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Abstract

Nowadays various coupling strategies have been developed to combine the strengths of
different numerical methods in computational fluid dynamics (CFD), among which the
coupled algorithm of the lattice Boltzmann-finite volume method (LBM-FVM) has gained
widespread attention. However, research on parallel optimization of LBM-FVM coupled
solvers remains limited, mostly focused on independent solvers. In this work, we proposed
a flexible framework and optimization schemes to explore the coordinated balance of
accuracy-efficiency-hardware adaptability. First, we designed a processor layout strategy
to address load imbalance and communication redundancy in the coupled solver. We then
developed several parallelization techniques, including LBM restructuring, data reuse, and
SIMD optimization for targeted kernels on the most advanced architecture of the Sunway
series in China, namely SW26010P heterogeneous many-core processors, which provide
hardware architectural advantages well suited for large-scale parallel computational fluid
dynamics. Finally, the accuracy of the LBM-FVM coupling simulations was validated
through benchmark simulations of 2D /3D lid-driven cavity flow. The results show that
our LBM-FVM coupling solver can accurately capture flow characteristics, with vortex
structures consistent with experimental data. Additionally, we achieved a 152 x speedup
for the LBM solver and a 126 x speedup for the coupled simulation compared to the
standalone FVM simulation on the New Sunway supercomputer system. Our approach
marks a milestone in the field of LBM implementations and provides a promising future
for coupled algorithms in CFD.

Keywords: CFD; LBM-FVM method; parallel optimization; heterogeneous system

1. Introduction

Numerical coupling algorithms have been increasingly applied in fields such as multi-
scale simulation and heat transfer. As the demand for higher computational accuracy and
efficiency continues to grow, it is necessary to adopt differentiated modeling strategies for
different regions to achieve more precise physical process descriptions. These algorithms
typically require high spatial and temporal resolutions, which in turn significantly increase
computational costs under the same physical scale. Therefore, developing highly efficient
and scalable numerical coupling frameworks that can fully leverage the advantages of
supercomputing architectures has become an essential task in industrial applications.
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Nowadays, various coupling strategies have been developed to employ the most
suitable numerical method in each computational region and obtain the global solution
through interface information exchange. For example, the MD-FVM [1] hybrid method
links the microscopic interfacial mechanisms revealed by molecular dynamics simulations
with the macroscopic flow and temperature fields described by the finite volume method,
providing a key multiscale simulation approach for investigating phenomena such as
thermal convection at the nanoscale. The MD-LBM [2] coupled algorithm achieves over
a 90% improvement in computational efficiency while preserving consistency with pure
molecular dynamics results, showing strong potential for studying complex multiscale
phenomena with dynamic coupling across multiple scales. The DSMC-FVM [3] coupled
algorithm performs effectively in handling rotating flows with multiple components and
non-uniform mass fraction distributions, significantly reducing computational cost and
demonstrating strong potential for applications in complex flow problems. Among various
coupling algorithms, the LBM-FVM coupling integrates macroscopic continuum fields with
microscopic particle dynamics, enabling efficient cross-scale simulations. This coupling
strategy has demonstrated good applicability in engineering numerical simulations. Ex-
isting studies have applied it to the numerical solution of coupled radiation-convection
heat transfer in complex geometries, as well as to the development of hybrid solvers for
two-phase flows [4,5]. These problems are characterized by multiscale transport processes
and geometric complexity.

While great advantages are expected for LBM-FVM coupling simulations in multiscale
and multi-domain coupled simulations, the parallel optimization of LBM-FVM coupled
simulations faces challenges in multiple aspects. On one hand, LBM and FVM exhibit
inconsistencies in mathematical modeling, discretization schemes, and boundary condition
handling, leading to highly complex communication between individual computational
modules as well as between the core software and its supporting tools. This necessitates
the establishment of unified, standardized data interfaces to enhance the software’s main-
tainability and robustness. On the other hand, the computational characteristics of LBM
and FVM differ significantly: LBM inherently possesses data parallelism but is sensitive to
memory bandwidth, whereas FVM relies on the exchange of neighboring information in
control volumes and features a higher computation-to-memory access ratio. Traditional
single-core or small-scale parallel architectures struggle to simultaneously meet the com-
puting power requirements of both methods, resulting in increasingly prominent efficiency
bottlenecks in coupled simulations.

Meanwhile, the architecture of supercomputers has undergone a subtle yet distinct
shift, gradually transitioning from homogeneous systems to heterogeneous systems. Within
heterogeneous architectures, coprocessors or accelerators contribute approximately 90%
of the total computing potential; therefore, fully leveraging the computing performance
of slave cores is crucial for improving computational efficiency. However, the inherent
collaborative parallelism of LBM-FVM coupled simulations imposes unique demands on
hardware resource scheduling, which specifically requires addressing three critical issues:
(1) load balancing of computational tasks between LBM and FVM; (2) latency control in
cross-method data communication; and (3) memory access optimization under hetero-
geneous architectures. Currently, research on the parallelization of coupled simulations
predominantly focuses on individual methods, with no systematic design yet established
for the collaborative parallelism of coupled algorithms. Furthermore, during many-core
acceleration, mismatches frequently arise between the computational characteristics of the
two methods and the hardware architecture, which not only leads to low utilization of
hardware computing power but also impedes the full release of the performance potential
of many-core hardware.
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To address the aforementioned challenges, we target the optimization of our self-
developed LBM-FVM coupled solver on the New Sunway supercomputer. By fully exploit-
ing the advantages and high parallelism of this many-core system, we aim to construct a
flexible and highly parallelizable CFD numerical computation method. The major contribu-
tions of our study include:

(1) We exploit a flexible framework with integrated architecture. In our framework,
the two numerical approaches can be individually adopted or coupled, and different region
data can be converted, interpolated, and reconstructed at the interfaces to obtain the entire
full solution.

(2) We implement a dynamic parallelization mapping strategy to balance the computa-
tions and communication between LBM and FVM subdomains.

(3) We propose a multilevel parallelization scheme and SIMD acceleration closely
combined with the underlying hardware on the New Sunway system for LBM.

To assess the efficiency of our implementation, we tested our optimization of LBM
and coupling simulations on the Chinese New Sunway supercomputer system. The results
demonstrated a maximum speedup of 152x for LBM-LES and a maximum speedup of
126 x for the coupling simulation compared to the single FVM simulation.

2. Related Works
2.1. The Current State of LBM-FVM Coupling

The coupling of the FVM and LBM combines the efficiency of FVM in solving macro-
scopic continuum equations with the capability of LBM to capture mesoscopic physical
mechanisms, providing a powerful numerical tool for investigating complex flow problems.
Xu et al. [6-8] derived a distribution function reconstruction algorithm and established an
analytical relationship between macroscopic variables and mesoscopic variables in LBM.

Subsequently, following the idea of partitioned coupling, He and Tao [9] developed
the CFVLBM numerical coupling code and conducted multi-scale simulation cases on six
heat transfer and fluid flow problems. The study found that for multi-scale processes,
the “partitioned solution with interface coupling” method converges several orders of
magnitude faster than using a unified mesoscopic or microscopic numerical method to solve
the entire computational domain. Luan et al. [10] verified the correctness of the coupled
simulation and conducted thermal convection analysis based on the two-dimensional
lid-driven cavity flow. Chen et al. [11,12] also reported their work on distribution function
reconstruction. Tong et al. [13] reviewed multi-scale methods used to couple particle-based
mesoscopic methods.

In 2012, Xu et al. [8] extended the experience from two-dimensional simulations to
three dimensions and performed thermal convection simulations for three-dimensional
lid-driven cavity flows. Luan et al. [14] systematically studied the performance of the
coupling scheme between FVM and LBM through three cases. The test results showed that
CFVLBM has higher efficiency than the multi-block LBM. Li et al. [15] proposed an LBM-
FVM coupling algorithm for fluid flow and heat transfer at full-domain. In their method,
LBM is applied to solve natural convection and heat transfer, and FVM is responsible for
velocity. A variety of FVM-LBM coupling strategies have been proposed, each designed
to address particular challenges in fluid dynamics simulations. However, most existing
studies focus on distribution function reconstruction and validation under low-Reynolds-
number conditions, while parallel implementations of coupled algorithms remain limited,
with the majority of efforts concentrated on accelerating the individual methods. Zou
et al. [16] investigated the techniques of LBM-FVM coupling for viscoelastic flows and
conducted a theoretical analysis on homogeneous acceleration. Zhou et al. [17] mainly
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focused on parallel acceleration under homogeneous computing environments and low-
Reynolds-number conditions.

In the LBM-FVM coupling framework, distribution function reconstruction is a critical
step. As a mesoscopic numerical method, LBM exhibits inherent information incomplete-
ness when particle distribution functions are reconstructed from macroscopic variables.
Xu et al. [8] investigated the effects of grid resolution and Reynolds number on the L.2/L-
inf norms in the reconstruction process, while Latt et al. [18] examined the stability and
Reynolds number applicability of different distribution function reconstruction operators,
showing that the second-order nonlinear reconstruction operator achieves the highest accu-
racy at high Reynolds numbers. In the present study, the nonlinear distribution function
reconstruction operator in the aforementioned work is adopted, and the reconstruction
formula is given as follows:
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In summary, the coupling of FVM and LBM has become a key pathway to overcoming
the limitations of single methods and achieving high-resolution simulations of complex
interacting physical processes. However, research on parallel computing for such coupled
algorithms remains limited, leaving significant opportunities for further investigation.

2.2. Advances in Parallel Acceleration for CFD

With the increasing demand for high-precision simulations in industry, CFD faces
rapidly growing grid sizes and model complexity, posing significant computational chal-
lenges. To address these challenges, parallel computing has evolved from early CPU-cluster
MPI implementations based on grid partitioning for load balancing to modern multi-core
and heterogeneous architectures [19] that achieve further acceleration through optimized
load distribution and communication overlap [20]. Building on these advances, the com-
putational requirements of CFD continue to grow with the increasing complexity of CFD
problems. For example, in high-Reynolds-number ship hydrodynamics simulations, the
RANS/DES turbulence models require grid sizes ranging from millions [21] to tens of
millions [22] for model-scale simulations and from tens of millions to hundreds of millions
for full-scale ship simulations [23]. Compared with RANS, LES demands substantially
higher grid resolution. In high-fidelity simulations of complex high-Reynolds-number
flows, studies have reported problem sizes of approximately ten billion degrees of freedom,
illustrating the massive grid requirements of LES [24,25]. The exorbitant computational
cost of DNS stems from its extremely high-resolution requirements. The number of grid
points needed for full-scale ship simulation is extremely high, making it unfeasible both
currently and for the foreseeable future [23].

Significant breakthroughs have been achieved in the parallel acceleration of FVM
across CPU, GPU, and heterogeneous architectures. On the CPU side, high efficiency and
scalability have been realized through hybrid parallelization and architecture optimization.
For example, Afzal et al. [26] achieved a 1.8 x speedup on multi-core CPUs using OpenMP
with the RBSOR scheme for FVM-based flow simulations on grids up to 40,804 cells. In
GPU acceleration, Wang et al. [27], based on the Kokkos framework, obtained speedups
exceeding 400 x on hardware such as RTX 4090 and A100, and Afzal et al. [26] achieved
a speedup of approximately 200x on 2048 CUDA cores. In heterogeneous computing,
Xue et al. [28] proposed a cooperative computing strategy for FVM solvers that dynam-
ically distributes the workload between CPU and GPU based on a performance model.
On million-cell grids, it achieved up to 1.18 x speedup, markedly surpassing pure GPU
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performance. These results demonstrate the outstanding performance and scalability of
FVM on heterogeneous supercomputing platforms.

The parallel development of LBM has followed a clear technological trajectory from
CPU to GPU and then to heterogeneous co-processing. Early studies achieved notable
results on CPU clusters using MPI + OpenMP hybrid programming. For instance, Kérner
et al. [29] achieved near-linear strong scaling on 64 cores. In addition, Schornbaum and
Riide [30] completed simulations on 886 billion grid points with nearly 2 million threads,
reaching a peak performance of 889,602 MLUPS. During the GPU acceleration stage, Meng
et al. [31] performed full-process GPU parallelization of an improved LBM, achieving
a maximum speedup of 92.96x on a problem with 33,000 grid nodes. In the heteroge-
neous computing stage, Tao et al. [32] implemented large-scale LBM simulations on the
“Dongfang” supercomputer using MPI, OpenMP, Pthreads, and OpenCL. By employing
dynamic task partitioning and load-balancing strategies, they enabled coordinated CPU-
DCU execution, achieving up to 4x performance improvement over the unoptimized case
in simulations with grids on the order of one billion and a 20x speedup compared with
32-core CPU-only computations. Kummerldnder et al. [33] also realized cooperative LBM
computations on CPU-GPU heterogeneous systems. Their numerical experiments, cover-
ing grids from one million to several hundred million nodes, demonstrated performance
improvements of up to 87% relative to traditional GPU-only approaches.

Overall, the parallel acceleration performance of LBM is significantly superior to that
of FVM. Existing studies on acceleration have mainly focused on the implementation of
individual algorithms on CPU-GPU heterogeneous platforms, while research on parallel
optimization of coupled algorithms in heterogeneous environments has yet to be conducted.

2.3. Current State of New Sunway Supercomputer

With the growing demand for large-scale high-performance computing in scientific
simulations, the new Sunway heterogeneous supercomputer delivers cutting-edge perfor-
mance and excellent scalability. The system is built on the SW26010P processor (National
Research Center of Parallel Computer Engineering and Technology, Wuxi, China), an evolu-
tion of the SW26010, which provides higher computational density and expanded memory
capabilities. Each chip contains six core groups (CGs) connected via an on-chip network
(NoC). Within each CG, there is one management processing element (MPE) and 64 com-
puting processing elements (CPEs) arranged in an 8 x 8 configuration, all supporting SIMD
instructions for efficient vectorized operations.

The memory subsystem of each node includes 96 GB of DDR4 memory, allocated
evenly among the six CGs. Each CPE possesses a 256 KB Local Data Memory (LDM) that
acts as a user-controlled scratchpad, while the MPE and CPEs share the main memory.
Transfers between the main memory and LDM can be performed through DMA or global
load/store operations, with theoretical bandwidths reaching up to 307 GB/s for DMA and
460 GB/s for RMA. This design enables flexible data movement and scalable parallelism,
providing a foundation for applications to achieve exascale-level performance.

3. Key Innovations
3.1. Framework of LBM-FVM

Our framework provides a flexible solution for CFD simulations through integrated
architecture. The two numerical approaches may be adopted individually or coupled, as
depicted in Figure 1. Designed as a comprehensive end-to-end simulation platform, it
integrates three closely interlinked components: a preprocessing module, a supporting
model, and a CFD solver. In the preprocessing module, the parallel partitioner includes
PE layout between regions and domain decomposition in subregions. Flow and mesh
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initialization includes FVM and LBM data structures and field input and preprocessing.
The coupled solver incorporates an FVM solver (MarineFlow v2.6; China Ship Scientific
Research Center, Wuxi, China), an LBM solver (SWLBM v1.0; National Supercomputing
Center in Wuxi, Wuxi, China), and an interface setting and interpolation model.

Preprocessing
i Flow Initialize { Mesh Initialize { | Parallel Partitioner |
LBM-FVM Solver
FVM solver

Macro2micro interfaces

setting and interpolation

FVM | FVM

Source | Target

grid grid

i Phy Bounda y
Inter Inter
t polation polation
LBM solver search search

LBM LBM

Update Tar.get Soufce

LBM grid grid

Micro2macro interfaces

setting and interpolation

Supporting model

gParallel l/OE Restart | i Postprocessing i Threads acceleration ;

Figure 1. Framework of LBM-FVM.

In the preprocessing module, we initialize the physical characteristics of the macro-
scopic algorithm and the mesoscopic algorithm and handle geometry ingestion through
multi-format support. Then flexible domain decomposition is automatically configured
according to the computational load of each domain and the total number of parallel
processes. The communication modules and initialization are also realized.

In the LBM-FVM solver, the collocated grid is adopted. In FVM, the SIMPLE algorithm
is used to break down the strong coupling between pressure and velocity. While in LBM,
the solver adopts the D3Q19 discretization scheme and performs collision-propagation
operations over the simulation time. In the interface setting and interpolation module,
data conversion and transmission are performed. When coupling the FVM to LBM, infor-
mation along the interface boundary is converted and transformed using the proposed
reconstruction operator, and then LBM simulation is carried out in the LBM subregion.
Once a temporary solution is obtained in LBM, macro variables are converted from LBM to
the FVM solver in the LBM2FVM boundary. Additionally, a hybrid parallelization strategy
that maximizes hardware utilization is employed.

When a certain number of iterations are completed or the simulation time ends,
we launch the parallel I/O for output or restart, facilitating subsequent data processing,
visualization, and analysis.

3.2. Processor Layout Strategies

Our LBM-FVM solver is a single executable program. Each model component under-
goes autonomous evolution and modification, as well as seamless data interchange. Thus,
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the alterations in the entire system are reliant not just on the relatively autonomous evolu-
tion and modification of each model component but also on their interrelationships and the
collective behavior they create. To optimize the global performance of the solver, we first
design a multi-group partition strategy and then implement a multilevel parallelization
and optimization strategy for the subdomains based on the New Sunway system.

3.2.1. Processor Layout Between Subdomains

During the execution of the coupled LBM-FVM solver, the constituent components ad-
vance in time through integration, with periodic interruptions for interface data exchange.
Meanwhile, each solver receives the field data from the other solver, performs computa-
tions, and subsequently transmits the processed fields back to the respective solver. The
coupling simulation has significant flexibility with respect to the layout of solvers across
different hardware processors, as Equation (2) shows. TPgom denotes the computational cost
within a subdomain, TPgomm denotes the intra-subdomain communication cost, T Geomm
denotes the inter-subdomain coupling communication cost. The computational and com-
munication times within a subdomain depend on the total number of processes allocated
to that subdomain and the manner of domain decomposition, while the inter-subdomain
communication and computational performance are determined by the number of cou-
pling boundary cells and the process configuration across subdomains. For intra-process
computations, we adopt the typical two-dimensional domain decomposition scheme [34].
The total simulation time is determined by the individual performance of each subregion
and processor (PE) layout configuration between regions.

g 4
T =Y 8" (TP + TPiomm) + TGeomm @)

In this paper, we developed a significant flexibility PE layout. First, we adopt PE
splitting to match the predicted timing information of each solver, and then we assign a
unique MPI communicator for each solver. In addition, the interface boundary exchange is
performed only on the union of responsible processors. By controlling these communicators,
the two solvers can be executed sequentially, concurrently, or in a hybrid manner. Figure 2
shows three PE distributions for a 3D block.

(d)

Figure 2. Optional PE distributions in LBM-FVM: (a) Computational domain; (b) PE layout 1; (c) PE
layout 2; (d) PE layout 3.

For a given configuration across varied processor counts, the PE layout strategy can
effectively improve load balancing for subregions and enable our program to take full
advantage of the hardware resources. We have tested two multi-domain partitioning
strategies for the coupled domains. Strategy 1, the cooperative partitioning approach,
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embeds the FVM grid within the overall LBM grid partition, resulting in an uneven
distribution of LBM and FVM grids across processes, as illustrated in Figure 2b. Strategy
2, the grouped partitioning approach, partitions the LBM and FVM grids separately and
distributes them evenly within process groups, achieving better load balance, as shown
in Figure 2c. Test results indicate that a full-domain FVM simulation of 100 steps requires
2484.45 s on the New Sunway supercomputer. In the coupled mode using multi-domain
partitioning Strategy 1, the runtime is reduced to 467.71s, and further decreases to 103.40 s
using Strategy 2, demonstrating a significant improvement in simulation performance. It is
worth mentioning that changing the processor layout of the solvers has no impact on the
scientific results.

3.2.2. Domain Decomposition for Subregions

For the structured subregion of a single solver, we decompose the grid into multiple
subgrids along two high-dimensional directions, with one subgrid assigned to each proces-
sor. Both LBM and FVM simulations fall into the stencil-like category, and each subgrid
includes a partition boundary to meet the data requirements of the stencil, as illustrated in

Figure 3.
\ H L [
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\
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\ \ !
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(a) 2D processor mesh for block grids (b) Partition subdomain and HALO boundary (¢) Communication for Halo boundary

Figure 3. A 2D domain decomposition for subregion.

In structured grids, the boundary data lies among adjacent processors in the same
row or column, that is, each processor needs to communicate with up to 8 adjacent pro-
cessors to update boundary data. To reduce communication latency, we reorder the data
communication mode:

First, we package the communication data for the X-dimension and complete inter-
processor communication along the X-direction. At this point, the data from the corner
processors are ready and are contiguous in the top and bottom neighbor processors. There-
fore, we transmit additional corner data when performing boundary communication along
the Y-direction. Additionally, we further employ an MPI non-blocking communication
mode to improve performance.

3.3. Parallelization Design for CPEs on the New Sunway System
3.3.1. Redesigning of LBM

The collision and propagation operators represent the most critical computational
hotspots in LBM. The collision operation is local and neither depends on nor requires
information from other grid points. The streaming process is stencil-like and needs the
distribution functions from the neighboring cells. To ensure data consistency between
processes, a boundary region is introduced to store the distribution functions of the existing
subdomains, which is referred to as HALO cells. In one iteration step, the LBM program is
implemented by alternately executing collision, propagation, communication, and so on.
As described in [35], the CPEs of SW26010P only support part of the instruction sets and
data transferred to the MPE. This process incurs two types of time overhead:
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(1) MPI communication cost.

(2) Data transfer cost between main memory and device memory.

As we know, the limited memory bandwidth and communication are major factors
affecting overall performance. To address these limitations, we restructure the computa-
tional workflow of LBM and implement an optimization strategy of “trading computing
for communication”, as illustrated in Figure 4.

l Comm
Bdy2| Bdy2 Bdy2
R|{R|R|R|R|R|R|R|[R|R F|F|F|F|F| F| F| F| F|F C
R R F F
o
R R F F
F o m
R R F F
® Inner] R ¥ Inner F - Inner| bl
R R F F C
R R B F o
R R F IF m
R R} _w Bdylg {r F m
R|R|R|R|R|R|R|R|R|F] ™ |r|e| | e| E| | F|E[F Bdyl
[
First step Sencond step TComm
(a) Streaming and collision for 2 steps in CPEs (b) Communication for Bdy1l and Bdy2

Figure 4. Restructured the computational workflow of LBM.

In our implementation, two layers of HALO boundaries are set in LBM. This configura-
tion is determined by a trade-off between the distribution function reconstruction algorithm
and computational efficiency. The nonlinear velocity distribution function reconstruction
method adopted in this work (see Equation (1)) explicitly incorporates flow field gradient
terms during the reconstruction process. To ensure reconstruction accuracy at the interface,
the gradient terms are discretized using a second-order central difference scheme. Under
this discretization, the stencil required for the central difference computation demands at
least two layers of grid points near the interface; therefore, two HALO layers are set in the
LBM subdomain accordingly. Further increasing the number of HALO layers does not pro-
vide essential improvements in numerical stability or consistency but increases the number
of grid points involved in each timestep, thereby introducing additional computational
and communication overhead. A similar three-layer overlapping setup is employed in
the design of the FVM2LBM subdomain, where the choice is likewise based on the stencil
requirements of the employed algorithm and the accuracy requirements at the interface.

At an even time step, naive communication and HALO cell updating are performed
with data from neighboring subdomains. Then the collision and streaming functions of
two iteration steps are merged and transformed to the CPEs. By virtue of the locality
of LBM, we obtain fully correct distribution functions in the first inner loop for the blue
HALO boundary layer and inner domain, while in the second inner loop, the distribution
functions in the inner domain are also consistent. As subsequent data communication is
performed, it does not matter whether the data for the blue HALO boundary in the second
loop step is correct or not. The original communication and computation workflow are also
retained for handling scenarios where Nstep is not divisible by 2. After restructuring, the
communication and one data transfer process are reduced by half.

3.3.2. Memory Access Optimization Strategies

On the SW26010P processor, the high-efficiency Local Data Memory (LDM) on the
Computing Processing Elements (CPEs) has a limited capacity of 256 KB. The LDM is
precious and cannot hold all required data. Therefore, a finer blocking scheme and data
reuse are crucial for the CPEs to achieve better performance for various applications.
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Assuming NCELL stands for the grid cell numbers, NL denotes the dimension of the
low-dimensional space, PBit represents the number of bytes occupied by the type, and N
refers to the number of arrays allocated on CPES. The formula is ensured as follows:

Y NCELL x NL x PBit < MEM_LDM (3)

Based on Equation (3), we can get the maximum cell blocks copied to the LDM using
one DMA operation. Since data are stored contiguously along the z-axis, the cells are
divided into multiple cuboidal blocks in the z direction. Subsequently, the partitioning of
CPE tasks is carried out along the X-dimension. The refined blocking strategy at the CPE
level guarantees improved DMA bandwidth utilization and balanced load distribution
across CPEs.

Furthermore, the stencil-like data computing is processed sequentially, and most of
the read-only data are repeated between steps. This creates the opportunity for data reuse
and data sharing among CPEs. As shown in Figure 5, data reuse is performed cyclically
along the Y-dimension.

Loop 0 Loop 1 Loop 2
Collision and streaming Collision and streaming Collision and streaming
4
|
/
' VAN /
Copyin Copyout Copyout  Copyin Copyout Co;;yin

{_} Copyout

.

|| Reuse D Copyin {::E Collision and streaming

Figure 5. Data reuse strategy of LBM.

In the merged collision and streaming implementation, 4/5 of the data can be reused
for the first collision-propagation step, while 2/3 of the data can be reused for the second
collision-propagation step. Additionally, a grid network and a low-latency communication
mechanism called Remote Memory Access (RMA) are also employed in the X direction,
which enables fast data sharing among CPEs.

3.3.3. Vectorization

Vectorization is a key optimization technique in high-performance computing. It
enables parallel processing of data arrays by converting multiple scalar instructions into a
single vector instruction. On the SW26010P processor, 512-bit vector registers are supported
to hold 8 double-precision data at once, and operations can perform the same computation
on these elements simultaneously. The vector registers can significantly improve computa-
tional efficiency and reduce the number of instructions executed, but they face challenges
with data alignment and dependencies.

To navigate through the thorns of hardware constraints and software compatibility,
we expand the directions of a cell to ensure that data are naturally 512-bit aligned and then
employ it for shuffling instructions. As shown in Figure 6, we realize transposition and
decouple the data dependencies and fully unleash the hardware’s computational potential.
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Figure 6. Data shuffling on SW26010P.

4. Experimental and Performance Results
4.1. Correctness Test for LBM-FVM Solver

Lid-driven cavity flows are not only technologically important but also of great sci-
entific interest, exhibiting many kinds of fluid mechanical phenomena. In this paper, we
applied our parallel coupling to simulate most classic benchmarks of 2D and 3D lid-driven
cubic cavity flows.

4.1.1. 2D Lid-Driven Flow

The schematic diagram of our experiments is shown in Figure 7a. All the walls of
the cavity are stationary except the top wall, which moves with a velocity U0. The com-
putational domain is decomposed into two regions, where different methods are used,
respectively. The LBM2FVM subdomains overlap by two layers, while the FVM2LBM
subdomains overlap by three layers. The total grid is 200 x 200, while the domain solved
by LBM is [70,129] x [70,129]. In these tests, identical grid resolution is used. Table 1
summarizes the locations of vortices for our cases of Re = 100, 400, 1000, and 100,000 and
compares them with literature results.

—_—
Top Lid Top Lid uo
Uo
i FVM =
H LTI =
o A N 2
< € H ]
Zi 1 IBM!
Left LBM Right z gi | iBM| g
Wall Wall BioiTTRY LB
v I—» x| &1 Sidewal . |&
T FVM Y ,"' Bottom Wall
X Bottom Wall 4
Side Wall
(a) The computational model for 2D (b) The computational model for 3D
lid-driven cubic cavity flows lid-driven cubic cavity flows

Figure 7. Definitions for lid-driven cavity flow.

Figure 8 displays the mean velocity on the mid-plane of the cavity. For different Re, the
results of velocity components are in overall agreement with existing experimental data.

4.1.2. 3D Lid-Driven Flow

A schematic diagram of our selected 3D lid-driven cavity is shown in Figure 7b.
Numerical simulations were carried out for cavity flow of Re = 100, 400, 1000, and 10,000 on
a 200 x 200 x 200 grid, and the domain solved by LBM is [70,129] x [70,129] x [70,129].
For simplicity, only the results for velocity U along the vertical and horizontal centerlines
in the symmetry planes of the cavity are presented, as shown in Figure 9.
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Table 1. The central locations of vortices for lid-driven cavity for Re = 100, 400, 1000, and 100,000
compared with Ghia’s work [36].

Re Primary Vortex Lower-Left Vortex Lower-Right Vortex
Ghia (0.6172, 0.7344) (0.0313, 0.0391) (0.9453, 0.0625)
100 Our FVM (0.6163, 0.7400) (0.0361, 0.03639) (0.9451, 0.0613)
LBM-FVM (0.6166, 0.7400) (0.03406, 0.0339) (0.9438, 0.0632)
Ghia (0.5547, 0.6055) (0.0508, 0.0469) (0.8906, 0.1250)
400 Our FVM (0.5592, 0.6084) (0.05245, 0.04892) (0.8919, 0.1214)
LBM-FVM (0.5610, 0.6067) (0.5138, 0.0477) (0.8903, 0.1223)
Ghia (0.5313, 0.5625) (0.0859, 0.0781) (0.8594, 0.1094)
1000 Our FVM (0.5357, 0.5672) (0.0846, 0.0791) (0.8740, 0.1118)
LBM-FVM (0.5366, 0.5657) (0.0840, 0.0781) (0.8727,0.1116)
Ghia (0.512, 0.533) (0.059, 0.164) (0.766, 0.059)
10,000 Our FVYM (0.513, 0.531) (0.056, 0.174) (0.779, 0.061)
LBM-FVM (0.523, 0.528) (0.057, 0.150) (0.773, 0.061)
Re Upper-left Vortex Second-lower-right Vortex
Ghia (0.070, 0.914) (0.934, 0.063)
10,000 Our FVM (0.072, 0.912) (0.937, 0.068)
LBM-FVM (0.071, 0.915) (0.0973, 0.068)
X
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Figure 8. Velocity components along two centerlines: (a) Re = 100; (b) Re = 400; (c) Re = 1000;
(d) Re =10,000, compared with Ghia [36] results.
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()
Figure 9. Velocity components in the symmetry planes: (a) Re = 100; (b) Re = 400; (c) Re = 1000 com-

pared with Wang’s work [37].

According to numerical experience, the rms velocity representing “turbulent” velocity
fluctuations is the most difficult to obtain for such coupled computation. Figure 10 is a
schematic representation of rms velocity at Re = 10,000. For simplicity, only the result
for the rms velocity of LES is presented. It is seen that the good agreement between our
LBM-FVM with single FVM and experiments is again obtained.

4.2. Performance Results
4.2.1. Optimization Results of LBM

In this section, we evaluate our optimization results of LBM realized on the new Sun-
way supercomputer. In these cases, simulations are performed on a 460 x 220 x 240 grid
using 64 MPEs. We measure the performance using the average time recorded for running
the same case for 20 steps and adopt the performance of the original version that uses MPEs
as the benchmarking baseline.

Figure 11 shows the performance improvement and speedup with and without LES-
SGS turbulence modelling. The majority of kernels within the LBM involve boundary
exchange, collision, streaming, and macros. Notably, the case with the LES-SGS model
shows a higher speedup of 152, as more computation is involved.

4.2.2. Optimization Results of LBM-FVM

For scaling tests, we conduct simulations of 3D lid-driven cavities to evaluate the
scalability and performance. For the single FVM simulation, the total number of grid cells
is 1024 x 1024 x 1024. For the LBM-FVM coupled simulation, the grid cells for LBM are the
same as the single FVM simulation, and the grid size of FVM is 128 x 28 x 128. The domain
of FVM simulation is located in the center of the domain for LBM. All benchmark codes in
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this work have been optimized and compiled with the O2 optimization option. Running
the FVM in MPE-only mode with 256 processes required 859.878 s. The total runtime and
the runtime of each component for the coupled mode using MPE and CPE are presented in
Table 2, achieving a maximum speedup of 126.6x for the LBM-FVM coupled simulation
compared with the single FVM simulation.

—— FM
——— FVM-LBM

——— LBM-D3Q19
——— DNS
e oxpr

Xor

()

0.2

Figure 10. Mean and rms V profiles in the symmetry planes for Re = 10,000: (a) U mean; (b) V mean;
(c¢) V rms, compared with Liou et al. LBM-D3Q19 results [38], Park DNS results [39], and the
experimental data of Prasad and Koseff [40].
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Table 2. Total and per-component runtimes on MPE and CPE.
LBM LBM2FVM FVM FVM2LBM Total
MPE 191.89 s 39.2s 194s 2117 s 2542 s
CPE 231ls 0.88s 1.94s 1.66 s 6.69 s

Figure 12 demonstrates the strong scaling outcomes of the single FVM simulation
and the LBM-FVM coupled simulation. Scaling from a baseline configuration of 256 CG to
1024 CG, the strong scaling efficiency of LBM-FVM reached 76.5%. The parallel efficiency
of LBM-FVM exhibits a comparable decrease compared to the single FVM simulation, due
to the reduced utilization in interface boundary exchanges.

B Simulation Time (FVM)
]O;Q% 99.5% 98%, L 100 Simulation Time (LBM-FVM)
~#— Strong Efficiency (FVM)
10004 859878 88.6% Strong Efficiency (LBM-FVM)
¢ Speedup
126.64
. 431.99 76.5% 80

2.80 &

@ HZH 216.82 >
g 97.67 &
£ 100 toqe s
£ =
= m
= on
5

.;é) 40 g
%2}
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F20
1.3
1 -0
256 512 1024

Number of Processes

Figure 12. The strong scaling outcomes of single FVM simulation and LBM-FVM coupled simulation.

Figure 13 demonstrates the weak scaling outcomes. For weak scaling tests, each CG
contains 4,194,304 LBM grid cells and 8192 FVM grid cells. In 2023, we extended LBM to
39 million cores on the New Sunway supercomputer [41], achieving 82.9% memory band-
width utilization. This work focuses only on the performance of the LBM-FVM coupling.

We scale from 1 CG to 256 CG with about 1 billion cells for the largest run and
achieve 67.0% parallel efficiency. The parallel efficiency decreases due to the imbalance
of the interface boundary exchanging and the communication within subregions and
between regions.

I Simulation Time

Weak Efficiency
100%

80.7%

Simulation Time (s)
Weak Efficiency (%)

1 2 4 8 16 32 64 128 256
Number of Processes

Figure 13. The weak scaling outcomes of LBM-FVM.
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5. Conclusions

In this paper, we present a flexible framework and an optimization scheme for our
LBM-FVM coupled solver. We design processor layout strategies to break down bottlenecks
between load imbalance and communication redundancy in the coupled solver and then
construct a multi-level parallel optimization scheme for the LBM solver based on the new
Sunway supercomputer. We redesign the computational workflow of LBM and implement
an optimization strategy of “trading computing for communication”. Furthermore, we
implement several techniques, including kernel fusion, a data sharing scheme, and SIMD
strategies for targeted kernels. Our optimization results of LBM show a speedup ratio of
152 for the LBM-5GS model.

We have also conducted a series of benchmark tests to verify the correctness and
efficiency of the LBM-FVM coupled solver, including 2D lid-driven cavity flow and 3D
lid-driven cavity flow tests. The results show that the coupled solver can correctly capture
flow characteristics and achieve consistent vortex with experimental data. Meanwhile,
compared with the standalone FVM solver, the coupled solver can achieve a maximum
speedup of 126 x. Additionally, the parallelized LBM-FVM solver achieves a strong scaling
efficiency of 76.5% and a weak scaling efficiency of 67.0%.

The coupled solver framework and optimization methods proposed in this study
deeply integrate the inherent characteristics of LBM and FVM, achieving superior com-
putational performance by leveraging the high multilevel parallelizability of LBM. The
method proposed in this work offers a feasible approach for solving industrially rele-
vant multiphysics flow problems. Applications include direct simulation of flow-induced
noise for underwater vehicles, large-scale far-field wake capture, transport phenomena
and pore-scale processes, and heat transfer in porous heat sinks, among other multiscale
phenomena. Future work will further extend the method’s applicability under complex
operating conditions.
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