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Abstract - Numerous turbulence models have emerged in recent decades for the purpose of simulating aerodynamic flows. The
utilization of eddy viscosity models (EVM) to address Reynolds Averaged Navier-Stokes (RANS) equations yields results of considerable
accuracy for flow fields. Furthermore, EVMs are favoured due to their resilience and computational efficiency. Nevertheless, achieving
both precision and effectiveness in the development of a turbulence model remains a significant challenge. The current study delves into
the analysis of the external flow around the NACAQ012 airfoil. It assesses the effectiveness of the recently introduced Shear Stress
Transport Model with Curvature Correction Modification (SSTCCM) in forecasting the flow characteristics of external aerodynamic
flows. Previous research has demonstrated the SSTCCM model's adeptness in accurately predicting intricate internal flows, such as
cyclone separators [YH Alahmadi et al., 2016. Chem. Eng. Sci. 147(6),150-165], rotating lids, and sudden expansion [YH Alahmadi et
al., 2021. Ind. Eng. Chem. Res. 6016—6026]. Nevertheless, the SSTCCM model has not yet been scrutinized for scenarios involving
external flows where the aerodynamic configuration significantly impacts flow behaviour. Consequently, this present study represents
the inaugural exploration of the efficacy of the SSTCCM turbulence model in forecasting aerodynamic flow attributes. The outcomes of
the computational simulations are juxtaposed with experimental data gathered by NASA for validation, and also verified against
alternative RANS models. The SSTCCM model showcases its proficiency in accurately estimating aerodynamic coefficients.
Additionally, the findings indicate that the SSTCCM model outperforms traditional Eddy Viscosity Models (EVMs) in the prediction of
lift and drag coefficients, particularly at the angle of attack corresponding to stall.
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1. Introduction

Computational Fluid Dynamics (CFD) is an essential tool for analysing and predicting various fluid flow problems.
Recently, the need for numerical simulations has grown rapidly across multiple industries where fluid flow plays a crucial
role. CFD analyses are generally categorized into three types: Direct Numerical Simulation (DNS), Large Eddy Simulation
(LES), and Reynolds-Averaged Navier-Stokes (RANS). Due to the high computational resources required for DNS and LES,
their application is limited, this allows the RANS simulations to be more practical for most engineering purposes [3, 5].

One particularly challenging area in CFD is the numerical analysis of aerodynamic forces, as the complex flow patterns
around such geometries make it difficult to achieve accurate results. Selecting an appropriate turbulence model for these
kinds of flows is a complicated task. Among many models, the newly developed Shear Stress Transport with Curvature
Correction Modification (SSTCCM) shows promise. This model has recently demonstrated its ability to predict flow
characteristics in complex flow phenomena.

The SSTCCM model was initially introduced by Alahmadi and Nowakowski in 2016 [2], where they modified the k-®
SST model by adding a rotation function to address the limitations of traditional Eddy Viscosity Models (EVMSs). Their
research focused on simulating highly swirling flows in a gas-cyclone separator and showed a strong correlation between the
numerical predictions and experimental results, proving the SSTCCM’s superiority over standard EVMs. In 2021, Alahmadi
et al. expanded on this by simulating swirling flow with vortex breakdown to compare SSTCCM results with other turbulence
models [1]. They validated the model against laboratory measurements for flows within a closed cylinder with a rotating lid
and through a sudden expansion pipe. The results confirmed the model’s precision and reliability, making it highly useful
for various engineering applications. However, the model had not been tested in external flow cases where aerodynamic
shapes strongly affect flow behavior.
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This study aims to evaluate the recently developed SSTCCM model’s ability to predict and simulate external flows.
The NACA 0012 airfoil was chosen as the case study due to the abundance of experimental and numerical data available
for comparison.

A ssignificant limitation of EVMs is their inability to accurately capture the effects of rotating systems. When dealing
with swirling flows, EVMs fail to properly represent the "free-loss vortex™ part of the Rankine vortex near the wall. The
use of the Boussinesq hypothesis in EVMs leads to an assumption of isotropic eddy viscosity, which is not valid for
complex flows like cyclones. Several modifications have been proposed to address this issue, but many lack the general
applicability required for 3D flows [6, 10, 14].

Knight and Saffman [12], and Spalart and Shur [16], suggested empirical modifications to EVMs to account for
rotation and curvature effects. Knight and Saffman’s approach is more efficient as it captures the impact of invariant
turbulence components and provides a unified explanation for the model’s handling of curvature and rotation. This
makes their method easier to apply to 3D flows. Additionally, Hellsten improved the k-& SST model by incorporating
the effects of system rotation and streamlined curvature [9]. One specific modification Hellsten introduced was changing
the definition of the Richardson number (Ri), replacing the turbulent time scale from the Khodak and Hirsch model [11]
with the mean-flow time scale 1/Si. These modifications improved the model’s representation of flow characteristics
and enhanced its predictive capabilities.

In 2009, Smirnov and Menter [15] further advanced the SST k- model by incorporating Spalart and Shur’s rotation
curvature correction function [16]. This adaptation focused on correcting the production terms in the turbulent kinetic
energy and dissipation rate equations, resulting in the SSTCC model. The SSTCC model improved in accuracy,
computational efficiency, and robustness, particularly for flows involving strong rotation or curvature. By including the
curvature correction function, the SSTCC model provided more accurate predictions of flow behavior while also
reducing computational demands.

In 2013, Zhang and Yang introduced a simpler method to account for system rotation and curvature in the Spalart-
Allmaras model. Their approach used the Richardson number (Ri) to avoid the complex calculation of Lagrangian
derivatives of the strain rate tensor, streamlining the process [17].

The NACA 0012 airfoil is commonly used as a benchmark for studying aerodynamic properties. For example, Guo
et al [8], investigated the flow field and aerodynamic characteristics of the NACA 0012 airfoil in a biplane MVA
configuration. This study aims to assess how well the SSTCCM model captures turbulence characteristics and flow
behavior around the NACA 0012 airfoil.

2. Governing Equations and Turbulence Modelling:

2.1. Navier-Stokes Equations
The fluid flow around the NACA 0012 airfoil can be described using the Navier-Stokes equations, which express
the conservation of momentum and continuity. These can be written in the following form using Einstein notation:
1. Continuity equation:
aui
—=0 1
5%, (1)
This equation ensures that mass is conserved in the flow.
2. Momentum equation:
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where u represents the velocity vector, p is the pressure, and the strain-rate tensor (si) is given by:

Sij :%(%‘F%) 3)

6x]- 6xi

These equations, when time-averaged, result in the Reynolds-Averaged Navier-Stokes (RANS) equations. In this
approach, the flow quantities, such as velocity and pressure, are decomposed into time-averaged components and
fluctuations. The RANS equations are expressed as:

3. Time-averaged continuity equation:

0w
6_xi_0 (4)

4. Time-averaged momentum equation:

n owu; -
E ax,-] - _54—_(2#51] puiui) (5)

Here, the additional nonlinear term —pu;u;, which appears in the RANS equations, represents the Reynolds stress
tensor. To address this nonlinear term and “close" the set of equations, a turbulence model is necessary.

2.2. The SSTCCM Model

In 2016, Alahmadi and Nowakowski introduced a modified version of the Shear Stress Transport (SST k-w) turbulence
model [2], which incorporated a correction function to account for rotation and curvature effects. This model, known as
SSTCCM, applies a rotation correction function to the production terms in the turbulence transport equations for k (turbulent
kinetic energy) and o (specific dissipation rate). This modification eliminates the need for Lagrangian derivatives and
additional terms, simplifying the model. The modified transport equations for k and ® in the SSTCCM model are:

1. Transport equation for turbulent kinetic energy k:

a(pk) | 0(pujk) _
ot + ax] - PkaOt ﬁ pkw + l’lef ax] (6)
2. Transport equation for specific dissipation rate o:
d(pw) | d(pujw) _  pPy dw
ot + ox; =Qa e rot D + Cd + ,uef ox; (7)

In these equations, f,,; represents the rotation correction function, which adjusts the turbulence equations to account
for rotation and curvature effects. The function f,.,.is given by:
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froe = max{min(f,,,1.25),0.0} (8)

where f,; is defined by more complex relationships between flow properties. These modifications allow the
model to more accurately predict flow behavior, especially in situations where rotation and curvature play significant
such as swirling flows.

3. Numerical Implementation and Simulation Setup:

3.1. Solver and Algorithm

The SSTCCM turbulence model was implemented on the open-source platform, OpenFOAM 2.4.0 [7]. This code
uses a finite volume method for spatial discretization, and an unsteady solver is applied to simulate the incompressible
flow field. In all simulations, the PIMPLE algorithm was employed to couple the velocity and pressure fields. This
algorithm is a combination of the PISO and SIMPLE algorithms, commonly used for transient simulations involving
fluid flows [4].

3.2. Mesh Generation and Simulation Settings

The accuracy of a numerical solution, along with its computational cost, heavily depends on the quality of the grid
or mesh used. Mesh generation can be divided into structured, semi-structured (hybrid), and unstructured types. Errors
in numerical simulation usually stem from the shape and size of the grid cells, while the computational cost is largely
influenced by the resolution of the grid.

The primary metrics for assessing mesh quality include factors such as skewness, cell orthogonality, and aspect
ratio. Generating a structured grid for complex geometries can be particularly challenging, as sharp edges—Ilike the
trailing edge of an airfoil—add further complexity to the mesh creation process. This complexity often requires
additional mesh refinement to correct for non-orthogonal faces. To address these challenges and improve robustness, a
non-orthogonal sub-algorithm corrector was applied to adjust calculations in cases of non-orthogonality.

A grid-independence study was conducted to determine the optimal grid size. The study used three different grid
sizes, as shown in Table 1. The results revealed that denser grids yielded minimal improvements in calculating the lift
coefficient Ci, but significantly increased the number of non-orthogonal faces, which unnecessarily escalates
computational costs.

Table 1. Dimensionless lift coefficient C, of different grid sizes.

Grid Size Non-orthogonal |orthogonal CL
corrector
Coarse 78,256 153 1 0.812525
Medium 115,200 257 2 0.854006
Fine 400,145 894 4 0.854462

For the simulations presented in the following sections, the medium mesh size, which consists of 115,200 cells, was
used. This grid configuration is shown in Figure 1.
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The flow domain for this study is presented in Figure 2. The chord-based Reynolds number for the simulation is Re =
3.92 x 10°, and the velocity profile and corresponding inlet turbulent flow quantities were derived from preliminary
calculations for fully developed turbulent flow in a two-dimensional channel. The dynamic viscosity v, was set to 1.568x10"
5 (m?/s). At the inlet, a Dirichlet boundary condition was applied with U;,, = 51 m/s, while no-slip conditions were enforced
on the fixed walls and zero-gradient conditions were imposed at the outlet. All the boundary conditions used in the

Fig. 1: Grid generation of the computational domain with medium

simulations are summarized in Table 2.

Table 2: The setup of boundary conditions.

|
size.

Boundary Uu(m/s) p(kg/(m - s?)) k(m?/s?) w(1/s) v,(m?/s)
Inlet (u,, 0,0) zero gradient 2/3 (1U)? 5U/L k/w
Outlet zero gradient 0 zero gradient zero gradient zero gradient
wall (0,0,0) zero gradient 0 10 ov 0
” ,31(6A3’)2
airfoil , v
0,0,0 zero gradient 0 10 0
( ) J By (Ay)*
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Figure 1. Computational domain and the physical boundaries.

4. Results

The To demonstrate the effectiveness of the newly developed SSTCCM model in predicting external flows, a series
of simulations were carried out for the NACA 0012 airfoil at different angles of attack (). The experimental data used
for comparison in this study were taken from Ladson’s research [13].

Figures 3 and 4 compare the numerical predictions with experimental measurements of the lift and drag coefficients,
respectively, at varying angles of attack. The results show that the k-e model does not perform well, as it overestimates
the lift coefficient while underestimating the drag coefficient. Other models demonstrate higher accuracy, particularly
in the linear region of the lift coefficient (CL) versus the angle of attack (AoA). However, significant differences between
the numerical results and experimental data become apparent near the stall angle.
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Figure 3. Lift coefficient vs angle of attack.
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Figure 4. Drag coefficient vs angle of attack.
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The SSTCCM model shows the closest agreement with experimental data, particularly for predicting the lift and
drag coefficients. In contrast, the Spalart-Allmaras (S-A) model tends to slightly overpredict the maximum lift
coefficient, CrLmax. Additionally, while other models such as the SST k-» model fail to accurately capture the stalling
behaviour at higher angles of attack, the SSTCCM model performs better in this regard, especially in terms of lift
coefficient predictions.

In the case of drag coefficient validation, the RANS simulations tend to underestimate the drag coefficient in pre-
conditions. Around an angle of attack of 12°, just before the stall, the k-e and S-A models predict the drag coefficient
with high accuracy, whereas the SST k-0 and SSTCCM models are less accurate in this range. The significant flow
separation occurring in the stall region introduces instability in the flow and the generation of vortices, making the
predictions more challenging. During this phase, the flow behaviour shows a large discrepancy between computational
and experimental data. The aerodynamic coefficients were calculated based on the average values from the last time
step of the simulation. Figure 5 shows the averaging process for the drag coefficient at a = 4° using the SSTCCM model.
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Figure 5. The calculation of drag coefficient over the simulated time.

The pressure contours at different angles of attack (o = 4°, 15°, and 18°) are shown in Figures 6, 7, and 8,
respectively, for various turbulence models at a time step of 0.01 seconds. At pre-stall conditions, all turbulence models
yield similar pressure distributions. The difference in pressure between the upper and lower surfaces of the airfoil
generates the lift force. As the angle of attack increases to the stall region, the SSTCCM model better predicts the
pressure distribution, which results in smaller errors in the aerodynamic forces. However, with the exception of the k-e
model, all turbulence models exhibit similar behaviour.
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(a) k — e turbulence model (b) S — A turbulence model
(c) k — o turbulence model (d) SSTCCM turbulence model

Figure 6. The pressure contour of different turbulence models at a = 4° and time step 0.01 s.
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(a) k — € turbulence model (b) S — A turbulence model
(c) k — o turbulence model (d) SSTCCM turbulence model

Figure 7. The pressure contour of different turbulence models at o = 15° and time step 0.01 s
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(a) k — € turbulence model (b) S — A turbulence model
(c) k — @ turbulence model (d) SSTCCM turbulence model

Figure 8. The pressure contour of different turbulence models at o = 18° and time step 0.01 s

At post-stall conditions, the SSTCCM turbulence model continues to show its ability to accurately predict the pressure
distribution, as seen during the stall. Figures 9, 10, and 11 illustrate the velocity contours and streamlines for pre-stall, stall,
and post-stall conditions, respectively, at a time step of 0.01 seconds. At o = 4°, the flow remains attached to the airfoil
surface, with no noticeable flow separation. Flow separation begins at various locations depending on the turbulence model
used and becomes fully detached at post-stall angles of attack. The SSTCCM model provides the most accurate representation
of flow separation compared to the other models, leading to the best agreement with experimental results. The SST k-o and

S-A models also perform reasonably well under most conditions but struggle to capture the flow behavior accurately at o =
18°.

108-11



(a) k — € turbulence model (b) S — A turbulence model
(c) k — @ turbulence model (d) SSTCCM turbulence model

Figure 9. The velocity contour and streamlines o = 4° and time step 0.01 s
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(a) k — € turbulence model (b) S — A turbulence model
(c) k — @ turbulence model (d) SSTCCM turbulence model

Figure 10. The velocity contour and streamlines o= 15° and time step 0.01 s
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(a) k — e turbulence model (b) S — A turbulence model
(c) k — o turbulence model (d) SSTCCM turbulence model

Figure 11. The velocity contour and streamlines o = 18° and time step 0.01 s

5. Conclusion

Conclusions The newly modified SSTCCM (Shear Stress Transport with Curvature Correction Modification) eddy
viscosity turbulence model was used in this study to evaluate its ability to simulate external aerodynamic flows around
a NACA 0012 airfoil. This research represents the first time the model has been applied to external flow simulations.
The numerical predictions from the SSTCCM model show good agreement with the experimental data obtained by
Ladson [13].

The model was tested across various flow regimes and angles of attack, demonstrating its ability to accurately
predict flow separation and the recirculation zone at high angles of attack. When compared to conventional Eddy
Viscosity Models (EVMs), the SSTCCM model consistently outperformed them, particularly in estimating aerodynamic
forces such as lift and drag across all angles of attack.
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