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Abstract
With rapid advancements in computer hardware and numerical modeling methods, Computational
Fluid Dynamics (CFD) has gained prominence in simulating complex flows. As parallel computa‐
tion becomes an industry standard, the computational efficiency of simulations has become critical.
The flow around a Vertical Axis Wind Turbine (VAWT), characterized by complex dynamics and
challenging rotating geometry, serves as an intriguing case for CFD studies. This study employs
the open‐source CFD solvers SU2 and OpenFOAM to simulate the incompressible, unsteady, and
turbulent flow around an H‐type Darrieus VAWT in two dimensions. Spatial and temporal dis‐
cretization parameters are examined to balance computational cost and accuracy, revealing notable
effects on power predictions. Simulations conducted under identical conditions allow for a com‐
parison of the predictions and parallel performances of SU2 and OpenFOAM across three distinct
tip speed ratios (TSRs). The findings show that discretization parameters behave differently at var‐
ious TSRs. While power predictions from SU2 and OpenFOAM generally align with experimental
data and with each other, discrepancies arise at lower TSRs, with thrust predictions showing bet‐
ter consistency. Although OpenFOAM provides a faster solution across all parallel configurations,
SU2 demonstrates superior parallel scalability, achieving higher speedup and efficiency.
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1 INTRODUCTION

Renewable energy sources have emerged as a crucial solution for reducing carbon emissions and meeting the escalating global energy de‐
mand. Among these sources, wind energy stands as a promising and rapidly growing sector, with wind turbines serving as the center of this
development. Enhancing the design and efficiency of wind turbine rotors requires a profound understanding of complex aerodynamics, often
accomplished through Computational Fluid Dynamics (CFD) simulations.1,2 However, such complex unsteady fluid dynamics problems require
high‐fidelity solvers and powerful computational resources, leading to the development of computationally efficient frameworks to be used in
High‐Performance Computing (HPC) clusters for wind turbine applications.3,4 Although pushing the understanding of flow around wind turbines
forward, these types of solvers are usually developed in‐house and close to public use. Open‐source CFD flow solvers have gained significant inter‐
est in this field due to their versatility, accessibility, and receiving contributions from many researchers in the academic and industrial communities.
However, computationally inefficient algorithms implemented in the solvers may cause significant CPU overhead, e.g., the sliding mesh algorithm
widely used in the unsteady rotor simulations.5 Moreover, the usage of open source flow solvers for a VAWT is highly limited in the literature as
the vast majority of the studies6,7,8,9,10,11,12,13,14 has preferred commercial solvers so far.

Vertical‐axis wind turbines have been receiving a lot of attention from the wind energy community due to their simplicity and efficient usage on
a small scale. H‐type Darrieus wind turbines feature vertical rotor blades arranged in an ”H” shape around a central vertical shaft. They generate
electricity as the wind flows past the blades, creating lift and causing them to rotate. Although they offer a reliable and omnidirectional operation,
theymay face challenges such as lower efficiency due to the significant interaction between the portions of the rotor facing upwind and downwind.6

Therefore, this type of VAWT numerical analysis has become the focus of many research studies.
Computational studies on H‐type Darrieus vertical axis wind turbines have typically focused on unsteady interactions between the rotor blades

due to the vortices shed from the upwind blade reaching the downwind blade.7 In addition, the angle of attack on the blades constantly varies over
a large interval with azimuthal angle, which could lead to a dynamic stall. Due to the complex flow physics, the low‐order models, such as the Blade
Element Momentum (BEM) theory‐based models, may not accurately predict the flow around the turbine blades.15 On the other hand, Balduzzi et
al. 6 showed that the CFD simulations of VAWTs could replicate the experimental results reasonably accurately, provided that the simulations run
with a small time step and the mesh should be fine enough to accurately model the stall of the blades and resolve the vortices in the wake of the
rotor. These spatial and temporal resolution requirements increase the computational cost of the simulations and force the researchers to employ
HPC resources for the VAWT simulations.

The 3D VAWT CFD simulations may bring considerable insights into the effect of tip losses on the turbine performance.8 Yet, they are not
cost‐effective and practically feasible for industrial applications due to highly increased computational cost compared to the accuracy gain.9,4 At
the same time, 2D simulations have demonstrated their ability to offer highly accurate predictions of both the overall performance and the flow
characteristics around the rotor at a reasonable computational expense.9

The VAWT simulations require a fine spatial resolution due to the complex flow physics they involve. However, there is no approved mesh
guideline on VAWT simulations.6,16 In their review paper, Li et al. 16 explain that the adopted mesh convergence parameters, in this case, the
General Richardson Extrapolation method and Grid Convergence Index (GCI), fail to present an accurate mesh‐independent solution because the
mesh convergence is not monotonous and the power value of the wind turbine fluctuates as also shown by10,11. Therefore, researchers have
been focusing on conducting local mesh convergence studies rather than global mesh refinement to reduce the numerical inaccuracy of thrust and
torque arising from the mesh resolution while minimizing the required computational cost of the simulations. The review of the computational
VAWT studies in the literature is provided in Table 1 with the range of temporal and spatial resolution parameters they adopted. In addition, the
diameter of the rotating zone (Interface) and the distance of the domain boundaries (Inlet, Outlet, and Lateral) from the rotor center are given as
normalized by the rotor diameter D.

Many studies showed that an accurate prediction of the boundary layer on the rotor can be achieved with a mesh resolution giving y+ < 2. 17,6

In addition, the number of cells around the rotor blades and within the rotor region has been the focus of many studies. The number of surface
nodes and boundary layer resolution are the focal point of the mesh refinement in6 where at least 500 nodes on the airfoils with a boundary layer
resolution in the order of y+ ∼ 1 are shown to be required for a mesh resolution convergence. Similarly, Nguyen et al. 4 refined the mesh resolution
around the rotor for their VAWT simulations. In addition, they conducted an automated adaptive mesh refinement to reduce the error indicator of
the cells, which is based on the solution of an adjoint problem to the Navier‐Stokes equations. The refinement resulted in reduced cell sizes around
the rotor and wake region. However, the end result is a mesh with more than a million vertices, which could be deemed practically infeasible from a
computational point of view. Also, the discretization on the rotating zone interference, i.e., the resolution in the circumferential direction, is shown

List of Abbreviations and Symbols: SMI: Sliding Mesh Interface, CP: Power coefficient, cp: Pressure coefficient, DSMI: Diameter of the SMI, D: Rotor diameter, ∆Θt:
Azimuthal increment per time step,ΘR: Azimuthal position of the rotor,Θi: Azimuthal position of a blade i with respect to its initial position,∆x: Cell edge length, NAF:
Number of grid nodes on a blade section, NSMI: Number of grid nodes on the SMI, λ: Tip Speed Ratio (TSR), NOI: Number of outer iterations.
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to affect the development of vortices in the turbine wake.18 In addition, the lateral and longitudinal extent of the domain could affect the flow field
and turbine performance parameters due to the blockage effect of the lateral boundaries and the wake development downstream of the rotor.6,9

Due to the complex unsteady blade‐wake interactions in the turbine, the temporal resolution of the VAWT simulations is an important variable
as much as the mesh refinement. A sufficiently low time step could better resolve the vortices in the flow and stabilize the simulation, thus
predicting a consistent power production. In addition, taking a lower time step could lessen the requirement of amesh refinement.7 This shows that
the required spatial resolution could be coupled with the temporal resolution. This coupling can be represented by the non‐dimensional Courant
number, Co = V∆t/∆x, where V is the flow speed in a cell and ∆x is the cell size. Balduzzi et al. 7 showed that the average Co around the domain
should be kept Co < 5. Nevertheless, Co may not be the sole temporal resolution regulator, as a universal temporal resolution requirement for
VAWT simulations has yet to be agreed upon. This mainly results from the effect of λ on the flow characteristics. λ is the tip speed ratio, defined
as the linear speed at the tip of the rotor due to rotation divided by the freestream velocity. As a low λ causes significant vortex shedding from
the blades, a lower time step is required for lower tip speed ratios.7,9,12 Therefore, the time step values used in the literature ranges from 0.02◦ to
2◦, as shown in Table 1.

TAB L E 1 Review of the 2D computational studies on VAWTs.

Work Spatial resolution Distance to the rotor (D) Temporal resolution
Mesh size y+ # Surface nodes Interface Inlet Outlet Lateral ∆t (◦) NOI

Balduzzi et al.6 350k 1 523 2 40 100 30 0.27 ‐ 0.405 30
Balduzzi et al.7 350k ‐ 1.5M 1 523 ‐ 1794 2 40 100 30 0.135 ‐ 0.405
Maalouly et al.8 347k 1 Not given 1.41 10 15 7.5 0.25
Bianchini et al.9 860k 1 900 1.5 12 24 18 0.14, 0.23
Meana‐Fernández et al.10 990k 1 520 5.5 6 6 N/A 0.25
Almohammadi et al.11 53k ‐ 2.17M 1 300 ‐ 7552 2.8 3.5 10.5 4 0.02 ‐ 0.2
Balduzzi et al.12 182k ‐ 817k 1 782 ‐ 2698 2 40 100 30 0.068 ‐ 0.54
Abdalrahman et al.13 Not given 2.941 40 100 30 Not given
Rossetti & Pavesi14 464k 5 Not given 1.4 4 8 2.65 2
Maître et al.17 100k 1.6 Not given 1.7 2 3.7 2 2 75
McNaughton et al.18 280k 1 170 1.1 5.5 5.5 2 0.002

In this study, the aerodynamic performance of a VAWT rotor is simulatedwith open‐source CFD solvers OpenFOAMand SU2 on anHPC system.
This study aims to investigate how the computational parameters and methods used for the rotor simulations affect the ability of the CFD solvers
to make accurate aerodynamic performance predictions for VAWT rotors. In addition, the computational cost and parallel computing performance
of the solvers for this VAWT test case are discussed.

2 METHODOLOGY

2D Unsteady Reynolds‐Averaged Navier‐Stokes (URANS) parallel CFD simulations of a VAWT test case are performed by using the open‐source
flow solvers OpenFOAM and SU2 by using structured grids with the Sliding Mesh Interface (SMI) methodology as described below. Both flow
solvers are compiled with GNU CC and OpenMPI and run in parallel on the available HPC systems for this study.

2.1 VAWT Test Case

In this work, a widely studied 6,7,13,19 3‐bladed H‐type Darrieus wind turbine is selected as a VAWT test case. The main features of the 3‐bladed
rotor with rectangular planform blades are given in Table 2.

2.2 Flow Solvers and Simulation Parameters

The unsteady flow around the 2D VAWT is simulated numerically by solving the URANS equations, which include the conservation of mass,
momentum, and turbulence quantities (the turbulent kinetic energy k and its specific rate of dissipationω). The parallel computations are performed
using the open‐source flow solvers OpenFOAM20 and SU2 21 based on Finite Volume (FV) method.
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TAB L E 2 VAWT test case geometry information

VAWT Geometry Summary

Number of Blades 3
Blade Airfoil NACA 0018
Rotor Radius (m) 0.85
Airfoil Chord (m) 0.246
Rotation Direction Counter‐Clockwise (CCW)

The governing equations for the simulations are the conservation of mass and momentum equations for an incompressible, unsteady, and
turbulent flow, which are given in Eq. 1 and Eq. 2, respectively.

∂(ui)
∂xi

= 0 (1)

∂(ui)
∂t

+ uj
∂(ui)
∂xj

= –
1
ρ

∂(p)
∂xi

+
∂

∂xj

[

2νSji –
1
ρ
u′j u

′

i

]

(2)

Here; the strain rate tensor is Sij = 1
2

(

∂(ui )
∂xj

+ ∂(uj )
∂xi

)

, and the Reynolds stress tensor is –u′j u
′

i = 2νtSij –
2
3 kδij based on the Boussinesq approximation.

It should be noted that the linear speed of the blade tips does not exceed Utip = 25m/s, which corresponds toMtip = 0.073. Thus, the flow can be
assumed incompressible.

Turbulence is modeled with the low‐Reynolds k – ω SST model proposed by Menter et al. 22 with its default model parameters. This turbulence
model was suggested for the simulations of Darrieus wind turbines due to its accurate modeling of flow separation and free‐shear flow among the
eddy‐viscosity‐based models. 6,23 In this model, the turbulence quantities, turbulent kinetic energy (k), and its specific rate of dissipation (ω) are
governed by equations Eq. 3 and Eq. 4, respectively.
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A complete explanation of each term in these equations is omitted here for conciseness, and the reader is referred to the papers by Menter24

and Menter et al. 22. For all the conducted simulations, the model parameters are set to their default values.
The computational domain is 2D and discretized into cells, as shown from different views in Fig. 1. For the SU2 simulations, the hybrid unstruc‐

tured mesh consists of triangular and quadrilateral cells, whereas OpenFOAM requires a 3D grid of cells with a finite spanwise thickness. Therefore,
the same mesh used in SU2 simulations is extruded in the third dimension for OpenFOAM. However, there is only one layer of planar prism and
hexahedron cells in the spanwise direction to prevent any 3D effects. More details on the computational mesh are given in Sec. 3.1.

The shape and dimensions of the computational domain are shown in Fig. 2. The inlet, outlet, and side boundaries are placed far away from the
rotating region to prevent any blocking effects, and their values are selected from the comparisons in Table 1.

At the inlet of the domain, Dirichlet‐type boundary conditions are given for ui, k, and ω, and zero gradient pressure is defined. k and ω are
adjusted for 5% turbulence intensity and µt/µ = 10 eddy viscosity ratio. Zero gauge pressure is imposed at the outlet, while other variables are
set to zero gradient. Symmetry boundary conditions are used at the lateral boundaries of the domain. At the blade walls, the no‐slip condition (i.e.,
zero relative velocity), and the pressure has zero gradient normal to the surface. k is set to zero, and automatic wall treatment is used for ω.

2.2.1 OpenFOAM

OpenFOAM 20 is an open‐source CFD toolbox written in C++. In this study, its incompressible flow solver (pisoFOAM) and dynamic mesh libraries
are primarily used.

Second‐order accurate Crank‐Nicolson time integration is performed. Likewise, the same order of accuracy is obtained in space with Gaus‐
sian integration for gradient, divergence, and interpolation operations using linear upwinding for momentum. First‐order upwinding is utilized for
turbulence quantities. The well‐known pressure‐velocity decoupling in the solution of pure incompressible flows is handled by a combination of
Pressure Implicit with Split Operator (PISO)25 and Semi‐Implicit Method for Pressure‐Linked Equations (SIMPLE)26 algorithms, which solves the
equations sequentially. This combination allows large time steps beyond the CFL (Courant–Friedrichs–Lewy) condition27, i.e., ∆t < (∆x/U)max
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Full view Rotor and full‐wake regions Rotor and near‐wake region

Blade section Inflation layers at leading edge Inflation layers at trailing edge

F I GUR E 1 2D computational mesh used in the CFD simulations of VAWT
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F I GUR E 2 Dimensions of the computational domain (top) and the rotor region (bottom), and definition of the rotor azimuthal positions (ΘR)

can be exceeded, where ∆x and U are the local cell size and flow speed, respectively. The residuals are ensured to drop to 10–5 for numerical
convergence.

The domain is decomposed using the SCOTCH algorithm28, which employs a non‐hierarchical method that balances the computational load by
distributing the cells among the processors as evenly as possible and minimizing the communication interfaces. An example grid decomposed into
8 subdomains can be seen in Fig. 3. A processor may adopt cells from different regions in the case of a sliding mesh simulation, as in the case of
processor 4. Also, the cell‐processor assignment remains constant as the dynamic region rotates (Fig. 3).

The PISO algorithm is subject to the CFL (Courant–Friedrichs–Lewy) condition,27 which relates the grid size to advection speed. To ensure
numerical stability, an adaptive time‐stepping algorithm is utilized to keep the time step size ∆t < (∆x/U)max, where ∆x and U are the local cell
size and flow speed, respectively.

2.2.2 SU2

SU2 is an open‐source flow solver written in C++ programming language. It comprises several components, including a PDE solver, SU2_CFD. It
can solve RANS equations in parallel with Message Passing Interface (MPI) and using the mesh graph partitioning library ParMETIS. An edge‐based
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F I GUR E 3 The solution domain decomposed into 8 processes in OpenFOAM

data structure is adopted in SU2 with the finite volume method. Flux terms are evaluated at the midpoints of the edges and discretized using the
second‐order flux difference splitting (FDS) scheme with the Monotonic Upstream‐centered Scheme for Conservation Laws (MUSCL) approach.

The incompressible RANS equations are solved with a density‐based solution approach and Chorin’s artificial compressibility method29 in
SU2. In this approach, the density is initially assumed to be a function of pressure and temperature as ρ = ρ(P, T), although it is constant for an
incompressible fluid. Therefore, the partial derivative of density with respect to pressure appears in the governing equation. This derivative is
replaced by a factor based on the maximum speed squared in the solution domain and updated at each simulation time step. This factor affects
the convergence of the simulation rather than its results.30 For more details on this computational approach, refer to30.

SU2 performs two nested loops for a time‐dependent simulation for an increased convergence rate. The time step is marched by a second‐order
dual time‐stepping approach, using the backward finite differencemethod. In the iteration loopwithin a physical time step, a pseudo‐timemarching
is performed by an Euler implicit method. The linear system in the pseudo time step is solved using the flexible generalized minimal residual
(FGMRES) method31, which iteratively approximates the solution of the linear system in the form of a Krylov subspace vector with minimum
residual. The Incomplete Lower Upper (ILU) factorization, which is a sparse approximation of the LU factorization of the system, is combined with
the FGMRESmethod as a preconditioner for faster convergence. The linear solver runs until the linear solver residual reaches 10–10 for a maximum
of 10 iterations, as suggested in 30.

2.3 Dynamic Mesh

For the unsteady VAWT simulations, dynamic mesh capability is used in both flow solvers.

2.3.1 OpenFOAM

OpenFOAM’s built‐in capabilities are utilized for the simulations with a Sliding Mesh Interface (SMI), enabling communication across disconnected
and adjacent mesh domains. A special boundary condition couples separate meshes at non‐matching periodic domain boundaries. This boundary
condition is also capable of operating in a parallelized environment. Among the various alternatives, the SMI method stands out for its efficient
handling of dynamic mesh deformations. This method demonstrates superior computational cost compared to the Overset Mesh method32 and
higher accuracy than the Multi‐Reference Frame method33.

To calculate the face fluxes across the SMI, a face area weighted interpolation method is utilized. Figure 4 shows the sample cells neighboring
the sliding interface. Here, each color indicates which processor a cell belongs to. If cell N6 is considered, its f2 and f3 faces remain within the
rotating domain, while f1 face lies on the SMI. On f1, the flux contribution across the SMI comes from the cells N1 and N3. In that case, the total
flux through f1: φN1 + φN3 is weighted according to lengths of |ab| and |bc|. This example involves parallel communication between 3 processors:
p0, p1 and p2. Since the rotating domain moves, a simulation with SMI requires recalculation of the moving cells, face neighbors, and their parent
processors at each time step. Also, the mesh data is written to the disk at the I/O steps. Hence, the overhead of these operations should be
considered in the simulation.
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F I GUR E 4 Inter‐processor communication across the SMI during a parallel OpenFOAM run

2.3.2 SU2

In the multi‐zone problems involving a SMI, SU2 creates a halo layer around each mesh partition for communication between the zones. Initially,
the halo layer is defined by the nearest neighbor search for nodes and elements adjacent to the sliding interface, called the donor zone. Then,
the layer is used to generate a new mesh with updated connectivity and a communication schedule for nearest‐neighbor communications. The
communications of the data are done using non‐blocking MPI functions MPI_Isend and MPI_Irecv and the usage of MPI_Waitany ensures that
all non‐blocking send and receive calls are completed. Once the new mesh is set up, the relative motion of the zones is applied, which results in
non‐coincident halo layers. Therefore, a search and interpolation routine is used to identify the coinciding cells in the donor zone and halo layer
and interpolate the data to the halo node. In this work, the interpolation routine is performed using a conservative weighted average approach.
This sliding mesh method has been acknowledged to be computationally inefficient for massively parallel simulations .34 Even though the solver
was updated with a more computationally efficient implementation35, a demonstration of the scalability of this approach has not been presented
in the literature to the best of the authors’ knowledge.

3 RESULTS AND DISCUSSIONS

In this section, the flow solutions obtained from SU2 and OpenFOAM are presented. First, a discretization convergence study is conducted to
determine the optimal spatial and temporal resolutions at various tip speed ratios. The simulation’s sensitivity to the size of the rotating region is
tested with multiple SMI diameters, and the wake refinement level is assessed. After identifying the best‐performing parameters, these are used to
obtain full‐length solutions with both SU2 andOpenFOAM. The flow fields predicted by both solvers in the rotor and wake regions are investigated
and compared, along with their power and thrust predictions. Finally, the parallel performances of SU2 and OpenFOAM are assessed.

In the following simulations, the flow domains are initialized with uniform field variables. Consequently, approximately 20 revolutions of simu‐
lation time are allowed before calculating the averages, which provides a sufficiently developed flow field.36 After reaching statistical steadiness,
samples are taken from an additional three revolutions.

To see the effect of the rotational speed, three distinct tip speed ratios are considered in the simulations: i) low TSR (λ = 1.31), ii) rated (medium)
TSR (λ = 2.36), and iii) high TSR (λ = 3.14). The exact values are decided based on the experimental results of Balduzzi et al. 6.

3.1 Analysis of Computational Sensitivity to Spatial and Temporal Discretization

The tradeoff between accuracy and computational cost is critical in numerical flow simulations. To ensure that the spatial and temporal discretiza‐
tions are sufficiently fine, yet computationally economical, a convergence study is conducted first. As proposed in the previous similar studies, the
main discretization parameters are:

• node spacing in the rotating region, which is determined by the airfoil node count (NAF) and the SMI node count (NSMI),
• time step size (∆t), which is often characterized by the azimuthal increment per time step (∆Θt) in dynamic mesh simulations with rotating

geometries.

In addition to these, a systematic survey on the SMI diameter (DSMI), the wake region refinement level (∆xW), and the number of outer iterations
(NOI) within a time step are also conducted in this study, which was not given much attention in the previous studies. The refinement level of the
boundary layer in the wall‐normal direction is unchanged in this analysis as the requirement for this parameter has already been set in the literature,
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and the established guidelines have been adopted in this work. The power coefficient of the rotor CP is chosen as the convergence criterion since
both numerical and experimental reference values are available in the literature.6 The analyses in this section are conducted with SU2. For a VAWT,
the power coefficient is calculated as CP = P/Pwind. Here, the rotor power is P = MzΩ (Mz: torque around the z‐axis, Ω is the rotor speed in rad/s),
and the available power in the wind for the rotor swept area is Pwind = 0.5ρU3

∞
D. Unit depth (z = 1 m) is considered in area and span calculations.

3.1.1 Grid Convergence Study

As the VAWT rotates, each blade dynamically moves through the wake of the upstream blades. Thus, it is necessary to generate a uniformly spaced
mesh in the rotating region, and its refinement level becomes vital in capturing the advection of the wake of the upstream blades, where high‐
gradient field variables are present. A significant portion (≈ 55%) of the total cells lie within the rotating region. To determine the node spacing,
six grids of various sizes are tested. Mesh details are given in Table 3. The grid size is controlled by changing the number of nodes on both the
airfoils (NAF) and the SMI (NSMI). Other simulation parameters are kept constant: the azimuthal increment per time step∆Θt = 0.5◦, and the SMI
diameter DSMI = 1.5D. In Table 3, ∆ΘSMI shows the arc angle between the nodes on the SMI, which relates how much the interface travels per
time step. Regardless of the value, the face fluxes are successfully calculated with the area‐weighted approach. From the coarsest grid (F) to the
finest (A), the number of nodes on the airfoils and SMI, as well as the cell size within the rotating region, changes by a factor of 3.33. Between each
subsequent refinement, the grid size increases by approximately 30%. The first cell height on the airfoil walls is set to 5× 10–5m, and 13 inflation
layers are utilized with an expansion ratio of 1.2 in all meshes. This ensures the grid remains within the viscous sublayer and resolves the boundary
layer accurately. The average y+ is kept below 2, with a maximum around 5, ensuring a proper boundary layer resolution. The resulting grids are
shown in Fig. 5.

TAB L E 3 Details of the computational grids used in the grid convergence study

A B C D E F

NAF 520 480 390 260 194 154
NSMI 720 664 540 360 270 216
∆xSMI (m) 0.01113 0.01205 0.01484 0.02225 0.02967 0.03709
∆ΘSMI (◦) 0.500 0.542 0.667 1.000 1.333 1.667
Number of cells 180,475 160,537 118,822 69,880 49,200 38,420

Mesh‐A Mesh‐B Mesh‐C

Mesh‐D Mesh‐E Mesh‐F

F I GUR E 5 Meshes used in the grid convergence study (red color marks the non‐rotating region)

The power coefficient (CP) values predicted in the test cases are shown in Fig. 6. At lower tip speed ratios, the predicted power continuously
increases as the mesh gets finer. The most extensive variation in CP from the coarsest (F) to finest mesh (A) is observed as 45% at the lowest tip
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speed ratio of λ = 1.31. The rate of change slows down after Mesh‐C and CP varies only 5% from Mesh‐B to Mesh‐A. The coarsest‐to‐finest CP
variation is somewhat milder as 14.5% at the rated TSR of λ = 2.36. The power prediction seems to be converged at Mesh‐D, where an additional
level of refinement to Mesh‐C changes CP by a marginal value of 0.3%. Likewise, further refinements provide slight improvement. Conversely, the
variation is non‐monotonous at the highest TSR of λ = 3.14, as was reported in previous studies.12 From the coarsest Mesh‐F toMesh‐B, CP varies
between 0.063 and 0.032, corresponding to a±16% range around the mean value. Only at the final refinement step, the predicted power reaches
a terminal value.

A B C D E F
0.00
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0.15
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0.30

Mesh case (Fine <— Coarse)

C P
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F I GUR E 6 Variation of the power coefficient CP with mesh resolution at three different λ: 1.31, 2.36 and 3.14. The mesh resolution becomes
finer from mesh case F to A.

Each rotational speed yields a unique grid convergence trend. It should be noted that since other simulation parameters have yet to be tested, the
goal here is to obtain a converging trend rather than reach the absolute powermeasurements. Thus,Mesh‐B is chosen as the optimal computational
grid and is used for the following simulations.

3.1.2 Sensitivity to SMI diameter

The diameter of the rotating region constitutes the dynamic part of the mesh that rotates. Understanding how varying this diameter influences
the solution, particularly in terms of power prediction, could be crucial. This section aims to identify the optimal size that balances computational
efficiency and accuracy by testing four different diameters. Mesh‐B is chosen as the base mesh with DSMI = 1.5D, and one smaller (DSMI = 1.25D)
and two larger diameters (DSMI = 1.75D and 2.0D) are tested (Fig. 7). A larger diameter may capture more wake effects and blade‐flow interactions,
leading to more precise simulations but at increased computational cost. Conversely, a smaller diameter might reduce computational demands but
risks oversimplifying flow dynamics and causing interference with turbine blades and the sliding interface.

DSMI = 1.25D DSMI = 1.50D DSMI = 1.75D DSMI = 2.00D

F I GUR E 7 Meshes used in the SMI diameter sensitivity study (red color marks the non‐rotating region)

Table 4 lists the mesh details. To keep the background cell size within the rotating region constant in all meshes, the number of nodes along the
SMI is set such that the spacing is constant at∆xSMI = 1.21× 10–2 m. Accordingly, the azimuthal spacing (arc angle) between the nodes (∆ΘSMI)
decreases as the diameter gets larger, which is important in terms of time step sizing. However, this variation is marginal, ranging only from 0.41◦

to 0.65◦. At each step of DSMI increase, the number of cells increases by approximately 10%.
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TAB L E 4 Details of the meshes used in the SMI diameter sensitivity study

DSMI = 1.25D DSMI = 1.50D DSMI = 1.75D DSMI = 2.00D

∆ΘSMI (◦) 0.650 0.542 0.464 0.405
NSMI 554 664 776 888
Number of cells 145,295 160,537 178,818 197,706

Results in Fig. 8 show that changing the SMI diameter causes less than 1% variation in the predicted rotor power at all three TSRs. This small
variation is attributed to slight variations in the mesh and its reflection on numerical convergence. In conclusion, even DSMI = 1.25D provides
enough distance from the blades to avoid interference, and the simulation is fairly insensitive to the rotating region diameter. This also indicates
that the flux calculations across the SMI interface are handled accurately. Accordingly, DSMI = 1.5D is chosen for the following simulations.

1.250 1.500 1.750 2.000
0.00

0.10

0.20

0.30

DAMI/D

C P

λ = 1.31
λ = 2.36
λ = 3.14

F I GUR E 8 Variation of the power coefficient CP with diameter of the rotating domain DSMI at three different λ: 1.31, 2.36 and 3.14.

3.1.3 Sensitivity to Wake Refinement

In cases with significant flow separation, recirculation, or flow reversal, the downstream flow can influence the upstream conditions. This is par‐
ticularly important in turbulent flows, flows over bluff bodies, or flows with strong adverse pressure gradients. The pressure field in a fluid flow is
governed by elliptic equations, meaning pressure changes can propagate upstream. This is especially evident in incompressible flows where pres‐
sure waves travel instantaneously throughout the domain. Thus, the impact of the grid resolution at the wake region on the rotor power prediction
is investigated in this section.

The wake refinement effect is tested on three distinct meshes, as shown in Fig. 9. Mesh‐B, as found in the previous section, is used as the
base (medium) density mesh. To obtain a finer grid, the cell size is halved at the beginning (rotor) and the end of the wake refinement cone, which
doubles the cell count from 160k to 322k (Table 5). A third grid is also generated, where the wake refinement is completely removed, reducing the
cell count by 35% from 160k to 103k. The node spacing within the rotating region is identical in all three meshes.

TAB L E 5 Details of the meshes used in the wake refinement sensitivity study

Fine Medium None

∆x at rotor (m) 3.014× 10–3 1.205× 10–2 No refinement
∆x at far wake (m) 3.014× 10–2 1.205× 10–1 No refinement
Number of cells 322,269 160,537 103,095

Figure 10 shows the predicted power with different wake refinements. Both at λ = 1.31 and λ = 2.36, the difference in CP between no wake and
finest wake cases is less than 1%. At the highest TSR λ = 3.14, generating a medium refinement in the wake region changes the power prediction
by a dramatic amount of 22%. However, a further refinement from medium to fine causes a mild power variation of 7%. This is attributed to the
stronger pressure fluctuations in the near wake due to the higher rotation speed and turbulence generation. The medium‐refined wake offers a
better computational trade‐off because the computational cost between the medium and fine meshes is approximately two‐fold. Moreover, the
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Fine Medium

None

F I GUR E 9 Meshes used in the wake refinement sensitivity study

wake structures are of interest in the following sections. As seen in Fig. 11, a wake refinement is crucial in capturing high‐gradient wake dynamics.
Thus, the medium wake refinement is used in the rest of the study.

Fine Medium None
0.00
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0.20

0.30

Wake refinement case

C P

λ = 1.31
λ = 2.36
λ = 3.14

F I GUR E 10 Variation of the power coefficient CP with wake refinement level at three different λ: 1.31, 2.36 and 3.14.

Medium None

F I GUR E 11 Vorticity (s–1) contours in the far wake region with medium‐level wake refinement (left) and without wake refinement (right) at
λ = 2.36

3.1.4 Temporal Convergence Study

In CFD simulations for VAWTs using a sliding mesh approach, the choice of azimuthal increment for time steps and the number of outer iterations
per time step is crucial for accuracy and efficiency. These parameters affect the simulation’s ability to capture the unsteady aerodynamic phenomena
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F I GUR E 12 Variation of the power coefficient CP with azimuthal time step increment (∆Θt) at λ = 1.31 (top‐left), λ = 2.36 (top‐right), and
λ = 3.14 (bottom) from the CFD predicitons with multiple NOI and reference CFD and experiment values from6

of VAWTs under varying tip speed ratios (TSRs). The azimuthal increment determines the resolution of the rotor’s movement, while the number
of outer iterations ensures solution convergence within each rotor movement. Optimizing these parameters balances computational cost and
simulation fidelity. At different TSRs, changes in aerodynamic loading and flow separation require adaptive simulation parameters. A finer azimuthal
increment improves resolution but increases computational expense, while too few iterations can cause convergence issues and inaccuracies. This
section provides guidelines for efficient simulations by examining these factors.

Figure 12 illustrates the power coefficient (CP) as a function of the azimuthal increment (∆Θt) for different numbers of outer iterations (NOI)
at three different tip speed ratios. At λ = 1.31, a clear trend is observed where the CP decreases significantly with finer azimuthal increments.
There is an almost two‐fold variation in power from ∆Θt = 0.5◦ to ∆Θt = 0.0625◦. A clear convergence can not be found when ∆Θt = 0.5◦ is
refined to∆Θt = 0.25◦ with none of the NOI cases. From ∆Θt = 0.25◦ to ∆Θt = 0.125◦, some ≈ 10% variation in CP is observed with NOI = 20,
which is a small value compared to other trends. At λ = 2.36, the impact of azimuthal increment and outer iterations shows a different behavior.
The CP values are relatively higher and exhibit less variation with changes in ∆Θt. For NOI = 10, NOI = 20, and NOI = 40, the CP values remain
around 0.22 to 0.28, irrespective of the azimuthal increment. Also, there exists no monotonously converging trend. At λ = 3.14, the CP values
show a similar trend to λ = 2.36 but with a slightly more noticeable variation. CP prediction is dramatically high at∆Θt = 0.5◦ compared to finer
temporal resolutions when NOI is 20 or 40, while this variation is fairly small with NOI = 10. This situation indicates that NOI = 10 does not suffice
for numerical convergence. CP increases from∆Θt = 0.25◦ to 0.0625◦, and NOI = 20 and 40 results are almost identical, showing that performing
more than NOI = 20 iterations yield no improvement.

The simulation captures the aerodynamic performance more accurately with finer azimuthal increments and higher outer iterations, aligning
more closely with the reference CFD and experimental values. As λ increases, the flow characteristics are less sensitive to the temporal resolution
provided by the azimuthal increments, and amoderate number of outer iterations are sufficient to achieve convergence. The plots demonstrate that
increasing NOI from 10 to 40 generally enhances the predicted CP, particularly at lower TSRs. However, beyond NOI = 20, the improvement in CP
becomes marginal, suggesting a diminishing return on computational effort. Based on the analysis, an azimuthal increment of 0.125◦ and NOI = 20
provide a good balance between accuracy and computational cost. At λ = 1.31, this combination yields a CP close to the values obtained with
finer increments and higher NOI while significantly reducing the computational effort. Similarly, for λ = 2.36 and λ = 3.14, the chosen parameters
produce CP values that are in close agreement with the reference CFD and experimental results.

In conclusion, Mesh‐B with DSMI = 1.5D is used with an azimuthal increment of∆Θt = 0.125◦ and NOI = 20 outer iterations in the rest of this
study.
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3.2 Flow Around the Turbine Rotor

To provide a comprehensive understanding of the flow dynamics around a vertical axis wind turbine (VAWT), the vorticity contours along one
rotation at different tip speed ratios are investigated in this section. By analyzing these contours, the individual power contribution of each turbine
blade throughout a single rotation is explained. This analysis is necessary to identify the influence of varying tip speed ratios on the aerodynamic
performance and efficiency of the VAWT. All flow fields presented are fully developed after at least 20 revolutions.

3.2.1 SU2 Predictions Around the Near‐rotor Region

The vorticity contours within the rotor and near‐wake regions along a full rotation of the rotor are shown in Fig. 13 at three different TSRs. The
Clockwise (CW) (negative) and Counter‐Clockwise (CCW) (positive) rotating vortices can be seen as blue and red, respectively. The interval between
each snapshot is ∆ΘR = 45◦, and since each blade exhibits an almost identical power pattern, the flow state at every ΘR = 15◦ can be deduced
from the figures.

The first notable observation is that the vortex patterns becomemore regularized as the λ increases. At λ = 1.31, the vortex shedding within the
rotor region is much more complex and distinct compared to the other cases. Typically, positive and negative vortices are generated at the lower
and upper surfaces of the blades, respectively. The Counter‐Clockwise (CCW) rotating vortex generated at the lower surface of the blade detaches
from the blade as it travels through the upstream portion of the rotor area (aroundΘR = 90–180◦) due to the high negative angle of attack, which
is then advected in the streamwise direction. This λ is particularly interesting because the linear speed of the blade closely matches the advection
speed of the vortex trail at certain rotor azimuths, especially in the lower quarter arc of the swept circumference. The aforementioned strong
vortex meets the blade from which it originated around ΘR = 225 – 270◦, resulting in a constant generation‐and‐collision of this vortex. Figure
14 shows the CP contribution of Blade‐1 with respect to ΘR. When considered together with the contour plots, the effect of the aforementioned
phenomenon is seen more clearly at λ = 1.31. The largest torque is generated aroundΘR = 45–90◦. Some oscillatory behavior is evident between
ΘR = 90 – 120◦, where the strong vortex detachment occurs. After this point and up toΘR = 0◦, power generation remains close to zero.

At higher TSRs, a more structured helical trail is evident due to the wake constantly generated by each blade in a circular fashion, which is then
advected in the +x direction. As the blades rotate faster, the whole rotor starts acting like a semi‐porous cylinder. Constant shedding of vortices
occurs from the upper and lower parts of rotor area as shown in Fig. 13 with rotating in negative (blue) and positive (red) directions atΘR = 0◦ and
ΘR = 180◦, respectively. Similar observations were reported from wind tunnel experiments37 and LES‐type simulations.38

Different wake characteristics at λ = 1.31 than other simulated TSRs could be attributed to two factors. The dynamic solidity concept presented
in 37 combines the geometrical solidity with turbine kinematics to quantify how much the turbine rotor effectively approaches the geometry of
a circular cylinder in the flow. With λ, the dynamic solidity also increases, and the flow starts demonstrating vortex shedding and bluff‐body
characteristics. Another explanation lies in the thrust coefficient (CT) of the rotor. As CT becomes CT > 0.96, the wake of a VAWT transitions from
moment region to empirical state based on the momentum theory.39 For this test case, CT, as later shown in Fig. 18, jumps from CT ≈ 0.7 at
λ = 1.31 to CT ≈ 1 at λ = 2.36 and stays at this level for λ = 3.14. This shows that the change of wake state from momentum region to empirical
state coincides with the start of the observation of wake characteristics at λ = 2.36 similar to bluff‐bodies.

The peak power production shifts towards theΘR = 60–150◦ range, and the peak value increases with λ as seen in Fig. 14. However, negative
torque regions also start to appear, becoming more noticeable with increasing λ. Specifically, at λ = 3.14, the rotation is high enough to keep each
blade shadowed by the local wake of the blade in front of it, as there is not enough time for blade wakes to move out of the way by advection.
In all cases, the blades pass through the vortex trail of the blade in front of them around ΘR = 0 – 45◦, which contributes to the negative power
production seen in Fig. 14.

3.3 Comparisons Between SU2 and OpenFOAM

This section compares the performance of SU2 and OpenFOAM in simulating the flow dynamics around the rotor and in the far‐wake region of
a Darrieus H‐type VAWT. Vorticity contours are analyzed to understand the flow behavior in both the rotor area and the far wake. Additionally,
power and thrust predictions from each solver are compared to each other and against experimental reference data. This examination is necessary
to evaluate the accuracy and reliability of the solvers under different flow conditions and to understand how they handle complex aerodynamic
phenomena. By assessing their performance, it is aimed to identify the strengths and weaknesses of each solver, which will inform future CFD
studies and practical applications involving VAWTs. Identical grids and simulation parameters are used in both solvers, as presented in the previous
sections.
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F I GUR E 13 Vorticity (s–1) contours around the rotor and near wake regions predicted by SU2 and shown for one revolution with 45◦ azimuthal
steps at λ = 1.31 (top), λ = 2.36 (center), and λ = 3.14 (bottom)
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F I GUR E 14 Power coefficient CP variation of Blade‐1 with rotor azimuthal position ΘR at three different λ: 1.31, 2.36 and 3.14

3.3.1 Wake Region

Figure 15 shows the vorticity contours around the rotor and near‐wake regions at λ = 1.31, λ = 2.36, and λ = 3.14, as predicted by SU2 and
OpenFOAM. The vorticity contours illustrate the rotational effects in the flow field, highlighting the differences in flow dynamics captured by the
two solvers. In general, both solvers yield very close predictions qualitatively. At λ = 1.31, OpenFOAM shows well‐defined vortical structures
with clear shedding patterns near the rotor and in the wake region. The vortices appear more coherent and organized, suggesting a more stable
prediction of the unsteady flow. In contrast, SU2 shows similar vortical structures but with slightly more diffuse and less organized patterns in
the near‐wake region. The negative vortex shed by the upstream blade is more pronounced, and its streamwise advection is clearly evident in
OpenFOAM. At λ = 2.36, both solvers predict similar overall flow structures with distinct vortex shedding patterns. However, OpenFOAM’s
vorticity contours are more pronounced, with higher peakmagnitudes of vorticity, indicating stronger rotational effects. SU2 also captures themain
features but with less intensity in the vorticity peaks. At λ = 3.14, the flow becomes more complex with increased rotational speeds. OpenFOAM
continues to show coherent and strong vortical structures, while SU2’s vorticity contours are more diffused and spread out, although the difference
is diminished. This discrepancy highlights the differences in how the two solvers handle higher TSRs and more complex flow dynamics. In summary,
OpenFOAM generally predicts more coherent and intense vorticity structures compared to SU2. As the λ increases, the differences between the
solvers become less pronounced, with SU2maintaining clearer and stronger vortical patterns than lower λ predictions. These observations suggest
that OpenFOAM might provide more accurate predictions of the unsteady flow dynamics, particularly in the rotor and near‐wake regions. At the
same time, SU2, although capturing the essential features, may require finer resolution or different numerical schemes to achieve similar levels of
detail.

Figure 16 presents the vorticity contours in the far‐wake region and the vortex shedding patterns from the rotor‐swept area at three different
TSRs, as predicted by SU2 and OpenFOAM. At λ = 1.31, both SU2 and OpenFOAM show the development of coherent vortex shedding from the
rotor blades. The contours are similar up to 1D downstream. OpenFOAM captures the negative vortex shed by the upstream blade more clearly.
Between 1D and 4D, distinct vortices shed from the top and bottom of the rotor area become visible. These vortices are outlined more clearly in
OpenFOAM, while SU2 shows some diffusion. The wake structure differs dramatically between SU2 and OpenFOAM after 4D. The SU2 solution
shows successive vortices rotating in opposite directions being stably advected all the way down to 13D downstream without mixing, whereas
some formation of vortex street‐like structures are visible in OpenFOAM. As λ increases, the solution in the rotor region becomes very similar
between SU2 andOpenFOAM.Moreover, the von Kármán vortex street pattern becomesmore evident, resembling those formed behind a cylinder
in a crossflow. As λ gets higher, the location of shedding moves upstream, and the exact location also differs between the two solvers. At λ = 2.36,
the shedding starts at around 5.5D in SU2 and 7D in OpenFOAM. Likewise, this location is predicted as 4D by SU2 and 5D by OpenFOAM at
λ = 3.14. The distance between each subsequent counter‐rotating shed vortices also varies at different TSRs, decreasing as the λ increases. In
SU2, it is around 2.5D at λ = 2.36 and 2D at λ = 3.14. OpenFOAM predicts these distances as 3D at λ = 2.36 and 2.3D at λ = 3.14.

Overall, SU2 predicts an earlier initiation of shedding, while OpenFOAM yields a larger distance between the shed vortices. Another region that
stands out is the near wake vortical structures that emanate fromΘR = 240◦ of the rotor and extend up to 2D downstream in an arc shape, which
is very clear in the OpenFOAM solution at λ = 2.36 and λ = 3.14 but diffused out in SU2.
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F I GUR E 15 Vorticity (s–1) contours around the rotor and near wake regions at various TSRs predicted by SU2 (top) and OpenFOAM (bottom)
at λ = 1.31 (left), λ = 2.36 (center), and λ = 3.14 (right) with snapshots taken at ΘR = 0◦
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F I GUR E 16 Vorticity (s–1) contours in the far wake region and vortex shedding from the rotor swept area at various TSRs predicted by SU2
(left) and OpenFOAM (right) at λ = 1.31 (top), λ = 2.36 (middle), and λ = 3.14 (bottom) with snapshots taken at ΘR = 0◦
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3.3.2 Rotor Performance

Each blade of the VAWT experiences a wide range of angle of attack variations as the blade rotates around the rotational axis. Thus, the blade’s
lift and drag generation and the direction of the resultant force dramatically change. This affects the torque and, accordingly, power contribution
to the turbine. In each simulation conducted for this study, the rotational speed and tip speed ratio are kept constant (i.e., the inertial effects are
neglected). Hence, the torque directly corresponds to the power.

The variation of CP contribution of a single blade and the total CP of the rotor with respect to the rotor azimuthal position ΘR are given in Fig.
17. SU2 and OpenFOAM predictions are mostly aligned at the medium and high TSRs, but some discrepancy exists at the lowest simulated λ. At
λ = 1.31, the blade generates positive torque from ΘR = 30◦ to 90◦, i.e., only 1/6 of its total revolution. The blade imparts negative torque to
the turbine between ΘR = 90◦ and 180◦. This is attributed to the freestream flow coming first towards the trailing edge, rather than towards the
leading edge, of the retreating blade within this range and the blade being affected significantly because of its low rotational speed. The blade
exhibits around zero torque in the downstream half of its revolution, where SU2 and OpenFOAM predictions agree very closely. However, SU2
predicts higher torque in the upstream half, although the power profiles are similar. The same case is seen in the rotor power profile, which is simply
a summation of all three blades (bottom plots in Fig. 17). Due to this overprediction, CP calculated by SU2 diverges from both the measurements
and OpenFOAM predictions significantly but remains closer to the CFD study conducted by Balduzzi et al. 6, as shown in Fig. 18. Conversely,
OpenFOAM’s CP prediction is close to the experimental data. Several previous studies have pointed to the self‐starting problem that is inherent
in VAWTs, making accurate power measurements difficult at low TSRs.11 Thus, the uncertainty factor in the reference experimental data around
λ = 1.31 should be noted.
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F I GUR E 17 Variation of single blade (top) and rotor (bottom) power coefficient with rotor azimuthal position ΘR (◦) during the last three
revolutions at λ = 1.31 (left), λ = 2.36 (center), and λ = 3.14 (right)

A further look to Fig. 17 reveals that the maximum torque generation of a single blade shifts towards theΘR = 45–160◦ range as λ gets higher.
The negative torque region also shifts almost to the complete downstream half. At λ = 2.36, which is the rated λ of the VAWT where maximum
CP occurs, the negative power magnitude is minimal, as expected. The rotor power profile shows almost no negative power points. Interestingly,
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F I GUR E 18 Predicted thrust coefficient CT (left) and power coefficient CP (right) at three different λ: 1.31, 2.36 and 3.14

the peak positive power is greater at λ = 3.14. However, each blade imparts a greater negative torque to the VAWT downstream (fromΘR = 165◦

to ΘR = 45◦) than at λ = 2.36, causing dramatic power loss during approximately 2/3 of its revolution compared to the rated λ. In both higher
TSRs, the power profiles of SU2 and OpenFOAM align almost perfectly. The CP difference between two solvers at the rated λ is only 6% and very
close to the reference CFD. However, all CFD results diverge from the measurement by ≈ 15%. At λ = 3.14, all CFD results are closer to the
experimental data, where OpenFOAM prediction overlaps with the reference data and the error of the SU2 prediction is 18%.

To further investigate why the SU2 and OpenFOAM power predictions are similar at high TSR but diverge at low TSR, the flow around Blade‐1
is examined in greater detail in Fig. 19. In this figure, the pressure coefficient (cp) field, which primarily governs the forces and moments, is plotted
at λ = 1.31, along with the vorticity fields. Only the rotation through the upstream half of the rotor‐swept area is considered (ΘR < 180◦), where
the largest discrepancies occur, as indicated by the single blade performance plot in Fig. 17. Here, the blade experiences a large negative relative
incidence angle (αrel). SU2 and OpenFOAM predict almost identical cp and vorticity fields around the blade betweenΘR = 0–45◦ (where αrel varies
from 0◦ to approximately –20◦, neglecting induction effects). This is also evident in the coinciding power profiles seen in Fig. 17. The first significant
discrepancy appears around ΘR = 75◦, which becomes visible in the cp contours at ΘR = 90◦. At this point, the single blade power predictions
differ significantly between SU2 (CP ≈ 0.25) and OpenFOAM (CP ≈ 0). While the positive pressure fields at the upper surface are somewhat
similar and the cp = 0 points align closely, different suction fields are predicted at the lower surface. The relative incidence angle decreases from
αrel ≈ –20◦ at ΘR = 45◦ to its minimum value of αrel ≈ –50◦ at ΘR = 135◦, and then increases back to αrel ≈ 0◦ at ΘR = 180◦. The flow fields
at ΘR > 90◦ also reflect this trend. Although the vorticity fields at ΘR = 135◦ appear similar, the pressure fields show a lack of agreement. While
OpenFOAM predicts positive pressure at the lower surface up to 1/3 of the chord, SU2 results show complete suction. This pressure difference
dies down at ΘR = 165◦, where cp is nearly zero around the airfoil in both SU2 and OpenFOAM, resulting in zero power, as shown in Fig. 17.
Despite this, the vorticity fields still differ significantly, particularly in terms of the circulation of opposite signs in the leading edge vicinity and the
CW‐rotating shed vortex with distinct magnitudes near the lower surface.

Overall, while the pressure fields agree on the upper surface, the discrepancies in power predictions are mainly driven by differences on the
lower surface. The trend suggests a strong correlation between the flow field disagreements and the relative incidence angle: as the angle of attack
moves away from zero within the upstream half of the rotor, solvers diverge from each other. These discrepancies are attributed to numerical
differences between SU2 and OpenFOAM, both of which employ distinct solution algorithms and flux schemes. Additionally, both codes utilize
slightly different variants of turbulence models, which play a critical role, particularly in regions of strong flow separation and reattachment due to
high angles of attack, as seen in the case above. There has been limited in‐depth investigation into the root causes of discrepancies between the
predictions of different CFD codes in the existing literature; however, similar findings have been reported in previous studies.40,41,42

Despite the discrepancies in CP, the thrust coefficient predictions between SU2 and OpenFOAM are closer. For instance, at λ = 1.31, CP predic‐
tions between SU2 and OpenFOAM diverge significantly, but CT results are almost the same (Fig. 18). Conversely, CT predictions slightly diverge as
λ increases (8% at λ = 3.14), where CP predictions are closer. A similar conclusion regarding thrust and power predictions was previously reported
by Bangga et al. 43, where CFD simulations provided accurate thrust predictions for VAWTs but struggled to consistently predict power output.
The thrust coefficient (CT) depends on axial forces exerted on the rotor blades, influenced by blade geometry and overall flow field interaction.
Since axial force results from pressure distribution over blade surfaces, it tends to be robust against minor differences in turbulence modeling and
mesh resolution, keeping CT predictions closer between the solvers at lower TSRs. Conversely, the power coefficient (CP) relies on tangential forces
and torque generated by the blades, which are sensitive to accurate angle of attack predictions and associated lift and drag forces. At lower TSRs,
where flow conditions are more unsteady, slight differences in turbulence models, numerical schemes, and mesh resolution can significantly affect
CP predictions, causing divergence. Numerically, solver algorithms and turbulence models contribute to variations. SU2 and OpenFOAM handle
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Pressure Coefficient, cp Vorticity (s–1)
SU2 OpenFOAM SU2 OpenFOAM

ΘR = 15◦ ΘR = 15◦

ΘR = 45◦ ΘR = 45◦

ΘR = 90◦ ΘR = 90◦

ΘR = 135◦ ΘR = 135◦

ΘR = 165◦ ΘR = 165◦

F I GUR E 19 Pressure coefficient cp and vorticity (s–1) contours in the vicinity of a single blade as it travels along the upstream half of the rotor
at λ = 1.31

discretization, turbulence modeling, and pressure‐velocity coupling (incompressibility) differently. At lower TSRs, complex flow structures and un‐
steady effects make CP prediction more sensitive to these numerical differences. The flow stabilizes as λ increases, reducing the CP prediction
sensitivity, hence resulting in a closer alignment. At higher TSRs, the CT predictions diverge slightly due to the increasing influence of rotational ef‐
fects on axial force. The flow is more affected by centrifugal and Coriolis forces, captured differently by the solvers, leading to slight CT prediction
variations.
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3.4 Parallel Computation Performance

The previously presented computations are performed on different systems equipped with Intel Xeon Platinum 8480+ and AMD Threadripper
3960x processors. To assess the computational performance and parallel scalability of SU2 and OpenFOAM, both solvers are executed with the
simulation parameters detailed in the previous sections. The solution and algorithm controls are adjusted to be as identical as possible for both
solvers to ensure a fair comparison. Linear solver tolerances are set to 10–7, and the residual control is set to 10–5. An azimuthal increment of
∆Θt = 0.125◦ is used, and the maximum number of outer (pseudo‐time) iterations is limited to NOI = 20.

The computational performance of the solvers from the first half‐revolution of the rotor forλ = 2.31 are presented in Fig. 20. Their performances
are assessed by the change of computational time, speedup, and computational efficiency with changing number of cores. Parallel speedup is
defined as the ratio between the wall‐clock time of the serial and parallel computations (Tserial/Tparallel), and the efficiency is the parallel speedup
divided by the number of cores. It should be noted that as the flow develops, the required number of linear solver iterations decreases. Therefore,
caution must be exercised when extrapolating wall‐clock times to estimate performance over additional revolutions. Nonetheless, the relative
performance indicators are expected to remain consistent.
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F I GUR E 20 Parallel computational performance of SU2 and OpenFOAM simulations: computational wall clock time (left), computational
speedup (center), and computational efficiency (right) changing with the number of cores

In terms of raw computational speed, OpenFOAM outperforms SU2 by a factor of 2.3 on average across all core counts. In a serial run, SU2
takes 2.6 times as long to complete as OpenFOAM. In parallel execution, OpenFOAM is 2.8 times faster than SU2 on 2 and 4 cores and approx‐
imately two times faster on larger core counts. This significant difference is attributed to the implementation of incompressibility in the solvers.
OpenFOAM solvers are inherently incompressible and use algorithms specifically designed for pure incompressibility, while SU2 employs artificial
incompressibility algorithms for infinite pressure propagation, which are known to offer lower computational performance.

Both solvers exhibit superlinear speedup on 2 cores, as shown in the efficiency graph. OpenFOAM and SU2 exceed the theoretical speedup
limit by 20% and 10%, respectively. This is primarily due to the implementation of the algorithms and caching effects, a common occurrence in CFD
codes due to the use of large cache memories as reported in previous studies.44 OpenFOAM maintains superlinear speedup at 4 cores, whereas
SU2 drops to 90% efficiency. The parallel performance of both solvers converges at 8 cores, after which SU2 outperforms OpenFOAM. On 12, 18,
and 24 cores, SU2 provides better speedup and efficiency than OpenFOAM, although OpenFOAM still has a lower wall‐clock time. The superior
speedup and efficiency of SU2 with an increasing number of cores indicate that SU2 may offer better scalability for large‐scale HPC applications,
but further testing is needed to confirm this. The performance degradation is not monotonous for either solver, which may be caused by resource
and cache contention, load imbalance, interference, and memory bandwidth limitations, as all simulations are executed simultaneously.

4 CONCLUSIONS

Non‐hierarchical domain decomposition methods are effectively employed to simulate unsteady and turbulent flow around a 2D rotating VAWT,
incorporating dynamic grid motion and sliding mesh interfaces in parallel. The study is conducted at various tip speed ratios (TSRs). Since numerical
and discretization parameters behave differently at different TSRs, sensitivity, and convergence studies are necessary for both low and high TSRs.
Temporal convergence is particularly challenging at lower rotational speeds due to more complex flow dynamics. The grid resolution converged
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with an equivalent SMI cell size of 0.012 m, which is 0.7% of the rotating region diameter or 4.9% of the blade chord. An azimuthal increment of
∆Θt = 0.125◦ per time step with 20 outer iterations is found to provide a stable solution and accurate power predictions. However, a finer spatial
resolution could be required for the simulations at low TSRs where the rotor experiences significant blade‐wake interactions, flow separation and
vortical flow. The diameter of the rotating region has a negligible impact on power predictions, with 1.5 times the rotor diameter being sufficient.
Similarly, while wake refinement does not significantly affect rotor performance predictions, it remains necessary to accurately capture wake
dynamics. While larger azimuthal increments are sufficient for mid and high TSRs, accurate power prediction requires smaller increments. The
vorticity contours in the rotor and near‐wake regions at varying Tip Speed Ratios (TSRs) are investigated. As λ increases, vortex patterns become
more regular, with complex shedding observed at the lowest TSR λ = 1.31. At higher TSRs, a structured helical wake forms, and the rotor exhibits
characteristics similar to a porous cylinder with consistent Kármán vortex shedding. This transition could be attributed to the connection of rotor
kinematics to the dynamic solidity concept or the transition of wake state to empirical region due to the increase in the thrust coefficient. The
change in blade wake dynamics also affects the blade‐wake interactions and, hence, the power production of the rotor. Power production peaks
and shifts with increasing λ, but negative torque regions emerge due to the wake interactions between blades. The variations in CP across different
TSRs are investigated by comparing the predictions from SU2 and OpenFOAM simulations. At lower TSRs, the blade generates torque over only
a small portion of its rotation, with discrepancies in the CP predictions between the two solvers primarily due to the unsteady flow conditions
and sensitivity to the numerical methods. As λ increases, the torque generation shifts, and the predictions from both solvers align more closely,
though SU2 tends to overpredict the torque in the upstream half. The thrust predictions align more closely at lower TSRs due to robustness against
the numerical differences, whereas power predictions may diverge due to sensitivity to the complex flow phenomena. At higher TSRs, stabilized
flow reduces sensitivity in the CP prediction, and rotational effects lead to slight divergences in the CT predictions. In addition, the computational
performance of two open‐source CFD flow solvers, SU2 and OpenFOAM, are compared. SU2 underperforms in raw computational speed, which
is attributed to its artificial methods for handling incompressible flows. In contrast, OpenFOAM exhibits poorer parallel speedup and efficiency,
potentially due to its sequential solution algorithms compared to SU2’s coupled methods; this warrants further investigation. Future investigations
should focus on flow field interactions between λ = 1.31 and 2.36, where vortical structures vary significantly. Also, an in‐depth examination of the
numerical and algorithmic differences between OpenFOAM and SU2 is necessary to reveal the root causes of low‐TSR discrepancies. Additionally,
the parallel scalability of the two solvers with more cores should be explored.
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