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ABSTRACT: This study numerically investigates transonic shock wave characteristics over supercritical 

airfoils using the OpenFOAM-based open-source solver TSLAeroFoam. The numerical setup is validated 

through comparison with benchmark transonic experimental results. A parametric study is conducted by 

varying the Mach number from 0.72 to 0.78 and the angle of attack from 3° to 7° to evaluate their effects 

on shock position, strength, shock–boundary layer interaction, and associated aerodynamic coefficients 

including lift, drag, and moment. Results indicate that increasing the angle of attack causes shock to move 

upstream toward the leading edge. Increasing the Mach number leads to a reduction in pressure on the 

lower surface and a corresponding decrease in lift coefficient. At a fixed angle of 3°, the lift coefficient 

dropped from nearly 0.71 to 0.60 as Mach number increased from 0.72 to 0.78. Additionally, the lift-to-

drag ratio decreased significantly with both Mach number and angle of attack, dropping from 

approximately 37 to 16 at 3°, and from 12 to 8 at 7° for Mach numbers 0.72 and 0.78, respectively. The 

findings collectively demonstrate that both Mach number and angle of attack influence shock wave 

behavior and aerodynamic performance in transonic flows, with stronger effects observed at higher values 

of both parameters. 
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1. INTRODUCTION 

Transonic flow, which occurs when the freestream Mach number is near one, presents a unique 

aerodynamic environment where both subsonic and supersonic regions coexist [1], [2]. A defining feature 

of transonic flow is the formation of shock waves, which can significantly alter pressure distributions, 

induce boundary-layer separation, and lead to unsteady aerodynamic forces. Understanding the structure 

and behavior of transonic shock waves, particularly in the context of shock-boundary layer interactions 

(SBLI) and unsteady flow phenomena such as shock buffet, is critical for improving aerodynamic 

performance and stability in engineering applications, including airfoil and wing design. Understanding 

the structure and dynamics of transonic shock waves is essential for improving aircraft design, flow 

control strategies, and numerical modeling approaches. The research in this area has largely focused on 

three interrelated themes: (1) shock-boundary layer interaction and flow separation [3], [4], [5], (2) 

unsteady shock oscillations and shock buffet [6], [7], and (3) numerical and experimental methods for 

analyzing transonic shock waves [8], [9].  

Recent experimental and computational research has provided key insights into the dynamic nature 

of transonic shock waves and their interactions with boundary layers. Several studies have focused on the 

unsteady characteristics of shock oscillation and SBLI. Sartor et al. [10] investigated shock-

wave/boundary-layer interactions in transonic channel flow over a bump, identifying distinct low- and 

medium-frequency unsteadiness linked to shock motion and shear-layer perturbations, respectively. 

Fourier analysis and global stability analysis revealed that these instabilities do not stem from unstable 

global modes but are instead likely due to external disturbances. Similarly, Bénard et al. [11] conducted 

experimental work on transonic SBLI over a bump and observed low-frequency shock behavior correlated 

with upstream-traveling pressure waves. Bruce et al. [12] examined forced unsteady shock wave behavior 

over transonic configurations, finding that at high frequencies the shock exhibits independent oscillatory 
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disturbances. Chyu and Kuwahara [13]  numerically investigated unsteady transonic flow over a pitching 

airfoil, emphasizing the role of shock-induced separation and turbulent boundary-layer interactions. Hu 

et al. [14] used computational fluid dynamics (CFD) with Detached Eddy Simulation (DES) to analyze 

shock buffet over a NACA0012 airfoil, demonstrating numerical agreement with experimental 

observations on transonic buffeting onset and aerodynamic load dynamics. Liu et al. [15] investigated 

transonic buffet behavior under ground effect using RANS-based CFD and found that the interaction 

between shock motion and vortex shedding produces distinct flow regimes depending on angle of attack, 

with significant influence from ground-induced Mach reflection and shock synchrony with vortex 

shedding. A significant challenge in transonic shock research is the prediction and mitigation of shock-

induced separation and its effects on aerodynamic performance. Carter et al. [16] developed a coupled 

interaction model incorporating normal pressure gradients to better predict turbulent separation induced 

by transonic shocks. Vorobiev et al.  [17] studied shock-separation interactions in transonic flow over a 

turret, proposing a low-dimensional model for phase-locked separation regions. Seifollahi and 

Jahangirian [18] investigated the use of active boundary-layer control techniques to reduce SBLI-induced 

drag via mass transfer. Matsuo et al. [19] further examined the impact of non-equilibrium condensation 

on shock strength and total pressure loss in a transonic internal flow, suggesting potential strategies for 

shock mitigation. Frede and Gatti [20] performed a parametric CFD study on active flow control via 

blowing and suction on the RAE2822 airfoil and found that suction on the suction side significantly 

reduced drag—up to 16%—in high-lift transonic conditions, whereas blowing increased drag due to 

nonlinear shock–boundary interactions. In addition to experimental and numerical studies, analytical and 

theoretical models continue to play a crucial role in transonic shock research. The study by Zhang et al. 

[21] has refined high-resolution computations of transonic shock behavior using advanced numerical 

schemes like WENO and RANS-LES methods to resolve complex flow interactions. More recently, Li et 

al. [22] examined how the number and configuration of bleed holes in a transonic stator affect shock-

boundary layer interaction. Their results showed that increased porosity can reduce interaction length, 

but improper bleed patterns may increase wake losses. In a companion study, the same authors [23] 

demonstrated that combining suction on the suction surface and end-wall corner significantly suppresses 

both suction-side separation and corner stall. Similarly, Berizzi et al. [24] applied spanwise-travelling-

wave wall forcing on the transonic RAE2822 airfoil, achieving shock delay of 7% chord length and nearly 

halving wave drag without significantly energizing the boundary layer. Liu et al. [25] numerically studied 

buffet on the OAT15A supercritical airfoil and showed that mesh resolution can be relaxed away from the 

shock/bubble zone without degrading buffet prediction accuracy. 

Recent advances have deepened our understanding of transonic shock structures, their unsteady 

behavior, and the mechanisms driving shock–boundary layer interactions. However, despite substantial 

progress, there remains a need to further explore how shock wave characteristics evolve under varying 

flow conditions, especially in cases where both freestream Mach number and angle of attack vary 

concurrently. The aerodynamic response of supercritical airfoils becomes increasingly complex at higher 

Mach numbers and angles of attack, leading to nonlinear variations in shock position, intensity, and 

associated flow separation behavior. The interaction between these two parameters introduces a coupled 

effect on shock physics that is not yet fully resolved in existing studies. This study aims to address this 

gap by conducting a detailed numerical investigation into the aerodynamic effects of transonic shocks 

under multiple flow regimes, with a particular focus on how the interplay between Mach number and 

angle of attack influences shock location, strength, and airfoil performance. 

2. MATERIAL AND METHODS 

2.1. CFD Solver: TSLAeroFoam  

In this work, the CFD method has been employed using TSLAeroFoam, an open-source solver 

developed within the OpenFOAM framework, to predict the flow physics. The solver discretizes the 
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continuity, momentum, and energy equations separately to obtain three linear systems [26], [27], [28], [29], 

[30]. 

𝜕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 with thermal conductivity k and 

temperature T: 

𝐣 = −𝑘𝛻𝑇s (5) 

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) method for implicit time integration, enabling rapid convergence for steady computations. Tailored 

for aerospace flow simulations, the solver features Riemann-based boundary conditions and advanced 

near-wall modeling. Additionally, it adopts the thin shear layer approximation, which enhances 

computational efficiency for boundary layer-dominated transonic flows. Solver details are available in 

Ref. [31]. BaramFlow was used as the pre-processing interface for setting up the simulations. The source 

code and documentation of the NextFOAM framework, including TSLAeroFoam, are publicly available 

[32].  

In this study, the convective fluxes are computed using the Roe-FDS (flux difference splitting) scheme 

with a VK-limited gradient reconstruction, while viscous fluxes are treated using the thin shear layer (TSL) 

approximation to improve efficiency in boundary layer-dominated transonic flows. A second-order 

upwind scheme is used for both convective and turbulence terms. Riemann-based boundary conditions 

are applied at the farfield, and no-slip adiabatic wall conditions are used on the airfoil surface. The solver 

includes advanced near-wall modeling, making it suitable for high-speed external aerodynamic 

simulations. A steady-state approach was employed for all simulations. Convergence was monitored via 

residuals, and each case was run for 10,000 iterations. By the end of the simulations, residuals of all 

primary flow variables had decreased below 10-5, indicating satisfactory convergence. 

2.2. Mesh Independency and Validation 

To ensure the reliability and accuracy of the numerical results, a mesh independence study was 

conducted using three different grid resolutions: coarse, medium, and fine. Table 1 summarizes the 

number of cells and the corresponding aerodynamic coefficients for each mesh configuration, along with 

the experimental data used for validation. It is observed that the lift (CL), drag (CD), and moment (CM) 

coefficients vary only slightly between the medium and fine meshes (nearly 0.15% for CL and 0.26% for 

CD, indicating mesh convergence. While the coarse mesh (49,858 cells) produces moderate deviations in 

aerodynamic coefficients, the medium (126,230 cells) and fine (193,402 cells) meshes yield nearly identical 

results. For instance, the lift coefficient increases from 0.7328 (coarse) to 0.7431 (medium) and 0.7442 (fine), 

whereas the drag and moment coefficients stay within a narrow range. The numerical results obtained 

using the medium mesh are sufficiently close to those of the fine mesh but require less computational cost. 
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The grid convergence index (GCI) between the medium and fine meshes was calculated to be less than 

0.5%, confirming grid independence. Therefore, the medium mesh was selected for all subsequent 

simulations. The C-grid topology enables enhanced resolution at the leading and trailing edges and aligns 

the mesh with the expected flow direction, which helps reduce numerical dissipation. This structured 

approach also supports better boundary layer capture and numerical stability across a wide range of flow 

conditions. The mesh is refined near the airfoil surface to accurately resolve the boundary layer, with 

gradual coarsening toward the far field and additional refinement near the shock region to ensure better 

resolution of sharp gradients. The mesh structure corresponding to the selected medium-resolution grid 

is shown in Figure 1. The selected medium-resolution grid exhibits a maximum skewness, non-

orthogonality and aspect ratio of approximately 0.80, 39.5° and 240, respectively which fall within 

acceptable limits for numerical stability. Moreover, the maximum y+ value is below 3, ensuring sufficient 

near-wall resolution for accurate turbulence modeling. The k-ω SST turbulence model was employed in 

all simulations to accurately capture near-wall effects and shock–boundary layer interactions.  

 

Table 1. Mesh independence study. 

Type Number of cells CL CD CM 

coarse 49858 0.7328 0.0270 -0.0815 

medium 126230 0.7431 0.02652 -0.0832 

fine 193402 0.7442 0.02645 -0.0834 

experimental - 0.733 0.0188 -0.086 

 

 
Figure 1. Some pictures from the selected medium-resolution grid. 

 

The experimental data used for validation were obtained from the AGARD AR-138 report for the 

RAE2822 supercritical airfoil [33]. Specifically, Case 13A was selected, which corresponds to a Mach 

number of 0.739, Reynolds number of 2.7×106, and an angle of attack of 3.19°. These conditions represent 

a typical transonic flow case with a pronounced shock, making it suitable for validation. 

Figure 2 presents the surface pressure coefficient (Cp) distributions over the airfoil for all three mesh 

resolutions in comparison with the experimental data. All numerical predictions capture the general 

pressure trends and shock location reasonably well. However, the medium and fine meshes demonstrate 

slightly better agreement with the experimental data, particularly near the shock region around x/c≈0.5. 

The comparison confirms that the medium mesh provides a reliable balance between accuracy and 

computational efficiency. 
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Figure 1. Comparison of surface pressure coefficients (Cp) for coarse, medium, and fine mesh 

resolutions, along with experimental data. 

 

3. RESULTS AND DISCUSSION 

This section presents the numerical results obtained from simulations under various Mach numbers 

and angles of attack, focusing on shock wave behavior and aerodynamic performance characteristics. 

Figure 3 illustrates the pressure coefficient (Cp) distributions on the airfoil surface for various Mach 

numbers and angles of attack. Each subfigure includes both a perspective view (top) and a plan view 

(bottom) of the pressure field. Across all Mach numbers, increasing the angle of attack from 4° to 6° results 

in a noticeable upstream movement of the shock wave on the upper surface. This is evidenced by the 

expansion of the low -Cp (blue) region and the forward shift of high-gradient zones toward the leading 

edge. Overall, both Mach number and angle of attack significantly affect the shock wave’s strength and 

position. The observed trends are consistent with typical transonic flow behavior over supercritical 

airfoils, supporting the capability of the solver to accurately capture key aerodynamic phenomena. Figure 

4 shows the surface pressure coefficient distributions over the RAE2822 airfoil at four different Mach 

numbers ranging from 0.72 to 0.78 and for angles of attack between 3° and 7°. In all cases, increasing the 

angle of attack results in a stronger and more upstream-positioned shock wave, as indicated by the sudden 

change in Cp values on the suction surface. The shock location progressively moves toward the leading 

edge with increasing angle of attack. As the Mach number increases from 0.72 to 0.78, the shock wave 

shifts toward the trailing edge at low angles of attack. Additionally, a noticeable reduction in pressure is 

observed on the pressure side (lower surface), as seen by the upward shift of the Cp curves in this region. 

This indicates a weakening of the pressure difference between the suction and pressure sides. As a result, 

the overall pressure differential across the airfoil decreases, particularly at higher Mach numbers and 

angles of attack, which can affect lift generation and shock–boundary layer interaction. These trends 

confirm that both Mach number and angle of attack play a critical role in determining shock strength, 

position, and the aerodynamic performance of the airfoil under transonic conditions. 
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Figure 3. Pressure coefficient (Cp) contours on the airfoil surface at Mach numbers (a,b) 0.72, (c,d) 0.74 

(e,f) 0.76 and (g,h) 0.78 for angles of attack of (a,c,e,g) 4° and (b,d,f,h) 6°. 

 

 
Figure 4. Pressure coefficient distributions at various Mach numbers: (a) M=0.72, (b) M=0.74, (c) M=0.76, 

(d) M=0.78 for angles of attack ranging from 3° to 7°. 

 

Figure 5 displays the Mach number contours around the RAE2822 airfoil under various flow 

conditions, covering Mach numbers from 0.72 to 0.78 and angles of attack from 3° to 7°. Across all cases, 

the formation of a transonic shock on the suction surface is clearly observed. The shock induces abrupt 

changes in velocity, pressure, and density, which thicken the boundary layer downstream of the shock. 

Under stronger SBLI, this rapid deceleration may lead to adverse pressure gradients and reversed flow, 
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causing local flow separation on the suction surface. At lower Mach numbers and angles of attack, the 

flow remains largely attached, and the shock wave appears weak and positioned further downstream. As 

the Mach number increases, the shock becomes sharper and more prominent, with distinct red-to-green 

gradients indicating regions of rapid deceleration. This effect is especially noticeable at M=0.78 and 6°–7°, 

where the shock wave strengthens and moves closer to the leading edge. Furthermore, the size and 

intensity of the supersonic region ahead of the shock increase with both Mach number and angle of attack. 

The downstream disturbances and shock reflections are also more apparent at higher conditions, 

indicating complex transonic wave dynamics. 

 

 
 

Figure 5. Mach number contours around the airfoil for Mach numbers 0.72, 0.74, 0.76, and 0.78, and 

angles of attack from 3° to 7°. 

Figure 6 illustrates the variation of the lift coefficient (CL) with angle of attack ranging from 3° to 7° 

for four Mach numbers: 0.72, 0.74, 0.76, and 0.78. For all Mach numbers, CL  increases with angle of attack 

as expected; however, a clear reduction in CL is observed at higher Mach numbers for the same angle. At 

3°, the lift coefficient decreases from approximately 0.706 at M=0.72 to 0.598 at M=0.78. A similar trend is 
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observed at 7°, where CL  values are approximately 0.927 for M=0.72 and 0.797 for M=0.78. This reduction 

reflects the increased compressibility effects and shock-induced losses at higher transonic speeds, which 

weaken the aerodynamic lifting capability of the airfoil.  

 
Figure 6. Variation of lift coefficient (CL) with angle of attack (3°–7°) at Mach numbers ranging M=0.72 to 

0.78. 

Figure 7 shows the variation of the lift-to-drag ratio (CL/CD) with angle of attack for the same range of 

Mach numbers. As the angle of attack increases, CL/CD decreases significantly across all Mach numbers. 

At lower angles, the airfoil exhibits high aerodynamic efficiency, while at higher angles, drag increases 

more rapidly than lift, reducing the ratio. At 3°, the lift-to-drag ratio is approximately 37 for M=0.72 and 

16 for M=0.78. By 7°, these values drop to around 12 and 8, respectively. This decline highlights the 

growing drag penalty and energy loss associated with stronger shock waves and boundary layer 

separation at higher Mach numbers and attack angles. 

 

 
Figure 7. Variation of lift-to-drag ratio (CL/CD) with angle of attack (3°–7°) at Mach numbers ranging 

from M=0.72 to 0.78. 

 

Table 2 presents the predicted aerodynamic coefficients for the RAE2822 supercritical airfoil across 

different Mach numbers and angles of attack (AoA). The results demonstrate clear trends in transonic flow 

behavior. The lift coefficient consistently decreases with increasing Mach number. At 3° angle of attack, 

CL drops from 0.706 at M=0.72 to 0.598 at M=0.78, representing a 15.3% reduction due to strengthening 

shock waves and compressibility effects. The drag coefficient shows a substantial increase with Mach 
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number. At 3°, CD doubles from 0.019 to 0.038 as Mach number increases from 0.72 to 0.78, primarily due 

to wave drag from shock formation. The moment coefficient becomes increasingly negative with higher 

Mach numbers, indicating center of pressure shifts. With respect to angle of attack, lift coefficient peaks 

around 6° before decreasing at higher angles, while drag keeps increasing across all Mach numbers. 

 

Table 2. Aerodynamic coefficients predicted for different Mach numbers and angles of attack. 

Mach → 0.72 0.74 0.76 0.78 

AoA ↓ CL CD CM CL CD CM CL CD CM CL CD CM 

3 0.706 0.019 -0.074 0.718 0.0248 -0.837 0.673 0.032 -0.091 0.598 0.038 0.0935 

4 0.856 0.03 -0.073 0.817 0.038 -0.0821 0.742 0.044 -0.0866 0.665 0.0498 -0.0892 

5 0.93 0.0458 -0.0706 0.859 0.0524 -0.0767 0.785 0.058 -0.0812 0.7195 0.0634 -0.0856 

6 0.942 0.062 -0.065 0.874 0.068 -0.071 0.813 0.073 -0.077 0.7626 0.0786 -0.083 

7 0.927 0.0782 -0.06 0.875 0.0837 -0.067 0.832 0.089 -0.074 0.797 0.0949 -0.0818 

 

4. CONCLUSIONS 

This study provided a comprehensive numerical assessment of transonic shock wave behavior over 

the RAE2822 supercritical airfoil using the open-source solver TSLAeroFoam. Key findings obtained 

under varying Mach numbers and angles of attack are summarized below: 

• Increasing the angle of attack from 3° to 7° resulted in an upstream shift of the shock location 

toward the leading edge and intensified the shock–boundary layer interaction. 

• A rise in Mach number led to a reduction in pressure on the pressure side of the airfoil, 

accompanied by a corresponding decrease in lift coefficient. 

• The lift coefficient decreased with increasing Mach number at fixed angles of attack; for example, 

at 3°, CL dropped from nearly 0.71 at M=0.72 to 0.60 at M=0.78.  

• Increase in angle of attack generally led to increases in lift, drag and moment coefficients across 

all Mach numbers. However, the rate of increase diminished at higher angles, indicating a nonlinear 

aerodynamic response. Notably, at M=0.72, the lift coefficient reached its maximum value of nearly 0.94 

at 6°, beyond which a slight decrease was observed. 

• The lift-to-drag ratio also decreased with increasing angle of attack and Mach number. For 

example, at 3°, it dropped from approximately 37 at M=0.72 to 16 to M=0.78. As the angle of attack 

increased, the difference in CL/Cd  values between Mach numbers became less pronounced; at 7°, the ratio 

was about 12 at M=0.72 and 8 at M=0.78. 

Overall, the results demonstrate that transonic flow characteristics are highly sensitive to both angle 

of attack and inflow Mach number. The observed trends provide insights into the complex aerodynamic 

behavior of supercritical airfoils operating in the transonic regime. 

NOMENCLATURE 

CD  Drag coefficient 

CL  Lift coefficient 

CM  Moment coefficient 

M  Mach number 

Re  Reynolds number 

x/c  Normalized chordwise position 

AoA Angle of attack (°) 

Cp  Pressure coefficient 

SBLI Shock–Boundary Layer Interaction 
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