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ABSTRACT: This study investigates the influence of mesh resolution and turbulence model selection on the accuracy
of numerical simulations for transonic flow, with particular emphasis on shock-boundary layer interaction phenom-
ena. Accurate prediction of such flows is notoriously difficult due to the sensitivity to near-wall resolution, global
mesh density, and turbulence model assumptions, and this problem motivates the present work. Two solvers were
employed, rhoCentralFoam (unsteady) and TSLAeroFoam (steady-state), both are compressible and density-based and
implemented within the OpenFOAM framework. The investigation focuses on three different non-dimensional wall
distance (y+) values of 1, 2.5 and 5, each implemented with both moderate and fine mesh resolutions. Three turbulence
models—Spalart-Allmaras (SA), k-ω Shear Stress Transport (SST), and k-ε Realizable—were evaluated at M = 0.74,
Re = 2.7× 106, and α = 3.19○. Results showed that while both solvers achieved good overall agreement with experimental
data, particularly in terms of pressure distribution, lift coefficient, and shock location, noticeable differences still
emerged. The k-ω SST model consistently delivered the most robust performance across all cases, capturing the shock
position on y+ ≈ 1 meshes with deviations below 0.02c compared to the experiment, and maintaining accuracy even at
y+ ≈ 5. The k-ε Realizable model was highly sensitive to near-wall resolution, displacing shocks downstream at higher
y+ values, whereas Spalart-Allmaras remained broadly comparable to the k-ω SST model in predictive performance.
The rhoCentralFoam solver achieved consistently better lift predictions, staying within about 2% of the experimental
value on average, whereas TSLAeroFoam overpredicted it by around 4%. For transonic Reynolds-Averaged Navier-
Stokes (RANS) simulations, unsteady k-ω SST with y+ ≈ 1 is recommended for maximum fidelity, whereas steady k-ω
SST or SA simulations offer a practical option for quick and reasonably accurate aerodynamic predictions.
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1 Introduction
Transonic flow simulation remains one of the most challenging areas in computational fluid dynamics

(CFD) due to the complex physics involved, particularly the shock wave/boundary layer interactions. These
interactions are critical in determining the aerodynamic performance of various aerospace applications,
from aircraft wings to turbomachinery components [1,2]. The accurate prediction of such flows is therefore
essential for efficient design optimization and performance assessment.

A significant body of research has focused on mesh resolution as a key factor in improving the accuracy
of transonic flow simulations. High-resolution meshes are essential for accurately resolving intricate flow
features, particularly in regions where shock waves are present. Widiawaty et al. [3] emphasized that mesh
resolution plays a crucial role in CFD, directly impacting result accuracy, and highlighted the necessity of
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refining meshes in critical flow regions. Kulkarni et al. [4] demonstrated that the choice of mesh significantly
influences flow characteristics and turbulence model performance, finding that coarser meshes failed to
accurately capture shock positions. Hashimoto et al. [5] investigated unsteady transonic buffet and reported
that accurate prediction of shock location remains challenging even with fine grids unless appropriate wall
modeling is used.

The selection of turbulence models represents another decisive factor for the accurate simulation of
transonic flows. Different models exhibit varying capabilities in capturing the complexities of transonic
phenomena. The Spalart-Allmaras (SA) and k-ω Shear Stress Transport (SST) models are commonly
employed due to their robustness in handling transonic conditions [6,7]. Duggirala et al. [6] compared
these models for predicting interference drag in transonic flows and found significant variations in predicted
drag values depending on model choice, with differences up to 30% in some configurations. Yi et al. [8]
demonstrated that turbulence model selection affects flow prediction accuracy in transonic flows, with k-ω
models generally performing better near separation regions. Soda [9] conducted numerical investigations
of 2D and 3D unsteady transonic flows using hybrid Reynolds-Averaged Navier-Stokes/Detached Eddy
Simulation (RANS/DES) approaches and found that shock buffet predictions were highly sensitive to
turbulence modeling parameters. Petrocchi and Barakos [10] assessed the Partially Averaged Navier-Stokes
(PANS) method for transonic buffet simulations and found it superior to Unsteady Reynolds-Averaged
Navier-Stokes (URANS) in resolving flow unsteadiness on affordable grids. Nevertheless, standard RANS
models have been shown to often struggle in accurately modeling shock-boundary layer interactions [7,11].

The interaction between mesh resolution and turbulence modeling has also been explored in several
contexts. Galpin et al. [12] validated CFD simulations against experimental data from a transonic axial
compressor, assessing sensitivity to mesh size, turbulence models, and other factors, and showed that
accurate prediction of shock-boundary layer interactions required both appropriate turbulence modeling
and sufficient mesh resolution. Hosangadi et al. [13] presented simulations for transonic diffuser-volute
configurations using unstructured CFD and achieved good agreement with experimental data by employing
multi-element unstructured frameworks that provided better resolution around critical geometry features.
Coratger et al. [14] developed a hybrid lattice-Boltzmann method for complex transonic flows that combined
grid refinement with subgrid turbulence models, demonstrating good predictive capability.

In parallel, machine learning approaches have recently emerged as promising tools for transonic flow
prediction. Zhou et al. [15] developed a deep learning framework using residual networks that accurately
captured essential physical features such as shock strength, location, flow separation, and boundary layer
characteristics in transonic regimes. Jia et al. [16] created a hybrid method fusing deep learning with reduced-
order modeling that reduced prediction errors in nonlinear flow regions by 13%–66%, while maintaining
computational efficiency. Complementary to these developments, Mufti et al. [17] proposed a domain-
informed probabilistic deep learning framework for predicting transonic flow fields, achieving 6.4% error
in shock strength and 1% error in shock location prediction, and outperforming traditional reduced-order
models by 60%. Al-Rbaihat et al. [18] combined RANS/DES-based CFD with Gaussian process regression
(GPR) to demonstrate the effectiveness of hybrid CFD-Machine Learning (CFD-ML) methodologies in
handling complex shock-dominated flows.

Despite these advances in transonic flow simulation, the review of the literature reveals a gap: there
is a notable absence of comprehensive studies that systematically investigate the combined effects of mesh
resolution and turbulence model selection. Most prior work has either optimized mesh resolution with a
fixed turbulence model or compared turbulence models on a single mesh, with little attention to how steady
and unsteady solvers behave under these combined conditions. This fragmented approach overlooks key
interdependencies that directly influence prediction accuracy. In particular, the interaction between different
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non-dimensional wall distance (y+) values and turbulence models has not been thoroughly explored for
transonic airfoils, even though this is critical for accurately capturing shock-boundary layer interactions.
The complex interactions between shock waves and boundary layers in transonic flows make this combined
analysis especially important, as turbulence model performance can vary depending on near-wall mesh
resolution. This study investigates the combined effects of mesh resolution and turbulence model selection
on transonic flow predictions. By comparing different y+ values implemented with both moderate and fine
mesh resolutions and evaluating three widely used turbulence models with both steady and unsteady solvers,
this research provides a comprehensive assessment of how these factors interact to affect transonic simulation
accuracy and shock prediction. The novelty of this work lies in its systematic integration of mesh sensitivity,
including near-wall y+ resolution, with turbulence model selection in a unified transonic airfoil framework.
Furthermore, by explicitly contrasting steady and unsteady solvers, the study delivers practical guidelines in
selecting appropriate modeling strategies under varying computational resource constraints.

2 Materials and Methods

2.1 RAE2822 Data Airfoil and Experimental Data
The experimental dataset for this study is taken from the Advisory Group for Aerospace Research and

Development (AGARD) AR-138 report on the RAE2822 airfoil [19]. Case 13A was selected, corresponding to
a Mach number of 0.74, a Reynolds number of 2.7 × 106, and an angle of attack of 3.19○. The available exper-
imental measurements include surface pressure coefficient distributions as well as integrated aerodynamic
coefficients. These data are widely used as a benchmark for assessing the accuracy of computational methods
in transonic flow regimes.

2.2 Computational Domain and Mesh Generation
The computational domain employs a C-grid topology surrounding the RAE2822 airfoil, extending

20 chord lengths in all directions to minimize far-field boundary effects. The mesh was generated using
OpenFOAM’s native blockMesh utility, with the blockMesh dictionary was configured to enhance cell
distribution, particularly near the shock region for accurate boundary layer resolution. The first cell height
was calculated to achieve target y+ values of 1, 2.5, and 5. These correspond to 1 × 10−5c, 2.5 × 10−5c, and
5 × 10−5c, where c represents the chord length. A growth rate of 1.2 was employed from the airfoil surface
outward. Mesh quality was verified using OpenFOAM’s checkMesh utility. All grids have max. skewness
and orthogonal quality values around 0.8 and 40, respectively. As detailed in Table 1, the study utilized six
distinct hexahedral mesh configurations: M1 and M2 (max. y+ ≈ 1), M3 and M4 (max. y+ ≈ 2.5), and M5
and M6 (max. y+ ≈ 5), where M2, M4, and M6 represent globally higher-density versions of M1, M3, and
M5, respectively.

Table 1: Meshes used in the study

Mesh Abbr. Cells Nodes Type Min. y+ Avg. y+ Max. y+ Max. skew. Max. non-orth.
1 M1 65184 131400 Hexahedral 0.05 0.44 1 0.75 61.5
2 M2 165647 333120 Hexahedral 0.04 0.41 1 0.80 48.0
3 M3 55724 112438 Hexahedral 0.15 1.06 2.5 0.82 39.9
4 M4 156600 314990 Hexahedral 0.09 1.04 2.5 0.80 39.5
5 M5 54136 109216 Hexahedral 0.22 2.11 5 0.82 39.9
6 M6 156600 308504 Hexahedral 0.19 2.08 5 0.80 39.5
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Fig. 1 presents the representative mesh pairs, showing (a) the complete domain configuration of the
fine grid, with close-up views comparing (b) moderate and (c) fine resolutions. This systematic approach
of varying both near-wall resolution (y+) and global mesh density enables evaluation of grid sensitivity on
flow solution accuracy. Fine meshes contain approximately 2.5–2.9 times more cells than their moderate
counterparts, yet the overall mesh quality metrics remain nearly unchanged. The baseline mesh properties
were selected considering previous RAE2822 studies in the literature [20–24]. On the airfoil surface, the
moderate meshes include approximately 220 grid cells, while the fine meshes include about 420 grid cells.
The simulations were run on quasi-2D meshes, with a single cell used in the spanwise direction.

Figure 1: Computational mesh visualization: (a) Complete domain view of the fine-resolution C-grid configuration
(M2); (b) Close-up views from the moderate-resolution mesh (M1); (c) Close-up views from the fine-resolution mesh
(M2)

2.3 Numerical Solvers
Two solvers are used for steady and unsteady simulations: TSLAerofoam and rhoCentralFoam, both

based on the OpenFOAM framework.
The rhoCentralFoam is an unsteady density-based solver for high-speed compressible flow included

in the standard OpenFOAM distribution. As described by Greenshields et al. [25], this solver implements
a semi-discrete, non-staggered central scheme developed by Kurganov and Tadmor [26]. The CFD solver
discretizes the continuity, momentum, and energy equations separately to obtain three linear systems [27].

∂ρ
∂t
+∇ ⋅ (Uρ) = 0 (1)

∂(ρU)
∂t

+∇ ⋅ [U(ρU)] + ∇p +∇ ⋅ σ = 0 (2)

∂(ρE)
∂t

+∇ ⋅ [U(ρE)] + ∇ ⋅ (Up) + ∇ ⋅ (σ ⋅U) + ∇ ⋅ j = 0 (3)

where ρ is density, U is velocity, p is pressure, and E is total energy given by E = e + ∣U ∣2/2, with e representing
the specific internal energy or enthalpy. The viscous stress tensor σ is defined as positive in compression:

σ = − μ[∇U + (∇U)T − 2
3
(∇⋅U) I ] , (4)

with dynamic viscosity μ, unit tensor I, and diffusive heat flux j defined by Fourier’s law with thermal
conductivity kth and temperature T:

j = − kth∇T . (5)



Comput Model Eng Sci. 2025;145(1) 331

This central-upwind scheme offers an alternative approach to traditional Riemann solvers, combin-
ing central-difference and upwind schemes, making it particularly effective for flows with shocks and
discontinuities in transonic regimes [28,29].

The second solver, TSLAeroFoam, is a steady-state, density-based compressible flow solver developed
within the OpenFOAM-based NextFOAM framework. It employs the Lower–Upper Symmetric Gauss–
Seidel (LU-SGS) algorithm for implicit time integration, which enables rapid convergence for steady
computations. Tailored for aerospace applications, the solver incorporates Riemann-based boundary con-
ditions, advanced near-wall treatment, and the thin shear layer (TSL) approximation, which improves
efficiency in boundary layer-dominated transonic flows. In TSLAeroFoam, convective fluxes are computed
using the Roe-FDS (flux difference splitting) scheme with VK-limited gradient reconstruction, while viscous
fluxes are modeled with the TSL approximation. A second-order upwind scheme is consistently applied to
both convective and turbulence terms [30,31].

The use of both steady and unsteady solvers allows a direct comparison in transonic simulations.
The rhoCentralFoam enables the capture of possible transient effects associated with shock-boundary layer
interaction in transonic conditions, while TSLAeroFoam provides an efficient steady-state baseline. This
setup makes it possible to assess how mesh resolution and turbulence modeling influence solution accuracy
differently in steady vs. unsteady frameworks.

2.4 Numerical Simulations
A comprehensive matrix of simulations was performed to systematically investigate the effects of mesh

resolution, y+ values, and turbulence models on the prediction accuracy of transonic flow phenomena. All
simulations were conducted at the specified flow conditions of M = 0.74, Re = 2.7 × 106, and α = 3.19○. The
air was modeled as a perfect gas. The following turbulence models were evaluated.

• Spalart-Allmaras (SA)—A one-equation model known for its robustness in aerospace applications [32].

Dν̃
Dt
= Cb1 (1 − ft2) S̃ ν̃ + 1

σ
[∇ ⋅ ((ν + ν̃)∇ν̃) + Cb2 ∣∇ν̃∣2] − [Cw1 fw −

Cb1

κ2 ft2](
ν̃
d
)

2
(6)

here, ν̃ is the working variable related to eddy viscosity, ν is the molecular viscosity, d is the wall distance,
S̃ is a modified vorticity magnitude, and Cb1 , Cb2, Cw1 , σ , κ are model constants.

• k-ω SST—A two-equation model that combines the advantages of k-ω in the near-wall region and k-ε
in the free stream [33,34].

∂(ρk)
∂t
+∇ ⋅ (ρkU) = Pk − β∗ρkω +∇ ⋅ [ (μ + σk μt)∇k ] (7)

∂(ρω)
∂t

+∇ ⋅ (ρωU) = α ω
k

Pk − βρω2 +∇ ⋅ [ (μ + σω μt)∇ω ] + 2(1 − F1)
ρσω2

ω
∇k ⋅ ∇ω (8)

here, k is the turbulent kinetic energy, ω is the specific dissipation rate, Pk is the production term, μt is
the eddy viscosity, μ is the molecular viscosity, ρ is density, and α, β, β∗, σk , σω , σω2 are model constants.

• k-ε Realizable—A two-equation model with enhanced treatment of the dissipation rate equa-
tion [35,36].

∂(ρk)
∂t
+∇ ⋅ (ρkU) = ∇ ⋅ [(μ + μt

σk
)∇k] + Pk − ρ ε (9)

∂(ρ ε)
∂t

+∇ ⋅ (ρ ε U) = ∇ ⋅ [(μ + μt

σε
)∇ ε] + ρC1S ε −ρC2

ε2

k +
√

ν ε
(10)
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here, k is turbulent kinetic energy, ε is the dissipation rate of k, Pk is the production of k, S =
√

2Si jSi j
is the mean strain rate magnitude, μt is the eddy viscosity, ν is the molecular kinematic viscosity.
C1 =max[0.43, η/(η + 5)]where η = Sk/ε is a variable coefficient, while C2, σk , σε are model constants.

The unsteady simulations were performed using the rhoCentralFoam solver of OpenFOAM v2406.
The maximum Courant number was set to 0.7, resulting in time step sizes of 2.6 × 10−8 s for M1 and M2,
6.5 × 10−8 s for M3 and M4, and 1.3 × 10−7 s for M5 and M6. Key numerical settings and parameters are
presented in Table 2. Fig. 2 illustrates the overall research workflow, from mesh generation through solver
and turbulence-model selection to simulations, post-processing, and final comparisons. The unsteady sim-
ulations were run for approximately 0.25 s in real flow time, which corresponds to nearly two flow-through
periods of the computational domain. For the unsteady simulations, the final aerodynamic coefficients, lift,
drag, and moment (CL , CD , and CM), were calculated by averaging the simulation data over the last 0.05 s. A
representative convergence history for the M3 mesh configuration with the SA turbulence model is presented
in Fig. 3a, showing the evolution of CL over time.

Table 2: Key numerical settings and parameters

Parameter Setting/value
Solvers rhoCentralFoam (unsteady), TSLAeroFoam (steady)

Maximum courant number 0.7
Time step size (≈) 2.6 × 10−8 s (M1 and M2), 6.5 × 10−8 s (M3 and M4), 1.3 × 10−7 s (M5 and M6)
Reynolds number 2.7 × 106

Mach number 0.74
Angle of attack 3.19○

Boundary conditions Farfield: inletOutlet, airfoil: no slip wall
Thermodynamic model hePsiThermo

Equation of state perfectGas
Viscosity model Sutherland

Figure 2: Flowchart of the research workflow

For the steady-state simulations with TSLAeroFoam, a maximum of 10,000 iterations was performed,
and convergence was ensured by requiring all residuals to fall below 10−5, confirming the stability of the
steady solutions. In addition, the evolution of CL with iteration was monitored to verify convergence, and
a representative CL-iteration history is presented in Fig. 3b. The computational time for the steady cases
was less than 30 min on 24 CPU cores (Intel E5 2650v3 CPU), whereas the unsteady rhoCentralFoam
simulations required between one day and one week depending on mesh. The shock location was determined
approximately as the point on the suction side where the pressure coefficient (−Cp) reached its maximum
value and subsequently began to decrease. Both a steady and an unsteady solver were employed to allow direct
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comparison of results: the unsteady solver was able to capture possible transient effects associated with shock-
boundary layer interaction at transonic conditions, while the steady solver provided an efficient baseline for
routine aerodynamic prediction and highlighted the trade-off between accuracy and computational cost.

Figure 3: Representative convergence histories for the M3 mesh configuration: (a) CL vs. time from rhoCentralFoam,
(b) CL vs. iteration from TSLAeroFoam

3 Results and Discussion
Fig. 4 compares rhoCentralFoam predictions with experimental data across turbulence models and

mesh resolutions, revealing key findings about shock location sensitivity. While all models show some
dependence on near-wall resolution, the k-ε Realizable model exhibits significantly greater sensitivity to
increasing y+ values (from 1 to 5) compared to both Spalart-Allmaras and k-ω SST models. At y+ = 1,
the shock locations predicted by the k-ω SST and SA models are very close to the experimental value
(x/c ≈ 0.50), with deviations of only 0%–2%, while the k-ε Realizable model shows larger errors up to 6%.
As y+ increases to 5, the k-ε Realizable model displaces the shock by as much as 12%, whereas the k-ω
SST retains errors typically below 2%. In terms of lift, rhoCentralFoam predicts CL within about 2% of
the experimental value (CL = 0.733), while TSLAeroFoam tends to overpredict by about 4%. The k-ω SST
model demonstrates the most consistent performance, maintaining accurate shock location even at higher y+
values, albeit with a slight loss of sharpness in the pressure recovery region. This robustness is consistent with
its established reputation in transonic flow studies [6,10]. Spalart-Allmaras also performs reasonably well
but underestimates suction peaks in some cases, reflecting its simpler one-equation formulation. It should
be noted that the unsteady solver introduces minor temporal oscillations in lift and shock position, which
are a known characteristic of buffet-like unsteadiness in transonic airfoils. These oscillations, while small,
highlight the influence of temporal resolution in capturing flow physics.
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Figure 4: Comparison of CFD results obtained using different turbulence models with rhoCentralFoam on grids (a)
M1, (b) M2, (c) M3, (d) M4, (e) M5, and (f) M6 against experimental data
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Fig. 5 presents Mach number contours from the unsteady rhoCentralFoam solver across six mesh
configurations and three turbulence models. The flow velocity reaches around M = 1.4 on the suction side
and remains around M = 0.6 on the pressure side near the leading edge. When comparing the contours,
two main trends can be observed. First, increasing global mesh density generally reduces the extent of low-
Mach number regions while slightly expanding high-Mach zones. This effect is most evident near the shock
formation area, where finer meshes yield more compact supersonic regions compared to their moderate-
resolution counterparts. Second, reducing y+ from 5 to 1 produces a clear contraction of high-Mach zones,
indicating better resolution of viscous effects near the airfoil surface. Among the tested models, the k-ω SST
captures sharper leading-edge acceleration, maintains shock positions close to experimental observations,
and produces smoother pressure recovery downstream of the shock. Spalart-Allmaras shows broadly similar
behavior but with slightly smoother contours, while the k-ε Realizable model is more sensitive to y+
variations, with high-Mach regions shrinking more substantially at lower y+ levels, which may be linked to
its limitations in adverse pressure gradient flows.

Figure 5: Mach number contours obtained from the rhoCentralFoam solver for six mesh configurations using three
turbulence models: Spalart-Allmaras, k-ω SST, and k-ε Realizable

Fig. 6 displays Mach contours from the steady-state TSLAeroFoam solver, revealing several key dif-
ferences from the unsteady results. The steady solver demonstrates significantly reduced sensitivity to both
mesh density and y+ variations compared to rhoCentralFoam. Similar tendencies are still visible: increasing
global mesh density expands the high-Mach regions and sharpens the shock definition, but the magnitude
of these effects is reduced, especially near the shock. The contours exhibit marginally shallower gradients in
the flow direction, suggesting that the steady approach produces somewhat smoother transitions between
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flow regimes. As with the unsteady case, increasing y+ values produce a modest growth in high-Mach
regions, though this effect is less pronounced than observed in Fig. 5. The k-ω SST model again delivers
the most consistent results across mesh variations, while Spalart-Allmaras shows better agreement with
expected physical behavior in the steady formulation compared to its unsteady performance. Smoother shock
representation of the steady solver is likely due to its inability to resolve transient buffet-like dynamics, which
in practice reduces variability but can mask certain unsteady flow physics.

Figure 6: Mach number contours obtained from the TSLAeroFoam solver for all six mesh configurations using three
turbulence models: Spalart-Allmaras, k-ω SST, and k-ε Realizable

Fig. 7 compares TSLAeroFoam’s steady-state pressure distributions with experimental data across six
mesh configurations and three turbulence models, revealing several important insights. The k-ω SST
model demonstrates superior performance in shock location prediction, capturing the experimental shock
position within 0.01c (≈2%) on fine y+ ≈ 1 meshes (M1/M2), while Spalart-Allmaras shows comparable
accuracy though with slight underprediction of the suction peak. The k-ε Realizable model consistently
displaces shocks 0.01–0.04c toward the trailing edge and overestimates post-shock pressures compared to
experimental values. Increases in global mesh density are less pronounced in steady simulations than in the
unsteady results, though finer meshes still improve shock definition. Increasing y+ from 1 to 5 causes all
models to predict more diffuse shock structures, with the k-ε Realizable showing the greatest sensitivity. The
steady solver’s sharper shock representation is linked to its tendency to overpredict suction-side −Cp levels
compared to both rhoCentralFoam and experimental data. This overprediction steepens the suction peak
and makes the shock transition appear sharper. Temporal averaging in steady RANS approaches suppress
certain shock-boundary layer interaction dynamics as noted in previous studies [9]. The k-ω SST model
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maintains its advantage across all tested conditions, though its performance edge over Spalart-Allmaras
narrows at y+ ≈ 1, suggesting both models remain viable options for steady transonic simulations when fine
near-wall resolution is achievable.

Figure 7: Comparison of CFD results obtained using different turbulence models with TSLAeroFoam on grids (a) M1,
(b) M2, (c) M3, (d) M4, (e) M5, and (f) M6 against experimental data
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Fig. 8 presents a comparative visualization of pressure coefficient (Cp) contours from rhoCentralFoam
(top two rows) and TSLAeroFoam (bottom two rows) solvers using the k-ω SST model across all mesh
configurations. Both solvers yield similar shock locations and pressure recovery patterns regardless of mesh
density or y+ variation, indicating that the k-ω SST model achieves mesh-converged solutions even at
moderate resolutions. TSLAeroFoam produces slightly stronger suction-side pressure gradients and sharper
localized peaks at the shock, while rhoCentralFoam shows smoother transitions. These differences remain
small in magnitude but become visible when comparing the solver results side by side. Both approaches
capture the main flow physics, but their different solution strategies cause small differences, particularly in
regions of strong acceleration and shock-boundary layer interaction.

Figure 8: Pressure coefficient (Cp) contours obtained from the rhoCentralFoam (top two rows) and TSLAeroFoam
(bottom two rows) solvers for six mesh configurations using the k-ω SST turbulence model. The first rows show the top
view, while the second rows show the perspective view of the airfoil

Fig. 9 compares the pressure distribution results of rhoCentralFoam and TSLAeroFoam using the k-
ω SST model on the fine mesh with the lowest y+, M2. Although the two solvers predict very similar
shock positions around x/c ≈ 0.5, clear differences appear in other regions of the airfoil. On the suction
side between x/c = 0 and 0.5, TSLAeroFoam predicts higher −Cp values than rhoCentralFoam. In contrast,
from x/c = 0.5 to 1.0, rhoCentralFoam produces slightly higher −Cp levels compared to TSLAeroFoam.
Furthermore, the Cp distribution obtained from TSLAeroFoam is smoother than that of rhoCentralFoam,
most likely due to rhoCentralFoam’s unsteady nature.
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Figure 9: Comparison of pressure coefficient (−Cp) distributions predicted by rhoCentralFoam and TSLAeroFoam
using the k-ω SST turbulence model on the M2 grid

Table 3 summarizes the comprehensive results obtained in this study. The lift coefficient predictions
from rhoCentralFoam generally show excellent agreement with the experimental value of CL = 0.733, with
deviations mostly within 2%. In contrast, TSLAeroFoam tends to slightly overpredict CL by around 4% on
average, but provides better drag estimates. The CD predictions show larger discrepancies compared to the
experiment. On the experimental side, these discrepancies may be linked to wind tunnel wall interference
effects and the high sensitivity of drag to small variations in angle of attack; at transonic speeds, even
minor angular deviations can produce large differences in drag. From the numerical perspective, possible
differences related to transition modeling—since the simulations assume fully turbulent flow while the
experiments may involve transitional effects—and inherent limitations of RANS turbulence models in
predicting shock-induced separation and viscous losses may also contribute to systematic overprediction.
Regarding shock position, the k-ω SST model performs best, keeping the errors typically below 2% across
both solvers. SA also provides reasonable predictions, while the k-ε Realizable model exhibits the largest
deviations, displacing shocks downstream by up to 12% in some configurations. It can be also seen that
turbulence model choice has the strongest influence on predictive accuracy. TSLAeroFoam demonstrated
generally better performance in predicting drag and moment coefficients, with the k-ω SST and SA
models again proven to be more reliable than the k-ε Realizable model. Overall, rhoCentralFoam provides
superior CL predictions at the cost of higher computational expense, while TSLAeroFoam achieves efficient
convergence and reasonable shock predictions, making it suitable for routine analysis when fine near-wall
resolution is used. It should be noted that the simulations are based on the ideal gas and fully turbulent flow
assumptions, which may influence the results.

Table 3: Summary of results

Solver Mesh Model CL (≈) CD (≈) CM (≈) Shock
location
(≈x/c)

Shock loc.
error (≈%)

M1
SA 0.739 0.043 −0.098 0.51 2

k-ω SST 0.715 0.039 −0.093 0.50 0
k-ε Realizable 0.740 0.045 −0.094 0.51 2

(Continued)
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Table 3 (continued)

Solver Mesh Model CL (≈) CD (≈) CM (≈) Shock
location
(≈x/c)

Shock loc.
error (≈%)

rhoCentralFoam
(unsteady)

M2
SA 0.745 0.045 −0.101 0.51 2

k-ω SST 0.730 0.040 −0.098 0.51 2
k-ε Realizable 0.745 0.045 −0.101 0.52 4

M3
SA 0.734 0.043 −0.098 0.50 0

k-ω SST 0.684 0.039 −0.085 0.49 2
k-ε Realizable 0.750 0.046 −0.102 0.53 6

M4
SA 0.749 0.043 −0.105 0.52 4

k-ω SST 0.700 0.039 −0.090 0.50 0
k-ε Realizable 0.760 0.045 −0.110 0.54 8

M5
SA 0.749 0.042 −0.100 0.50 0

k-ω SST 0.725 0.039 −0.095 0.50 0
k-ε Realizable 0.780 0.045 −0.110 0.56 12

M6
SA 0.761 0.043 −0.104 0.55 10

k-ω SST 0.745 0.041 −0.101 0.53 6
k-ε Realizable 0.790 0.046 −0.112 0.56 12

TSLAeroFoam
(steady-state)

M1
SA 0.773 0.028 −0.087 0.50 0

k-ω SST 0.760 0.027 −0.084 0.50 0
k-ε Realizable 0.790 0.030 −0.093 0.53 6

M2
SA 0.780 0.028 −0.088 0.51 2

k-ω SST 0.769 0.026 −0.086 0.51 2
k-ε Realizable 0.799 0.030 −0.095 0.54 8

M3
SA 0.755 0.029 −0.083 0.50 0

k-ω SST 0.746 0.027 −0.082 0.50 0
k-ε Realizable 0.786 0.030 −0.090 0.52 4

M4
SA 0.764 0.028 −0.085 0.50 0

k-ω SST 0.758 0.026 −0.084 0.50 0
k-ε Realizable 0.798 0.030 −0.092 0.54 8

M5
SA 0.755 0.029 −0.083 0.50 0

k-ω SST 0.746 0.027 −0.082 0.50 0
k-ε Realizable 0.778 0.030 −0.088 0.51 2

M6
SA 0.751 0.028 −0.082 0.50 0

k-ω SST 0.753 0.026 −0.083 0.50 0
k-ε Realizable 0.788 0.030 −0.090 0.53 6

Experimental 0.733 0.019 −0.086 0.50 –
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4 Conclusions
This study systematically evaluated the interdependent effects of near-wall resolution, mesh density, and

turbulence model choice on transonic shock-boundary layer interaction predictions for the RAE2822 airfoil.
The main findings are:

• The rhoCentralFoam solver achieved generally better lift predictions, staying within about 2% of the
experimental value, while TSLAeroFoam tended to overpredict by around 4%.

• The k-ω SST model provided the most reliable shock predictions, with errors typically below 2% across
both solvers. Spalart-Allmaras also performed reasonably well, while the k-ε Realizable model showed
the largest deviations.

• Turbulence model choice plays the dominant role in predictive accuracy in transonic CFD simulations,
and with appropriate near-wall resolution the influence of global mesh density remains secondary.

• The TSLAeroFoam solver showed generally better performance in terms of drag and moment coeffi-
cient predictions.

• The rhoCentralFoam solver captured unsteady lift-generating flow physics more accurately but required
substantially higher computational cost. TSLAeroFoam achieved efficient convergence and provided
reasonable predictions.

For maximum fidelity, unsteady rhoCentralFoam with k-ω SST at y+ ≈ 1 is recommended. When
computational resources are limited, steady simulations using the k-ω SST or Spalart-Allmaras models
provide a practical balance between accuracy and efficiency in transonic flow predictions. It should be noted
that this study was limited to the fully turbulent flow assumption for a single airfoil geometry, and more
advanced modeling approaches were not explored, which can be addressed in future studies.
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