD accelera-
tion in STREAM direct transport code. The effectiveness of the improved
odCMFD method is evaluated within the STREAM framework. The paper
also discusses code-level optimization which contributes to further im-
provements in the efficiency of the CMFD acceleration process.

2. CMFD in STREAM
2.1. Two-level CMFD formulation

The formulation of traditional CMFD in STREAM follows the widely
used formulation in Ref. [19]. It starts with the multigroup neutron
diffusion formalism:

VD (F) Vb (F) + Zeg (F)y (F) = D (B () + 1 S i (E) ()
(€Y

where Z;, Z; and Z are the coarse mesh cross-section for total, scattering
and fission respectively.

Integrating over a coarse node indexed by m and applying Diver-
gence Theorem to the streaming terms yields the node balance equation:

X,
Z Jg,mnAmn + 2'r.g.m(lbg,m Vm = Zzs,g’g.m¢g,mvm + kizyzf.g,m¢g,mvm
neN(m) §78 o g
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where, N(m) is the set of neighboring nodes to m, Jy 1, is the net current
from node m to node n for group g and A, is the area of node m-n in-
terfaces. The group g refers to CMFD energy group. X, refers to the
removal cross-section which defined as the total cross section minus the
within-group scattering cross section.

The net current holds the high-order solution from transport calcu-

lation through the definition of current correction factor, 5, as follows:
‘]EJ"” = _f)g-mn (4)g.n - (/)g,m) + ﬁ (4’g.n + (/)g,m) (3)

where, D is the node interface diffusion coefficient. From here, the
definition of current correction factor can be written as:

Jg,mn + Egvmrl (¢g‘n - (ﬁg,m)
¢g.n + ¢g,m

This correction factor is the key to the formulation of CMFD as it
ensures the CMFD solution to match the MOC transport solution. Note
that, in the equation, the current and scalar flux are derived from the
MOC transport solver, obtained through condensation from fine to
coarse spatial and energy grids, prior to the construction of CMFD linear
system.

The CMFD net currents are calculated as:

J, gmn — Ziuut‘g.s (5)

semn

D= C))

where, jougs is the partial current on surface s for group g that is
collected during the transport iteration. The surface s refers to six sur-
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faces of the coarse mesh nodes.
The condensation of flux and group constants from fine mesh to
CMFD mesh is given by:
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where, G is the MOC energy group, u is the index for MOC flat source
regions or fine mesh cells and V,, is the volume of a fine mesh cell.

In STREAM, the MOC calculation uses 72 neutron energy groups,
while CMFD acceleration is performed with eight energy groups.
STREAM employs a two-level CMFD approach, where the pin-wise 8-
group CMFD (L1CMFD) serves as the primary driver, further acceler-
ated by the assembly-wise 8-group CMFD (L2CMD). The L1CMFD
coarse-mesh size is equal to pin pitch (about 1-2 cm) while the axial
height is similar with the thickness of MOC plane. For the L2CMFD,
which is the accelerator of L1ICMFD, the coarse-mesh size is equal to
assembly pitch size in radial and ten times bigger than the L1ICMFD in
axial. Fig. 1 shows the flowchart of the two-level CMFD in STREAM.

The assembly-wise flux and group constants are generated from the
pin-wise 8-group spectra via spatial condensation:

ZM(]&G.m Vm
bem = ms27v ®

meM

Z Zx.g‘m(lbg,m Vm
b _ meM 9
TS eV

meM

where M denotes the assembly-sized coarse mesh. Unlike the previous
condensation, which is performed over both space and energy, this
procedure condenses only over space.

For both pin- and assembly-level CMFD, the power iteration method
is employed to solve the eigenvalue problem with the Gauss-Seidel
iterative method serves as the inner solver. At the end of L1CMFD, the
flux solution from CMFD is used to prolong the MOC scalar (¢) and
angular () fluxes using flat prolongation approach:

{/)CMFD,.EW
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A similar formulation is used to update the L1CMFD using the so-
lution from L2CMFD.

2.2. Parallel CMFD via assembly decomposition

The CMFD acceleration module in STREAM employs hybrid MPI/
OpenMP parallelization like other modules such as MOC transport solver
that have been discussed in Ref. [2]. STREAM decomposes reactor core
problems into several domains according to the number of MPI pro-
cesses. The left-hand side of Fig. 2 illustrates an example where 13 as-
semblies are divided into four domains. The primary goal of domain
decomposition is distributing memory allocation across multiple CPU
nodes, which reduces the memory requirement per node. Each domain
may have one or more assemblies distributed across the problem, aiming
for an even distribution based on the computational load measured by
the number of flat source regions. As a result, assemblies within a single
domain may not always be physically adjacent. This approach confines
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Fig. 1. Flowchart of two-level CMFD acceleration in STREAM.
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Fig. 2. Illustration of assembly-wise domain decomposition (left) and planar Red-Black parallelization (right).

13

the size of the problem or the size of the CMFD linear system grids to the utilized.
dimensions of a single assembly. To ensure the continuity of the flux on The work within each assembly is distributed through OpenMP
each assembly interface, the MPI Send and MPI Recv procedures are threads with shared memory. In the CMFD module, the planar grid is the
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target for this parallelization. As a result, the linear system solver that
uses the Gauss-Seidel iterative method should incorporated the planar
red-black ordering scheme to ensure the correctness of the solution. All
red planes are updated first using data from the black planes at counter
k, followed by the black planes using the updated data from the red
planes at counter k + 1 as shown in the right-hand side of Fig. 2. This
approach allows half of total planes to be processed concurrently if the
number of threads matches the required count. In practice, the number
of threads is typically less than the number of simulated planes, so dy-
namic scheduling is used to ensure efficient workload distribution.

2.3. Iteration strategy

Algorithm 1 presents the inner iteration loop of pin-level CMFD in
STREAM. Inter-assembly communication is performed at the beginning
of the inner iteration loop then followed by the assembly loop that it-
erates over the list of assemblies within an MPI process. Inside this loop
the linear system solver routine is invoked five times before proceeding
to the calculation of the flux residual. This strategy was designed to
reduce communication costs, with the value of five is determined
empirically.

Algorithm 1: Inner iteration of CMFD
DO inner=1, 30

Inter-assembly communication
DO Assembly
DO solver=1, 5
DO red-black plane
Compute total source, Q;
¢i(k+l) - A%.'(Q‘ _Z}-:]] AII¢](k+1) _Z'fl=I+1All¢/(“)‘ i=12,..,n
END DO
END DO
END DO
Check flux convergence

END DO

Fig. 3 shows the relative costs of inner iteration and its subcompo-
nent for various number of linear solver invocations on C5G7 bench-
mark problem (unrodded case) [20]. As shown in the figure, increasing
the number of solver calls per inner iteration significantly reduces the
relative cost of communication and flux convergence checking, resulting
in improved efficiency of total inner iteration runtime. The choice of five
solver calls strikes a practical balance, as further increases yield
diminishing returns in cost reduction.

The default global transport convergence threshold in STREAM is set

—o—Inner iteration —e—Linear system solver

—e— Communication

1.6
14
1.2

1
0.8
0.6
04
0.2

0

—e— Convergence check

Relative cost per 1 solver call

# solver call

Fig. 3. Relative cost with varying numbers of solver calls on inner itera-
tion loop.
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to 1E-5 for both eigenvalue and fission source error. The convergence
criteria for the CMFD outer iteration (power iteration) depends on the
most recent transport fission source error. At the initial CMFD calcula-
tion — when MOC is not invoked yet — the threshold is set to 1E-2. For
subsequent CMFD invocations, the threshold is updated to one-tenth of
the previous MOC fission source error. The maximum number of CMFD
outer iterations is limited to 200. For the CMFD inner iteration, the
maximum number of linear solver iterations is set to 30, or it stops
earlier if the flux residual is reduced to half the value of the CMFD fission
source error, whichever occurs first. In practice, the flux usually con-
verges within the 30-iteration limit.

3. Improvement of CMFD in STREAM
3.1. Adoption of improved odCMFD

The odCMFD was initially developed as the generalization for the
traditional CMFD and pCMFD by introducing an arbitrary adjustable
factor, 6,4, into the diffusion coefficient as expressed below:

1
Dopt = 37& + HodA (12)

where, D, is the optimal diffusion coefficient and A is the mesh size.
When 6,4 is set to 0, the diffusion coefficient reduces to that of the
traditional CMFD. On the other hand, setting 6,4 as 0.25 represents the
pCMFD method.

From the developer perspective, this adjustment requires only minor
modifications but can significantly enhance simulation performance.
The value of 0, itself is built from a specific set of polynomials derived
from a Fourier analysis tailored to a particular problem. Initially, a
monoenergetic infinite homogeneous problem was used to define the 6,4
value. STREAM adopted this value.

Recently, work has been done to find more appropriate 6,4 values for
the quasi-3D MOC approach in STREAM. In the quasi-3D approach, the
axial spatial distribution is integrated into the planar MOC equation.
However, research has shown that the radial and axial neutron net
current can impact CMFD acceleration differently in quasi-3D transport
calculations [18]. Consequently, correction terms for the diffusion co-
efficient should be considered separately for the radial and axial di-
rections, resulting in two sets of polynomials listed in Table 1. The a, b, c,
and d is the fitting coefficient which can be found in Ref. [18].

This improved adjustable factor is expected to give computational
gain by allowing larger axial coarse mesh to be used at the cost of
slightly reduced accuracy. It is important to note that in STREAM, both
the MOC and CMFD use identical axial meshes. This implies that opti-
mizing the axial coarse mesh for CMFD could reduce the overall
computational workload.

3.2. Relocation of angular flux prolongation

At the final stage of the CMFD acceleration, the converged multi-
plication factor and flux are transferred to the transport kernel or known
as prolongation. STREAM uses flat prolongation as shown in Equation
(10) and Equation (11) which involves the new and old CMFD flux ratio
for scaling. This ratio is used to prolong the MOC scalar flux and out-
going angular flux. Notably, it has been observed that the prolongation

Table 1
Improved adjustable factor for quasi-3D MOC transport [18].
ea.:irial grzédial
0,%.A < 0.45 0,5,A<175

37 ci(%A) 175 < %A <125

{ 3 a(5A),045 <TA <11 {

max(O.LZ:’ZO bi():tA)i),ZtA >11 max(O,OLZiS:O d,-(ZtA)i),ZtA >125
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of the MOC outgoing angular flux is about ten times more computa-
tionally demanding than that of the scalar flux due to the large numbers
of simulated rays.

Since the outgoing angular flux is required to update the incoming
angular flux before the MOC/DD transport calculation begins, there is an
opportunity to optimize performance by relocating the prolongation of
angular flux from PROLONG_MOC routine in the CMFD module to the
GET _PSI_IN_MPI_RB routine in the transport module. This target routine
is responsible for updating the incoming angular fluxes for each as-
sembly and for managing the MPI communication of these fluxes.

4. Numerical results

The numerical simulations are performed on a CPU node operating in
a 64-bit Linux system with AMD EPYC 7543 processor (2.9 GHz, 2 x 32
cores) and 2 TB memory. All simulations are simulated with 32 MPI
processes.

4.1. C5G7 benchmark

The first test problem is the well-known 3D C5G7 benchmark [20].
There are three sets of simulated configurations: unrodded case, rodded
A case, and rodded B case. The coarse mesh size in the radial direction
corresponds to the size of a pin cell, which measures 1.26 cm x 1.26 cm
for this problem. The MOC option is set to 0.03 cm, 64 azimuthal, and six
polar angles. The axial mesh is equally divided into heights of 1.19 cm,
3.57 cm, and 7.14 cm, resulting on 108, 36, and 18 planes respectively,
for each configuration. The configuration with the largest number of
planes serves as the baseline model for performance and accuracy
comparison. The whole-core problem is simulated in this study, with
vacuum boundary conditions set in all directions.

A test run without CMFD acceleration is first conducted for the C5G7
unrodded case with 108 axial planes. Without acceleration, the number
of transport iterations required to get the convergence solution is 341,
resulting in simulation time up to 23 h. In contrast, simulation with
CMFD acceleration, only needs 8 iterations with total runtime of about
40 min, which is 33 times more efficient. This comparison clearly
demonstrates the importance of CMFD acceleration in enhancing the
convergence rate in STREAM code.

Table 2 lists the performance benefits when using the improved
odCMFD. The number of transport iterations and total execution time
are metrics that are evaluated. For the baseline model of C5G7 problem,
the number of iterations required to solve the problem is larger when
using improved odCMFD. However, as the size of axial mesh is
increased, the advantage of the improved odCMFD became evident.
While the original odCMFD exhibited divergence for coarser meshes, the
improved odCMFD remained stable and successfully converged. Despite
the increase in iteration count when using coarser mesh, the code still
achieves a speedup of up to 2.5 times.

Table 3 compares the C5G7 numerical results between the original
and improved odCMFD in terms of the eigenvalue (keff) and root-mean-
square (RMS) of relative pin power difference. For baseline models, both

Table 2
Performance of original odCMFD and improved odCMFD for C5G7 problems.
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Table 3
Numerical results with original odCMFD and improved odCMFD for C5G7
problems.

Problem Keff Keff Improved Keff RMS of pin
odCMFD odCMFD difference” relative

difference”
C5G7 1.14294 1.14295 1 pcm 0.024 %
unrodded - 1.14306 12 pcm 0.153 %
- 1.14281 —13 pem 0.156 %
C5G7 1.12801 1.12802 1 pcm 0.023 %
rodded A - 1.12812 11 pcm 0.146 %
- 1.12764 —37 pem 0.172 %
C5G7 1.07959 1.07959 0 0.035 %
rodded B - 1.07953 —6 pcm 0.100 %
- 1.07887 —72 pcm 0.169 %

# Compared against baseline model of original odCMFD.

methods deliver comparable results. By reducing the number of simu-
lated planes, it results in deviations of up to 72 pcm and 0.172 % for the
eigenvalue and pin power, respectively.

4.2. Realistic core problems

Three representative large core problems are simulated to evaluate
the implementation of the improved odCMFD method in STREAM code.
The first two problems involve two Korean reactors, OPR-1000 and APR-
1400. Both reactors utilize 16 x 16 assembly lattices with gadolinia as
the burnable absorber. The OPR-1000 core model employed in this study
is adapted from Ref. [3], with marginal modification to the supporting
structure. Simulation is conducted under hot full power (HFP) condi-
tions at the beginning of cycle (BOC), with thermal hydraulic and
equilibrium xenon feedback. The radial and axial configurations of the
OPR-1000 core are provided in Fig. 4.

For APR-1400, the model is developed to closely follow the specifi-
cations outlined in benchmark [21]. Specifically, the simulation repre-
sents the HFP condition at BOC, corresponding to the APR04V06 case
within the benchmark documentation. Neither thermal-hydraulic nor
xenon feedback is considered in this simulation.

In addition to the Korean reactors, the BEAVRS benchmark core [22]
is simulated at the BOC state. This benchmark employs a 17 x 17 as-
sembly lattice, using Pyrex as the burnable absorber material. The boron
concentration in moderator is 975 ppm. Two calculation conditions are
considered for this core: hot zero power (HZP) and hot full power (HFP).
In the HZP scenario, both thermal-hydraulic and equilibrium xenon
feedback are disabled, while these feedbacks are enabled in the HFP
scenario.

All reactor problems analyzed in this study had been previously
simulated using the STREAM code with the original odCMFD formula-
tion and were either verified against Monte Carlo reference calculation
or validated with measurement data. For instance, the OPR-1000
depletion simulation using STREAM was validated against measure-
ment data in Ref. [3], while the BEAVRS benchmark had been verified
and validated in Refs. [2,3] respectively. Verification of STREAM results

Problem Plane height [cm] # of planes odCMFD Improved odCMFD
Iteration Time [min] Iteration Time [min]
C5G7 unrodded 1.19 108 8 40.4 11 49.1
3.57 36 Diverged - 19 29.6
7.14 18 Diverged - 17 15.0
C5G7 rodded A 1.19 108 8 40.3 11 49.0
3.57 36 Diverged - 19 28.8
7.14 18 Diverged - 17 15.5
C5G7 rodded B 1.19 108 8 40.3 11 49.1
3.57 36 Diverged - 17 28.0
7.14 18 Diverged - 25 22.5
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Fig. 4. Core configuration of OPR-1000 reactor: radial view (left) and axial view (right).

for the APR-1400 benchmark is available in Ref. [23]. These prior ver-
ifications and validations demonstrate that the reactor models employed
in this work are representative, providing a reliable foundation for
assessing the improved odCMFD in STREAM.

Table 4 lists the calculation parameters used for the baseline models
of all three reactors. To examine the benefits of the improved odCMFD
approach, two additional models are created for each core, using
maximum axial plane heights of 6 cm and 10 cm. Three cases for each
core problem are executed using STREAM with original odCFMD and
STREAM with improved odCMFD methods.

Table 5 summarizes the computational performance of all cases.
Several key observations can be drawn.

1) For the baseline cases, the computational cost of both methods is
comparable across all problems.

2) When the axial resolution is reduced, the original odCMFD fails to
converge due to divergence in CMFD acceleration.

Table 4
Calculation parameters for realistic core problems.
Parameter OPR-1000 APR-1400 BEAVRS
Core symmetry Octant Octant Octant
# of assemblies 41 48 43
Ray spacing/azi. angle/pol. angle 0.05/48/6 0.05/48/6 0.05/48/6
Max. plane height 3cm 3cm 3cm
# of axial planes 197 182 181
# of axial planes in active region 169 136 145
Fuel pin (rings/sector) 2/8 3/8 3/8
Gd pin (rings/sector) 10/8 10/8 -
Total FSRs 68,686,808 92,189,370 88,820,139

Table 5
Performance of original odCMFD and improved odCMFD for realistic core
problems.

Problem Max. plane # of odCMFD Improved odCMFD
height planes . ) X .
[em] Iteration Time Iteration Time
[hr] [hr]
OPR- 3 197 23 8.5 23 8.6
1000° 6 106 Diverged - 22 4.9
10 65 Diverged - 22 3.4
APR-1400 3 182 10 5.7 10 5.3
6 114 Diverged - 12 3.9
10 65 Diverged - 20 3.7
BEAVRS 3 181 10 4.6 10 4.3
HZP 6 115 Diverged - 12 3.2
10 68 Diverged - 24 4.0
BEAVRS 3 181 23 11.4 24 11.0
HFP* 6 115 Diverged - 23 7.1
10 68 Diverged - 24 5.0

# Thermal-hydraulic and equilibrium xenon feedback is applied.

3) In problems with cross-section feedback, coarse mesh simulations
with improved odCMFD require a similar number of iterations as the
corresponding baseline cases. As a result, computational speedup is
nearly proportional to the reduction in the number of planes, leading
to substantial savings in computational time.

In problems without cross-section feedback, coarse mesh simulations
with improved odCMFD require more iterations to converge. This
limits the overall runtime speedup compared to cases with cross-
section feedback, though improvements are still evident.

4

—

Taken together, these results demonstrate that the improved
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odCMFD method achieves robust convergence across all cases while
maintaining computational performance that is either comparable to or
better than the original odCMFD. The efficiency benefit is especially
notable in cases with cross-section feedback, where the reduction in the
number of axial planes translates almost directly into computational
speedup.

Table 6 compares the numerical results between the original
odCMFD and improved odCMFD in terms of the eigenvalue (keff) and
RMS of relative pin power difference. For cases employing fine axial
meshes, both methods show comparable results, with eigenvalue dif-
ference within 3 pcm and RMS difference below 0.03 %. Slight dis-
crepancies are observed when the axial resolution is reduced, with
maximum eigenvalue difference of 12 pcm and RMS difference of about
0.1 %.

Figs. 5 and 6 provide a more detailed comparison of pin power dif-
ferences for two Korean reactor cores and the BEAVRS core problems,
respectively. These figures depict the relative differences per pin,
calculated as (coarsest case with improved odCMFD/finest case with
original odCMFD) - 1. This means that a positive value indicates the
coarse mesh model overpredicts the fine mesh model, while a negative
value indicates underprediction. Problems without cross-section feed-
back display more visible differences with an in-out tilt pattern, while
cases with cross-section feedback appear more flattened with more
localized differences in assemblies containing burnable absorber. This
behavior stems from the coarser axial mesh, which affects axial
streaming in the MOC/DD transport as both CMFD and MOC rely on the
same axial discretization. Nevertheless, given the computational ad-
vantages, these slight differences are justified.

Overall, these results demonstrate that the implementation of
improved odCMFD in STREAM is more robust than the original, as it can
handle coarser mesh sizes in the axial direction. More importantly, it
allows high-fidelity simulations with cross-section feedback to achieve a
significant speedup without compromising numerical accuracy.

4.2.1. Impact of relocating angular flux prolongation

To assess the impact of relocating angular flux prolongation kernel,
timers are set to the PROLONG_MOC and GET_PSI_IN_MPI_RB routines.
Two problems are considered, OPR-1000 and BEAVRS HFP, each
modeled with a maximum height of 10 cm. Table 7 shows the runtime of
each routine before and after implementing the relocation. All simula-
tions are run twice.

Relocating the angular flux prolongation kernel leads to a substantial
reduction in the runtime of the PROLONG_MOC routine, confirming that
the angular flux prolongation is the dominant contributor to its
computational cost. These improvements remain consistent between
runs. On the other hand, the runtime of the GET_PSI_IN_MPI_RB routine

Table 6
Numerical results with original odCMFD and improved odCMFD for realistic
core problems.

Problem # of Keff Keff Keff RMS of pin
planes odCMFD Improved difference” relative

0dCMFD difference”
OPR- 197 0.96930 0.96930 0 0.012 %
1000" 106 - 0.96925 —4 pcm 0.035 %
65 - 0.96920 —10 pcm 0.055 %
APR- 182 1.00970 1.00967 —3 pcm 0.032 %
1400 114 - 1.00963 —7 pcm 0.068 %
65 - 1.00958 —12 pcm 0.109 %
BEAVRS 181 0.99925 0.99925 0 0.010 %
HZP 115 - 0.99922 —3 pcm 0.061 %
68 - 0.99920 —5 pcm 0.110 %
BEAVRS 181 0.95862 0.95865 3 pcm 0.030 %
HFP" 115 - 0.95858 —4 pcm 0.024 %
68 - 0.95854 —8 pcm 0.050 %

# Compared against baseline model of original odCMFD.
Y Thermal-hydraulic and equilibrium xenon feedback is applied.
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exhibits noticeable variations between runs. This variability arises due
to the algorithm implemented in STREAM when decomposing the
reactor core. In STREAM, the number of domains is equal to number of
MPI processes, with minimum size of domain is an assembly. STREAM
algorithms allow a domain to have assemblies that separated each other.
By allowing domains to consist of separate, not necessarily adjacent
assemblies, the combinatorial possibilities for balanced decomposition
increase, making it easier to optimize the load distribution. This algo-
rithm makes the location of assembly within domains may differ be-
tween runs.

Prior to relocation, the PROLONG_MOC routine accounted for about
6 % of the total CMFD runtime in the OPR-1000 case and 5 % in the
BEAVRS HFP case. These values are relatively small compared to the
CMFD solver routine, which occupies up to 75 % of the total CMFD
runtime. After relocation, considering only the improvements within the
CMFD module, the runtime is reduced by approximately 14 s for the
OPR-1000 problem and 19 s for the BEAVRS HFP problem, lowering the
contribution of PROLONG_MOC to around 0.6 % for both cases.

For realistic core problems such as OPR-1000, APR-1400, and
BEAVRS simulated in this study, CMFD itself represents only about 3-4
% of the total simulation time, with over 80 % of the computational cost
associated with the MOC/DD transport. However, recent work has
shown that GPU acceleration of the MOC/DD transport significantly
increases the relative share of the CMFD module in the global runtime
[24]. Furthermore, the CMFD solver runtime can also be substantially
reduced through GPU optimization [24]. In that sense, minimizing the
PROLONG_MOC runtime within the CMFD module becomes increas-
ingly valuable.

Overall, this optimization provides measurable improvement to the
PROLONG_MOC routine while introducing only a minimal, if any,
overhead to the GET_PSI_IN_MPI RB routine. Importantly, this refine-
ment introduces no numerical deviations, since no additional mathe-
matical operations are involved in relocating the angular flux
prolongation.

5. Conclusion

This paper revisits the implementation of CMFD acceleration in
STREAM and the recent improvements of it. The formulation and
workflow of the two-level CMFD approach are detailed. The radial
decomposition in STREAM allows CMFD linear system to be solved per
assembly. The flux solution within an assembly is obtained using the
Gauss-Seidel iterative method, which is parallelized via planar red-black
scheme with OpenMP threads. To maintain solution continuity across
the entire core, flux information is exchanged between assemblies using
MPI communication. To mitigate communication overhead, a strategy
involving multiple linear solver calls within a single iteration loop is
employed.

The improved CMFD method has been implemented in STREAM to
enhance the performance and robustness of CMFD acceleration. This
improvement is complemented with fine-tuning at the programming
level by relocating the prolongation of angular flux from CMFD module
to transport module.

The numerical results demonstrate significant improvements in the
computational efficiency of STREAM. The improved odCMFD method
enables stable and accurate simulations even with coarser axial meshes,
providing substantial speedups without compromising numerical accu-
racy. Relocating the angular flux prolongation kernel further improve
the CMFD runtime without affecting numerical accuracy. Collectively,
these improvements make STREAM more efficient for large-scale reactor
simulations, while ensuring high-fidelity solution.
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Table 7
Comparison of runtime before and after relocation of angular flux prolongation.
Problem Before relocation After relocation Time savingb [s]
PROLONG_MOC [s] GET_PSLIN_MPI RB [s] Total® [s] PROLONG_MOC [s] GET_PSLIN_MPI RB [s] Total® [s]
OPR-1000 16.5 242.4 258.9 1.8 258.6 260.4 -1.5
OPR-1000 (rerun) 16.6 238.8 255.4 1.7 242.7 244.4 11
BEAVRS HFP 21.2 298.7 319.9 2.5 302.9 305.4 14.5
BEAVRS HFP (rerun) 21.0 291.7 312.7 2.5 285.5 288 24.7
@ Total is PROLONG_MOC + GET_PSI_IN_MPI RB.
b Time saving is Total before relocation — Total after relocation.
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