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Abstract. Accurate prediction of the laminar-to-turbulent transition remains one of the most significant
challenges in flow simulations using turbulence models. This work focuses on the analysis of currently
available transition models and their main limitations, particularly in flat plate and airfoil configurations.
Boundary layer transition strongly influences the distribution of skin friction coefficient on flat plates, as
well as pressure and lift coefficients on airfoils, playing a key role in predicting drag, losses, and aero-
dynamic efficiency. Various modeling approaches are reviewed, including correlation-based methods
and modified versions of the k—omega SST model tailored to capture transition mechanisms. Despite
their progress, many of these models show limitations when dealing with non-ideal boundary conditions,
adverse pressure gradients, or varying levels of incoming turbulence. This study presents a numerical
evaluation of transition models applied to flat plate flows, comparing the resulting skin friction distri-
butions with experimental correlations. The work is then extended to airfoil simulations, analyzing the
behavior of pressure and lift coefficients and their sensitivity to transition location and flow separation.
This enables the analysis of boundary layer development and the effects of early or delayed transition on
surface pressure distribution.The results indicate that while current models offer reasonable approxima-
tions under specific conditions, their generalization capability is still limited. It is concluded that further
improvement is needed in the physical representation of transition mechanisms, along with more robust
calibration under varied conditions, particularly for aerodynamic engineering applications.
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1 INTRODUCTION

The prediction of laminar-to-turbulent transition in aerodynamic flows represents one of the
major challenges in computational fluid dynamics (CFD). This process involves the evolution
of an initially laminar boundary layer into a turbulent state, with a significant increase in mixing
and momentum transport. Its relevance in engineering lies in its direct influence on drag, lift,
and the efficiency of aeronautical systems, turbomachinery, and hydraulic devices. An accurate
estimation of the location and extent of transition is crucial for aerodynamic design, airfoil
optimization, and flow control in industrial applications (Anderson, 2010; Menter et al., 2006).

In flat plates, transition has been extensively studied since the seminal works of Blasius
(1907) and Schlichting and Gersten (2016), which provide empirical correlations for boundary
layer development and the skin-friction coefficient (C'y). In the absence of pressure gradients,
Blasius theory predicts the laminar thickness and C} ~ 0.664/+/Re,, with a typical transition
occurring at Re, ~ 3 x 10°=5 x 10°. The exact location of the transition varies with the intensity
of the inlet turbulence.

For airfoils, flow complexity increases due to the combined effects of adverse pressure gra-
dients and curvature. These conditions directly affect the transition process, influencing the
pressure coefficient (C)) distribution and, consequently, the prediction of lift and drag. Ad-
ditionally, the possibility of laminar separation induced by adverse gradients poses a further
challenge for numerical modeling (Ziadé et al., 2018; Langtry et al., 2004).

Although DNS (Direct Numerical Simulation) and LES (Large Eddy Simulation) capture
transition and small-scale turbulent structures, their high computational cost makes them im-
practical for complex engineering problems or high Reynolds. Therefore, RANS (Reynolds-
Averaged Navier-Stokes) models based on empirical correlations and transport equations are
preferred, sacrificing physical resolution for computational efficiency (Pope, 2001).

This study assesses widely used RANS transition models: the four-equation k-w SST LM
(Langtry et al., 2004), the three-equation k-w-vy SST variant (Menter et al., 2015), and two
two-equation variants with boundary layer corrections, k-w LowRe (Wilcox, 1992) and k-w
SST Modified (Cortes and Marquez Damidn, 2024). The assessment is carried out through
OpenFOAM simulations, comparing their performance in flat plate cases (T3 series ERCOF-
TAC (1995)) and airfoils (NACA0025 at Re. = 10° (Ziadé et al., 2018)), validated against
experimental data.

2 BOUNDARY LAYER EVOLUTION: TRANSITION REGIONS ON A FLAT PLATE

In flow over a flat plate with laminar inflow conditions, the transition to a turbulent regime
does not occur abruptly but develops gradually along the streamwise coordinate x. Conse-
quently, the boundary layer can be conceptually divided into three main regions, reflecting the
progressive change in turbulence dynamics and velocity profile, as illustrated in Fig. 1.

2.1 Laminar Region

For low local Reynolds numbers (Re, = U,.x/v), the flow remains laminar, with minimal
Tollmien—Schlichting instabilities and turbulent viscosity v, ~ 0. The velocity profile U(y)
follows the Blasius solution, exhibiting a steep wall gradient and a skin-friction coefficient
governed by the equation C(z) = 0.664/+/Re, (Blasius, 1907).
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2.2 Transition Region

As Re, increases, initial disturbances amplify intermittent structures (Tollmien—Schlichting
instabilities), mixing turbulent spots with laminar remnants near the wall. Turbulent viscosity
emerges (1, > 0), causing the Blasius profile to deviate into a shape with logarithmic curvature
in the mid-region. Turbulent transport reduces the wall gradient, increasing wall shear stress 7,
and C; above the laminar correlation.

2.3 Fully Developed Turbulent Regime

The boundary layer balances turbulent production and dissipation, organizing the dimension-
less velocity profile U™ (y™) into three subregions (Cortes and Marquez Damidn, 2023, 2024):
* Viscous sublayer (y* < 5): dominated by molecular diffusion.
* Buffer region (5 < y* < 30): bridge between molecular and turbulent diffusion.

* Logarithmic region (y™ > 30): governed by Ut = 1/kIny™ + B, with k = 0.41 (von
Kérman constant) and B ~ 5 (integration constant).

The skin-friction coefficient follows Schlichting’s correlation: C'¢(z) = 0.0592/ Rel/”.

Laminar Transition Turbulent
Region Region Region

Cy * .

0 . . . . . >

0 Re,

Figure 1: Division of regions in the evolution of C'; versus Re, for a flat plate

3 CODE IMPLEMENTATION

This work employed OpenFOAM+ v2212 for computational fluid dynamics simulations,
which natively includes the k-w SSTLM transition model (Langtry et al., 2004). Additional in-
house implementations were developed: k-w SSTLowRe (Cortes and Marquez Damidn, 2024),
k-w LowRe (Cortes and Marquez Damidn, 2023), and k-w-y SST (Menter et al., 2015), the
latter based on the code available in Fiirst (2023) for reproducibility.

The simulations utilized a semi-implicit pressure-velocity coupling algorithm to ensure nu-
merical stability. Spatial discretization employed second-order accurate schemes: linear inter-
polation for gradients, bounded upwind-biased schemes for velocity convection, limited linear
schemes for turbulent variables (turbulence kinetic energy (k), Intermittency (7;,;:), Momentum
Thickness Reynolds Number (Rey)), and first-order upwind for the specific dissipation rate (w).
Diffusion terms were discretized with a corrected linear scheme, and face-normal interpolations
used linear methods with appropriate corrections.
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The flat-plate configurations were resolved under steady-state conditions, while the airfoil
cases were simulated in a transient regime, enhancing stability in refined meshes. Convergence
was ensured by driving velocity and pressure residuals below 1 x 1077,

The comparative evaluation was carried out keeping the same spatial discretization, struc-
tured meshes and boundaryS conditions for all £-w models, to isolate the turbulence model’s
effect on predictions. All implementations were verified through standard reference cases, en-
suring reproducibility within the OpenFOAM+ platform.

4 APPLICATION OF THE PROPOSED MODELS

To evaluate the implemented models, reference test cases widely documented in the liter-
ature and recognized experimental databases were employed. These allow for the validation
of the models’ ability to predict transition under controlled conditions, ranging from simple
flows to more complex cases with separation. The first benchmark considered was the ER-
COFTAC T3 series (Ryhming, 1990), a standardized database compiling experimental data on
laminar—turbulent transition under varying levels of free-stream turbulence and pressure gradi-
ents.

The flat-plate cases correspond to the T3A, T3AM, and T3B configurations, characterized
by a plate with a rounded leading edge. This simple geometry is ideal for studying boundary-
layer development without curvature effects, focusing on how the free-stream turbulence inten-
sity (Tu) influences the onset of transition. The mesh used, obtained from the public GitHub-
GammaSST repository (Fiirst, 2023), was designed to validate models such as k-w SSTLM and
v SST, with dimensions enabling the reproduction of initial laminar separation and its evolution
toward turbulence, while matching experimental velocities.

Properties | T3AM T3A T3B NACA0025
U [m/s] 19.8 5.18 9.4 5.0

k [m%/s2] 0.048 0.044 0.56 2.4 x 1077
¢ [m?/s%] 1.4 0.947 20.90 3.5 x 1077
w [1/s] 326.57 240.29 414.79 16.33
Tu [%] 0.9 3.3 6.5 0.8

L, [m] 6.7x107% | 87x 1074 [ 1.8 x 1073 | 3x 104
v [m%/s] 15x107° | 1.5x10™° | 1.5x 1075 | 1.5 x 1075
112/ 1 9.723 12.16 90.0 0.098

Table 1: Flow and turbulence properties for the evaluated cases, including freestream velocity (Us),
turbulent kinetic energy (k), turbulent dissipation rate (¢), specific dissipation rate (w), turbulence inten-
sity (T'u), turbulent length scale (L;), kinematic viscosity (v), and turbulent-to-molecular viscosity ratio

(e / ).

Additionally, the symmetric NACAO0025 airfoil was evaluated, a well-established benchmark
for low Reynolds number (Re,.) aerodynamic flows. Operating at an angle of attack (AOA) of
5° and Re, = 10°, with a chord length of ¢ = 0.3m, this case introduces complexity due
to adverse pressure gradients on the suction side, which promote laminar separation, reducing
lift and increasing drag. Experimental and large eddy simulation (LES) data from Ziadé¢ et al.
(2018) provide measurements of the pressure coefficient (C),), transition points, and velocity
profiles, enabling comprehensive validation of the models’ ability to capture these effects.
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The combination of these cases—one geometrically simple (flat plate) and the other with
curvature and AOA (airfoil)—enables a comprehensive assessment of the robustness and gen-
erality of the models.

4.1 Turbulent Flat Plate

This case represents a fundamental scenario for studying transition in the absence of pressure
gradients, where the local Reynolds number and inlet turbulence intensity (Tu) determine the
onset of turbulence. The T3A, T3AM, and T3B configurations vary Tu from 0.9% to 6.5%, al-
lowing analysis of how external perturbations accelerate or delay transition compared to empir-
ical correlations such as Blasius (laminar) and Schlichting (turbulent). As previously described,
the meshes from the GitHub-GammaSST repository (Fiirst, 2023), specifically designed for the
initial validation of k-w SSTLM and v SST, were used (see Fig. 2).
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Figure 2: Schematic of the flat-plate geometry, including general boundary conditions (Inlet with U,
Outlet, Top and Above symmetric; R = 7.5 mm, L;pje; = 0.04 m, Lyjqee = 3 m, H = 1 m).

| Patch | U [m/s] | k[m%s?] | w[l/s] | vy (m?s] | p[m%s?] |
Plate | (0,0,0) 0 OWF 0 Vp-ii=0
Top VU - 7=0|Vk-7=0]| Vw7 =0 | calculated ﬁp-ﬁ:O
Inlet (Uso, 0,0) Kintet Winlet calculated ﬁp -n=0
Outlet | VU -7=0|Vk-7i=0| Vw-7 =0 | calculated | 0
Above | U-i=0 |Vk-7T=0]|Vw-i=0 | calculated | Vp -7 =0

Table 2: Boundary conditions for the flat plate. OWF denotes a wall function for w (OmegaWallFunc-
tion); SWF: SpaldingWallFunction (Spalding et al., 1961); and the calculated condition for v; assigns
values at each boundary face by evaluating the model-specific v; equation.

These meshes present a notable challenge due to the small rounded leading edge, which re-
quires intense local refinement (y™ < 1) to capture the curvature without introducing excessive
numerical diffusion or artifacts in the initial laminar separation. Three meshes were proposed
for each case; for practical purposes, the intermediate mesh with 107,280 cells in 2D was used
in this work, ensuring sufficient resolution for the development of 74 from laminar conditions.
The boundary conditions are summarized in Table 2.

4.2 NACA0025

This airfoil introduces aerodynamic complexity, where transition depends not only on Re,
but also on pressure gradients and curvature, potentially causing laminar separation on the up-
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per (suction) surface. This case is relevant for low-Re applications (e.g., drones, UAVs), as
separation reduces C; and increases Cy; the models must capture how transition mitigates or
exacerbates these effects, compared to surface C,, data.

(a) Geometric schematic (AOA=5°, ¢ = 0.3 (b) Refined structured mesh (y*+ < 0.4 near
m, Re. = 10°) the wall)

Figure 3: Representation of the NACAO0025 airfoil and its numerical discretization.

| Patch | U [m/s] |k [m%s?] | wl(l/s] | v [m%s] | p[m%s?] |
airfoil | (0,0,0) 0 OWF SWF Vp-ii =0
inlet (4.9,0.43,0) | 2.4 x 107 | 16.33 calculated | Vp -7 =0
bottom (4 9,0.43,0) | 2.4 x 107° | 16.33 calculated | Vp -7 =0
top VU -ii=0 | Vk-7i=0]| Vw7 =0 | calculated ﬁp =20
outlet | VU -7i=0 |Vk-i=0]|Vw-7 =0 calculated | 0

Table 3: Boundary conditions for NACA0025. OWF denotes a wall function for w (OmegaWallFunc-
tion); SWF: SpaldingWallFunction (Spalding et al., 1961); and the calculated condition for 1, assigns
values at each boundary face by evaluating the model-specific 4 equation.

The meshes were generated in 2D using GMSH and custom Octave scripts for parameteriza-
tion, employing a C-grid topology (30 c in the axial direction, 20 ¢ normal to the flow). Refined
structured regions wrap the surface up to 0.3 ¢ and 0.7 ¢ downstream of the trailing edge, prior-
itizing y™ < 0.4, a maximum growth rate of 1.02, and mesh alignment with the flow to capture
vorticity and ensure numerical stability (see Fig. 3).

S RESULTS

The results of the numerical simulations using the proposed models are presented below,
comparing their performance with experimental data and theoretical correlations for the flat-
plate (T3 series) and NACAO0025 airfoil cases. This section analyzes the models’ ability to pre-
dict laminar—turbulent transition, highlighting strengths, limitations, and applicability to aero-
dynamic flows.

5.1 Flat Plate (T3 Series)

The distributions of the skin friction coefficient (Cy) versus Re, are shown in Fig. 4. For
T3AM, with low T'u, the k-w SSTLM model (Langtry et al., 2004) closely follows the lami-
nar Blasius correlation (Blasius, 1907) up to Re, ~ 3 x 10°, initiating transition in agreement
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with experiments. In contrast, the v SST model (Menter et al., 2015) predicts an earlier tran-
sition at Re, ~ 2.5 x 10°, possibly due to overestimation of intermittency production under
low-disturbance conditions, as observed in similar validations (Huang et al., 2023). The k-w
LowRe model (Wilcox, 1992) underestimates C'y during transition, being limited to fully turbu-
lent flows.

0.01 0.01
k —w SSTLM k —w SSTLM
—— 4 SST — 7y SST
k —w SST Low Re k —w SST Low Re
0-008 — k —w Low Re 0.008 — k —w Low Re
c o Exp T3AM C o  Exp T3A
°f —— Cy Laminar (Blasius) f —— Cy Laminar (Blasius)
0.006 —— C Turbulent (Schlichting) 0.006 —— Cf Turbulent (Schlichting)
0.004 0.004 -
0.0021, 0.002 |
0 1x 1‘00 2 X iOG 3 ><‘1()G 4 >‘< 106 0 2 x 10° 4 x10° 6 x 10° 8 x 10° 1 x 106
Re, Re,
(a) T3AM (Tu = 0.9%) (b) T3A (T'u = 3.3%)
0.01
k —w SSTLM
— v SST
k —w SST Low Re
0.008 b — o Low Re
C o Exp T3B
! —— Cf Laminar (Blasius)
0.006 —— Cf Turbulent (Schlichting)

0.004 [

0.002

1 x 10° 1.5 x 108 2 x 108

Re,

(¢) T3B (Tu = 6.5%)

0 5 x 10°

Figure 4: C} distributions versus Re,, for the T3 cases, comparing numerical models (k-w SSTLM, ~y
SST, k-w LowRe) with experimental data (Ryhming, 1990) and theoretical correlations (Blasius (1907),
Schlichting and Gersten (2016)).

With increasing Tu (T3A and T3B), transition occurs earlier, consistent with instability
mechanisms amplified by free-stream turbulence Schlichting and Gersten (2016). In T3B, k-
w SSTLM predicts the onset of turbulence around Re, ~ 2 x 10°, with a relative error <5%
compared to ERCOFTAC data. Here, v SST performs better, aligning more closely thanks to
its v equation, which initially dampens ;. All models smooth the C'; jump during transition, a
common RANS artifact compared to DNS.

Fig. 4 confirms the robustness of k-w SSTLM for T'u values of 0.9 — 3.3% (Fig. 4a and 4b),
but for high 7w (Fig. 4c), v SST stands out, consistent with recent findings recommending ad-
ditional calibration of -y production for accelerated flows (Huang et al., 2023). This underscores
the need for leading-edge correction terms to enhance generality in industrial applications.
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5.2 NACA0025 Airfoil

For the NACA0025 at Re. = 10° and AOA = 5°, adverse pressure gradients on the suction
side induce laminar separation, testing the models’ sensitivity to curvature and pressure varia-
tions (Ziadé et al., 2018). The C,, distributions versus z/c (Fig. 5) assess how transition affects
the surface pressure distribution and stall onset, with emphasis on post-separation reattachment
prediction.

—-1.5

—-0.5

g
& 30
) S}
o8
Q
k —w SSTLM
v SST 05[]
0.5 k —w SST Low Re | k —w SSTLM
k —w Low Re “‘ — 4 SST
e o Exp Ziadé I k —w SST Low Re
1 ‘ | LES Ziadé 1 4‘\‘ — k —w Low Re

0.4 0.6 0.8 i 0 0.2 0.4 0.6

x/c

0.8 1

z/c

(a) Upper surface (b) Lower surface

Figure 5: Comparison of C), versus x/c for NACA0025, showing RANS models (k-w SSTLM, ~ SST,
k-w LowRe) against experimental and LES data (Ziadé et al., 2018).

On the upper surface, the k-w SSTLM and k-w SSTLowRe models predict a suction peak at
x/c = 0.08, with values similar to LES results (Ziadé et al., 2018), although slightly overesti-
mating the peak magnitude (5-7%). The collapse of boundary layer separation occurs at = /c ~
0.45 for both models, showing a small offset relative to the experimental data (z/c ~ 0.47),
indicating a moderately accelerated transition. In contrast, v SST and k-w LowRe also locate
the peak at z/c =~ 0.08, but differ in recovery: - SST leads to premature reattachment due to its
low initial suction and overproduction of intermittency, while k-w LowRe, designed for fully
turbulent flows, fails to achieve subsequent reattachment, resulting in a fully separated bound-
ary layer (deviation >10% vs. LES). This limitation highlights the need for laminar-region
calibration for low- Re,. airfoils, as observed in recent validations (Huang et al., 2023).

On the lower surface, where the pressure gradient is favorable and no experimental data is
available for this regime, all models show a fully attached boundary layer, with smooth C,
distributions dependent on the resolution on the upper surface. The pressure asymmetry lim-
its the overall aerodynamic performance of the airfoil, emphasizing how suction-side failures
propagate to total lift (C}) and drag (C}).

~
~

Property | k-w SSTLM ~v SST k-w SSTLowRe | Fk-w LowRe
Cy 9.947 x 1072 | 1.18 x 107! 7.261 x 1072 1.883 x 107!
C, 8.236 x 107 | 3.259 x 1071 | 8.328 x 107! —5.79 x 107!

Table 4: Integrated coefficients for NACA0025 at Re, = 1 x 10° and AOA = 5°

The integrated aerodynamic coefficients, estimated from the C), distributions via numerical
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integration, are presented in Table 4. These values reflect the differences among models. The
absence of experimental data on the lower surface limits direct validation, but trends suggest
that k-w SSTLM and k-w SSTLowRe adequately predict the behavior of this airfoil in this
regime.

6 CONCLUSIONS

This work evaluated several RANS models for predicting laminar—turbulent transition over
flat plates and airfoils, with emphasis on their performance against benchmark cases such as
the ERCOFTAC T3 series and the NACAQ025 airfoil. The results show that the k—w SSTLM
and y—SST models provide robust predictions of the skin friction coefficient (C'y) on flat plates
under various levels of free-stream turbulence, showing good agreement with classical correla-
tions by Blasius and Schlichting. Although the exact location of transition does not perfectly
match experimental data, this discrepancy has a limited impact on the overall solution. Consid-
ering the intrinsic complexity of modeling transition and the low computational cost of these
models compared to LES or DNS simulations, their results can be considered satisfactory for
preliminary design studies.

The k—w LowRe and k—w SSTLowRe models perform adequately in fully turbulent flows,
showing errors comparable to SSTLM in post-transition regions, as reported in Cortes and Mar-
quez Damian (2023, 2024). However, they exhibit significant limitations in predicting the initial
laminar phase, prematurely triggering transition and amplifying errors in cases where the lami-
nar region is relevant, such as T3AM and T3A. This indicates that these models are appropriate
when the laminar phase is secondary but are not recommended for configurations sensitive to
transition, such as low-Reynolds-number airfoils or flat plates with low inlet turbulence, where
the laminar region occupies a substantial portion of the domain.

For airfoils, such as the NACA0025 at Re. = 10° and AOA = 5°, the k—w SSTLM model
provides a reasonable approximation of the maximum suction magnitude and improves the
prediction of laminar separation collapse. The k—w SSTLowRe model, despite its simplicity,
achieves a similar boundary layer reattachment as that of SSTLM, since this zone is not af-
fected by the additional SSTLM transport variables. However, it exhibits a larger error in the
peak suction magnitude, being more sensitive to laminar effects and the onset of transition. The
~v SST model, in contrast, overestimates turbulent viscosity on the upper surface, resulting in
locally increased velocity and pressure and adversely affecting aerodynamic performance, al-
though it correctly captures the position of separation collapse. Finally, k—w LowRe, designed
for fully turbulent flows, fails to represent the laminar region on the upper surface, resulting in a
completely separated boundary layer without reattachment, which limits its applicability in this
regime.

In summary, while the evaluated models provide reasonable approximations under controlled
conditions, their generalization is limited by inherent simplifications in their transport equations
and treatment of transition. Although suitable for academic studies and preliminary design, their
application to complex geometries or industrial conditions requires additional calibration. This
study shows that RANS models capture global trends but cannot substitute detailed, computa-
tionally intensive LES/DNS analyses for precise transition studies.
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