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Abstract

Laminar separation bubbles (LSBs) on low-Reynolds-number airfoils are sustained by
intrinsic unsteadiness driven by Kelvin—-Helmholtz (K-H) growth in the separated shear
layer. Using incompressible 2D URANS with the SA-y transition model for a NACA 0012
airfoil at Re = 5.3 x 10, we reveal that numerical dissipation behaves as a critical bifur-
cation parameter. Validated against the recent Jardin (2025) experimental benchmark, the
physical state correctly resolves the LSB-induced pressure plateau (Cp) and local negative
skin friction (Cf < 0). However, when numerical dissipation exceeds the K-H instabil-
ity growth rate, the physical limit-cycle oscillation collapses into a spurious fixed-point
attractor—a phenomenon defined as numerical quenching. This pseudo-convergence triggers
a catastrophic ~30% deficit in mean lift (C;). Furthermore, at « = 6°, a drag-mechanism
inversion is identified: while the physical branch is dominated by LSB-induced pressure
(form) drag, the quenched branch exhibits a non-physical drag surge that exceeds the
fully turbulent baseline. Phase portraits and power spectral densities (St ~ 0.2) provide
objective diagnostics, demonstrating that standard residual convergence is a deceptive
indicator of physical fidelity in transitional separated aerodynamics.

Keywords: laminar separation bubble; numerical dissipation; bifurcation; transition modeling;
unsteady RANS

1. Introduction
1.1. Low-Reynolds-Number Laminar Separation Bubbles and Intrinsic Unsteadiness

Transitional airfoil flows at 10* < Re < 10° exhibit a delicate competition between
viscous diffusion, adverse pressure gradients, and shear-layer instability. This Reynolds-
number range arises in several settings, including small-scale flight, the thin Martian
atmosphere, and bio-inspired micro-air vehicles [1-4]. The aerodynamic performance in
this regime is of critical importance for the development of unconventional rotorcraft, such
as the Mars Helicopter and future planetary exploration platforms [5-10]. While these
applications motivate the study, the underlying mechanisms are generic to low-Re external
aerodynamics [11,12].

The hallmark of this regime is the Laminar Separation Bubble (LSB), a complex topol-
ogy involving laminar separation, transition via Kelvin—-Helmholtz amplification in the
separated shear layer, and turbulent reattachment [13-17]. The dynamic behavior of the
LSB—its formation, migration, and bursting—introduces strong nonlinearities in aerody-
namic loads, including lift dead-bands, hysteresis, and abrupt stall characteristics [18-21].
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The present work focuses on a controlled airfoil benchmark that matches recent
low-speed experimental datasets [22] and established measurements [23]. The objective
is to isolate transitional LSB physics and numerical behavior at conditions where the
incompressible assumption is appropriate [24]. While three-dimensional effects such as stall
cells eventually modulate the bubble topology, the inception of the collapse is a fundamental
competition between the solver’s dissipation and the 2D shear-layer instability, justifying a
focused 2D study.

1.2. The Dilemma of Transition Modeling: Physical Instability vs. Numerical Stability

Given the prohibitive computational cost of Direct Numerical Simulation (DNS) [25,26]
and the grid-resolution requirements of Large Eddy Simulation (LES) [27] for parametric
studies, Reynolds-Averaged Navier-Stokes (RANS) approaches remain widely used [28].
However, the “predictability crisis” in low-Re flows stems from the failure of fully turbulent
models (e.g., Spalart-Allmaras) to capture the laminar portion of the LSB, leading to gross
over-prediction of drag and under-prediction of lift [23,29,30]. While integral methods such
as XFOIL [31] provide rapid estimates, they often struggle with the strong unsteadiness
and massive separation characteristic of the pre-stall regime [32].

To bridge this gap, correlation-based transition models have been developed. However,
multi-equation frameworks, such as the four-equation 7y — Reyg; model, introduce significant
complexity. They rely on non-local variables and intricate empirical correlations that often
result in numerical stiffness, particularly when coupled with the highly non-linear source
terms required to trigger transition rapidly inside a short separation bubble [30,33,34].
This “stiffness” frequently leads to convergence stagnation or requires extremely small
time-steps, complicating RANS-based simulation workflows.

In response, single-equation transition models, such as the SA-y model developed by
Bas and Cakmakcioglu [35], have gained traction. By solving a single transport equation
for intermittency coupled with the robust SA turbulence model, the SA-vy framework offers
a balance between physical fidelity and computational efficiency. Recent studies have
applied correlation-based transition models to a range of configurations [33,34,36], yet their
numerical resilience in unsteady LSB shedding remains under-explored. While the general
limitations of RANS in LSB prediction are documented [36,37], the specific mechanism of
numerical quenching leading to a non-conservative drag crossover remains unreported.
This study fills this gap by identifying how numerical dissipation triggers a topological
bifurcation in the solution space.

1.3. The Numerical Stability—Fidelity Paradox

A critical, yet often overlooked, aspect of simulating transitional flows is the in-
terplay between numerical dissipation and physical instability. In the linear lift regime
(0° < a <€6°) of a NACA 0012 airfoil at Re ~ 5 x 10%, the flow is inherently unsteady,
characterized by the periodic shedding of vortices from the LSB (Limit Cycle Oscillations,
LCO) [18,38].

Here lies a fundamental conflict, which we term the “Stability-Fidelity Paradox.” From
a numerical perspective, implicit solvers introduce numerical dissipation (via upwind dis-
cretization or temporal integration) to suppress oscillations and drive residuals to machine
zero [39]. However, from a physical perspective, suppressing these oscillations is equivalent
to attenuating the Kelvin—-Helmholtz instabilities that sustain reattachment [40]. Recent
theoretical work suggests that excessive numerical dissipation can trigger a bifurcation
in the solution space, causing the flow to jump from a physically correct unsteady state
to a spurious steady attractor [41-43]. We define this process of artificial stabilization as
“numerical quenching,” which results in a physically erroneous pseudo-steady state that
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satisfies standard convergence criteria while yielding incorrect aerodynamic coefficients.
We specifically focus on the “drag mechanism inversion” phenomenon, where LSB-induced
form drag competes with and can exceed fully turbulent baselines.

To make these terms operational and falsifiable, we define an aerodynamic state vector

y(t) = [Ci (1), Ca(1)]T, o)

its time-mean over a sampling window T, as

. 1 to+Tw
y= ?/ y(t)dt, (2)
w Jtp
and the limit-cycle content as
1 to+Tw 2 1/2
aco= (7= [y -3ltar) ®
w to

We classify the solution as a physically unsteady LSB state when Aj o is finite and the
spectrum of C;(t) exhibits a distinct dominant peak at a Strouhal number consistent with
shear-layer shedding [44]. Conversely, we define the pseudo-steady state as the simultaneous
collapse of the C;-C; phase-space attractor toward a fixed-point attractor and the disappear-
ance of the characteristic Strouhal peak in the energy spectrum [44,45]. We emphasize that this
pseudo-steady state is a mathematically valid solution to the discretized equations (a fixed
point of the numerical map), even if it is physically incorrect. Within this framework, numer-
ical quenching denotes the bifurcation event in which numerical dissipation introduces an
effective decay rate that overwhelms Kelvin-Helmholtz amplification, driving the limit-cycle
attractor toward a fixed-point attractor [45].

1.4. Objectives and Scope

This study aims to clarify how numerical dissipation competes with intrinsic LSB
instabilities in correlation-based transition modeling. Using the NACA 0012 airfoil at
Re = 5.3 x 10* as a benchmark, validated against high-fidelity experiments [22,23], we
address three specific gaps:

1.  Quantification of numerical quenching: We identify objective diagnostics for the
collapse of a physical limit-cycle attractor to a spurious fixed point using phase
portraits and spectral signatures.

2.  Interpretation as a dynamical transition: We connect the observed collapse to an
inverse Hopf-like process in which numerical dissipation suppresses the unstable
shear-layer mode that sustains the LSB.

3. Mechanism of drag inversion: We relate the drag response to boundary-layer
and wake topology, emphasizing the partition between pressure (form) and vis-
cous contributions.

By dissecting these mechanisms, this work provides a dynamical-systems framing
for interpreting when the SA-v closure preserves the physical LSB attractor and when it
collapses to a spurious steady branch.

While multi-equation transition frameworks (e.g., v — Rey;) are widely used, this work
focuses exclusively on the SA-y formulation to isolate the interplay between source-term
stiffness, grid topology, and numerical dissipation that is most pronounced in single-
equation intermittency closures; an across-model benchmarking campaign is intentionally
left outside the present scope.
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2. Numerical Methodology
2.1. Governing Equations and the URANS Framework

The unsteady flow field is governed by the incompressible Unsteady Reynolds-
Averaged Navier-Stokes (URANS) equations. While DNS remains the gold standard
for resolving the full spectrum of turbulent scales [25], its computational cost scales as
Re%/#, rendering it impractical for parametric studies. Consequently, this study employs the
URANS approach coupled with a correlation-based transition model to balance physical
fidelity and computational cost. The incompressible formulation is adopted to remain
consistent with the low-speed experimental benchmarks used for validation and to isolate
transitional LSB dynamics from compressibility effects [22-24].

The conservation of mass and momentum are expressed as:

Ni _, 4)

ox;
du;  ow;  1ap 9 | [ow; | du 7
ot Ui oxj  pax; + 0x; v ox; + ox; Hilly | ©)
where the Reynolds stress tensor —Wu} is modeled using the Boussinesq hypothesis:
. ou; au] 2
=V <ax] + Txl - gk(Sl]' (6)

Here, v; represents the eddy viscosity, which is the primary variable computed by the

turbulence model. In this study, the Spalart-Allmaras (SA) one-equation model [46] is
selected as the baseline due to its robustness in aerospace applications and its numerical
stability compared to two-equation (k — € or k — w) models in external aerodynamics.

2.2. The SA-vy Transition Model

To capture the laminar—-turbulent transition process, specifically the LSB dynamics at
Re ~ 5 x 10%, the baseline SA model is augmented with the single-equation v transition
model [35]. The model solves a transport equation for the intermittency factor v, which
locally scales the production term of the eddy viscosity. The transport equation for the

e\ 9y
<Pl + 07> ale @)

where P, and E,, are the transition source and destruction terms, respectively, controlled by

intermittency v is given by [35]:

d(pou; 9
(mw:&%+wj

(p7)
o o,

critical Reynolds number correlations. The coupling with the Spalart-Allmaras turbulence
model is achieved by modifying the production term S as .§pmd = 7S. This ensures that the
eddy viscosity production is suppressed in the laminar region (7 ~ 0) and activated in the
turbulent region (y ~ 1). Detailed discussions on the numerical convergence characteristics
are provided in Section 3.1 . The spatial resolution of the transition front is critical for the
conditioning of the implicit linear system. Based on the mesh sensitivity analysis conducted,
a fine mesh of 188k cells is adopted. It is important to note that the fidelity gap observed
in coarser settings is primarily a model formulation issue (stiffness of the single-equation
closure) rather than a simple grid convergence issue. All model constants for the SA-y
formulation are kept at their default values as implemented in the solver, ensuring the
results are representative of standard application practices.
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2.3. Numerical Implementation and Discretization

The simulations were performed using the finite-volume solver Simcenter STAR-
CCM+ (Version 2510). The specific numerical schemes were chosen to minimize numerical
dissipation, which is identified as the primary culprit in the “Stability-Fidelity Paradox.”
To ensure statistical stationarity, the simulations were conducted in two phases. First,
the flow was advanced for 150 convective time units (f, = c¢/U) to wash out initial
transients. Subsequently, time-averaged aerodynamic coefficients were collected over a
sampling window of 400 t.. With a characteristic shedding Strouhal number St ~ 0.2, the
dominant shedding period is T =~ 5t., and the sampling window therefore encompasses
approximately 80 shedding cycles. This duration was verified to be sufficient for the mean
lift and drag values to converge within 0.1%.

¢  Spatial Discretization: A second-order upwind scheme is used for the convective
fluxes of momentum and turbulence scalars. While stable, upwind schemes introduce
inherent numerical diffusion [47,48]. To mitigate this, the grid is strictly aligned with
the flow direction in the wake region (C-grid topology).

*  Temporal Discretization: A second-order implicit dual-time stepping scheme is em-
ployed [49]. The physical time step is set to At = 2 x 10> s. This temporal resolution
is selected to capture the dominant LSB shear-layer shedding (St ~ 0.2) while mit-
igating excessive damping by the implicit time integration. The adequacy of At is
confirmed by the time-step independence study in Section 2.6.

¢ Pressure-Velocity Coupling: The SIMPLEC algorithm is utilized for its superior con-
vergence rates in unsteady flows compared to PISO or SIMPLE [47].

e  Computational Platform: All simulations were performed using Simcenter STAR-
CCM+ (Version 2510) with its GPU-accelerated implementation on workstation-
class hardware.

2.4. Computational Domain and Grid Topology

To eliminate far-field boundary effects, a C-grid topology is constructed with the outer
boundary extending 50 chord lengths (50c) from the airfoil, as shown in Figure 1. The
domain is discretized using a structured quadrilateral mesh to ensure high orthogonality
(minimum angle > 88°) and low skewness. The far-field boundary is set as a velocity inlet
with a turbulence intensity of Tu = 0.2%, matching the experimental environment.

*  Near-Wall Resolution: To resolve the viscous sublayer and the critical onset of the LSB,
the first cell height is set to Ay = 1 x 10>, ensuring a dimensionless wall distance
yT < 0.8 across the entire suction surface for all angles of attack (Figure 2).

¢  Streamwise Resolution: The grid is heavily clustered in the leading-edge region
(x/c < 0.2) and the potential separation zone. The fine mesh (188k cells) maintains a
streamwise spacing of Ax/c ~ 0.002 in the transition region, which is critical for the
smooth activation of the intermittency source terms.

It is important to clarify the scope of the current two-dimensional study. While many
practical configurations are inherently three-dimensional, this work intentionally focuses
on a 2D airfoil section to isolate the interaction between transition-model source terms,
numerical dissipation, and the intrinsic LSB instability without additional spanwise dy-
namics. The 2D framework provides a controlled numerical laboratory for diagnosing
pseudo-convergence and numerical quenching and for establishing phase-space and spec-
tral diagnostics that can be transferred to more complex three-dimensional configurations.
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(b) mesh distribution around the airfoil; (c) magnified view of the leading edge; (d) trailing edge and
wake refinement. Representative structured mesh (188 k cells) used for production runs.
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Figure 2. Chordwise distribution of the wall-normal dimensionless distance y* on the suction
surface. The threshold y* < 1.0 is maintained for all investigated angles of attack to ensure viscous
sublayer resolution.

2.5. Near-Wall Resolution and Viscous Sublayer Analysis

The accuracy of the SA-y transition model is heavily predicated on the resolution of
the wall-normal velocity gradients, as the intermittency production terms are calculated
by integrating directly through the viscous sublayer without the use of wall functions [50].
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Figure 2 illustrates the chordwise distribution of the dimensionless wall distance y for the
suction surface across the investigated range of angles of attack.

It is observed that y remains strictly below 0.8 for all cases, with the maximum values
occurring near the suction peak at « = 6°. A characteristic “numerical footprint” of the
LSB is clearly visible at x/c ~ 0.12, where the y* values exhibit a localized dip. This
phenomenon is physically consistent with the reduction in wall shear stress (1) within the
separation bubble, as y© = pury/u and ur = /7w /p. The fact that y remains well within
the required threshold even under the most demanding unsteady conditions ensures that
the boundary layer thickness and the subsequent transition inception are resolved with
high physical fidelity.

2.6. Verification and Validation Strategy

A rigorous Verification and Validation (V&V) process is conducted following estab-
lished best practices [37,51]:

1.  Grid Independence: Three grid levels (Coarse: 60 k, Medium: 97 k, Fine: 188 k) are
evaluated. The Grid Convergence Index (GClI) is calculated to quantify discretization
error (Table 1 and Figure 3).

2. Time-Step Independence: The sensitivity of the LCO amplitude to At is assessed at
« = 6° to ensure the “Drag Mechanism Inversion” is a physical phenomenon rather
than a temporal artifact.

3. Experimental Validation: The numerical results are validated against the high-fidelity
datasets of Jardin et al. and Tank et al., focusing on both integral forces (C;, C;) and
distributed surface data (Cp, Cy).

As summarized in Table 1 and Figure 3a,b, the lift and drag coefficients exhibit a mono-
tonic convergence behavior. To quantify the numerical uncertainty, the GCI was calculated
according to established procedures [52,53]. The GCl;, for the lift coefficient between the
medium and fine grids is found to be 0.42%, which is well within the asymptotic range of
convergence. Although the C; relative deviation between the medium and fine meshes is
approximately 2.5%, this margin is considered acceptable. The primary objective of this
study lies in capturing the topological bifurcation (numerical quenching) (rather than the
absolute minimization of drag discretization error), and the LCO frequencies (S5t = 0.2),
which are consistently resolved by both the medium and fine meshes. Thus, the 188k mesh
is robustly sufficient to support the physical conclusions of the “Stability-Fidelity Paradox.”

Temporal independence was subsequently verified at the stability boundary (¢« = 6°)
by varying the time step from 1 x 107* s to 1 x 107> s. As shown in Figure 3c,d, the
time-averaged force coefficients and the primary Strouhal number of the LCO remain
invariant for At < 2 x 107° s. This confirms that the selected temporal resolution is
robust enough to resolve the finest energy-containing scales of the shear-layer instability.
Consequently, the 188 k mesh and an ultra-fine time step of 2 x 107> s were adopted for all
production simulations.

Table 1. Grid independence study summary at Re = 5.3 x 10* and & = 4°.

Mesh Level Cell Count C; (Mean) Error C; (%) C;(Mean) Error C; (%)

Coarse 60 k 0.412 6.36 0.0258 9.32
Medium 97 k 0.435 1.14 0.0242 2.54
Fine 188 k 0.440 - 0.0236 -
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(a) Grid Independence: C; (b) Grid Independence: Cy
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Figure 3. Spatial and temporal independence study for the SA-y model: (a) grid sensitivity of C;
at « = 4°; (b) grid sensitivity of C; at « = 4°; (c) time-step sensitivity of C; at « = 6°; (d) time-step
sensitivity of C; at & = 6°.

3. Results and Discussion
3.1. Grid Independence and Computational Efficiency

A systematic grid independence study was conducted using three mesh levels (Coarse:
60 k, Medium: 97 k, Fine: 188 k). As summarized in Table 1 and Figure 3, the aerodynamic
coefficients converge asymptotically. To quantify the discretization error, the Grid Con-
vergence Index (GCI) was calculated following the methodology of Roache [54]. Using
the Richardson extrapolation with a safety factor of F; = 1.25, the GCI for the fine mesh is
estimated to be approximately 1.5% for C; and 2.8% for C;. Although the C; error slightly
exceeds the target 2.5%, this margin is considered acceptable given that the primary objec-
tive is to capture the topological bifurcation rather than absolute drag minimization. In
this configuration, grid coarsening also provides a practical proxy for increased numerical
dissipation in the separation shear layer and wake. In addition to monotonic convergence
of the time-averaged loads, the SA-7y closure exhibits a pronounced stiffness sensitivity
when the intermittency activation region is under-resolved. The medium mesh lies near a
stiffness peak, where sharply localized intermittency source terms degrade the conditioning
of the implicit update. Refining to the 188k mesh regularizes these source-term gradients,
improving conditioning and enabling consistent deep convergence within each physical
time step. Consequently, the 188k mesh was selected for all production runs to ensure
physical fidelity and numerical robustness in the presence of intrinsic LSB unsteadiness.

3.2. Global Aerodynamic Performance and Validation
3.2.1. Lift Characteristics and the High-Fidelity Linear Regime

The global aerodynamic coefficients predicted by the SA-y model are validated against
the high-fidelity experimental datasets of Jardin et al. and Tank et al. Figure 4 presents
the lift coefficient (C;) as a function of the angle of attack (x). Within the linear regime
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(2° < < 6°), the SA-y (Unsteady Mean) results exhibit close agreement with the experi-
mental data, capturing the high lift-curve slope induced by the LSB. In contrast, the fully
turbulent Pure SA model underestimates the lift, as it fails to account for the “virtual
camber” effect provided by the closed separation bubble [13,14,55].

A critical finding in Figure 4 is the identification of a “Numerical Quenching Point” at
a = 2°. At this incidence, the unsteady formulation maintains the physical LSB, whereas
the pseudo-steady state suffers a catastrophic bifurcation, leading to a ~30% lift deficit.
This collapse indicates that the transition model regresses to a fully turbulent-like state
once the physical instabilities are suppressed by numerical dissipation, revealing a sharp
sensitivity of the low-Re linear regime to numerical dissipation.

1.0 - '
++O-+ Exp. (Jardin et al. 2025)
Exp. (Tank et al. 2017)
08t —8— SA-y (Unsteady Mean)
—&k- SA-y (Pseudo-steady)
~ —— Pure SA
O LSB Effects: )
= 0.6} Lift Enhancement .-«
5 . ?
5 ‘
2= S R R R g
204 Numerical Quenching Point | <
O -
= 6% Fidelity L
30% Fidelity Loss
= 02}
- High Fidelity Linear Regime
s}
00 [ .., @"‘
Experimental Lift Dip i ‘ ;
0 (Dead-band) 2 4 6 8

Angle of Attack, o [°]

Figure 4. Lift coefficient (C;) vs. angle of attack (x): Comparison showing the LSB-induced lift en-
hancement. The “Numerical Quenching Point” at # = 2° marks the collapse of the physical attractor.

3.2.2. Drag Characteristics and the Mechanism of Inversion

The drag characteristics, illustrated in Figure 5, reveal a counter-intuitive phenomenon
termed “Drag Mechanism Inversion”. In conventional aerodynamics, transition modeling
is expected to reduce drag by preserving laminar flow. However, for Re = 5.3 x 10%, the SA-
7 (Unsteady) model aligns closely with the experimental measurements of Tank et al. [23].
This suggests that the LSB-induced pressure drag is the dominant resistance mechanism in
this regime. This inversion is further supported by an analysis of the boundary layer shape
factor Hyp, which remains high (~3.5) within the separation zone, indicating a significant
energy deficit that precludes the recovery of suction-side pressure.

More importantly, Figure 5 quantifies the “Numerical Quenching Penalty” (shaded
region). When the LSB dynamics collapse into a pseudo-steady state, the drag does not
merely increase—it surges to a level that exceeds even the fully turbulent Pure SA baseline.
This spurious drag surge is a direct consequence of numerical dissipation inducing a
non-physical, over-extended separation topology.

The comparison in Figure 5 highlights that fully turbulent baselines can under-
represent LSB-induced form drag at these conditions. More broadly, it reinforces that
residual convergence alone does not identify the physically relevant branch in transi-
tional separated flows; the correct dynamical state must be diagnosed via phase-space and
spectral signatures.
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Figure 5. Drag coefficient (C;) vs. angle of attack («): Evidence of the “Drag Mechanism Inversion”

where numerical quenching leads to a spurious drag surge exceeding turbulent levels.

3.2.3. Aerodynamic Polar and Efficiency Analysis

The integrated impact of these numerical artifacts is summarized in the aerodynamic
drag polar (Figure 6). The “Unsteady Gain” shaded region in the polar plot represents the
significant aerodynamic envelope recovered by resolving the dynamic LSB. This gain is

not merely a quantitative increment but a qualitative expansion of the flight envelope. The
phase-space separation between the unsteady attractor and the pseudo-steady fixed point
confirms the Stability—Fidelity Paradox: the pursuit of a stable, converged solution leads to
a fixed-point attractor that resides far from the physical reality, effectively shrinking the

operational domain of the airfoil.

1 '0 T T T T T T
0.8t T
<)
= 0.67 .
2
2
5
2 0.4f -
@
=
— 021 Exp. (Tank et al. 2017) | |
’ SA-y (Unsteady Mean)
SA-y (Pseudo-steady)
Pure SA
0.0 Unsteady Gain

000 001 002 003 004 005 006
Drag Coefficient, Cy

0.07

Figure 6. Aerodynamic drag polar (C; vs. C;): Visualization of the topological separation between
the physical limit-cycle attractor and the pseudo-steady attractor.
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3.2.4. Aerodynamic Efficiency and Integrated Effects

The integrated impact of numerical quenching is evident in the lift-to-drag ratio. The
SA-v (Unsteady Mean) model identifies a peak aerodynamic efficiency of L/D ~ 21.7
at « = 7°, before declining to L/D ~ 21.2 at « = 8° (Figure 7). This delayed peak,
compared to typical experimental stall around 6°, is attributed to the 2D assumption
which precludes the formation of 3D stall cells, thereby artificially extending the linear lift
regime. In stark contrast, both the Pure SA and the pseudo-steady SA-y results exhibit
a systematic underprediction of efficiency across the linear range. Conversely, at higher
incidences (¢ = 8°), while the fully turbulent Pure SA model continues to underpredict
the absolute efficiency due to excessive skin friction, it qualitatively fails to capture the
physical onset of separation, exhibiting a monotonic behavior in L/D that misses the
characteristic efficiency drop observed in the unsteady transitional physics. Specifically,
at &« = 6°, the pseudo-steady state predicts an L/ D of only 14.5—a 30% efficiency deficit
compared to the unsteady-mean result. For low-Reynolds-number aerial vehicles, such
as the Mars Helicopter, this deficit translates directly into a 30% reduction in estimated
range and endurance, highlighting the critical engineering risk of relying on quenched
RANS solutions.

25

201
Maximum Aerodynamic
Efficiency

—
(9]
T

-
—_—
-

Lift-to-Drag Ratio, L/D
S

Exp. (Tank et al. 2017)

—8— SA-y (Unsteady Mean)

—&- SA-y (Pseudo-steady)

—— Pure SA

1 2 3 4 5 6 7 8 9
Angle of Attack, a (deg)

Figure 7. Lift-to-drag ratio (L / D) comparison: Identification of peak efficiency and the deficit induced
by numerical quenching.

3.3. Numerical Dynamics and the Stability—Fidelity Paradox

The previous sections established that the SA-y model can achieve high predictive
fidelity, but only when the unsteady nature of the LSB is fully resolved. However, a critical
“Stability-Fidelity Paradox” emerges when considering the long-term temporal evolution
of the solution. This paradox posits that the pursuit of numerical stability—manifested
as converged steady-state residuals—often leads to the artificial suppression of physical
instabilities, a process we term “Numerical Quenching.”

In the following analyses, we define the pseudo-steady state strictly by two objective
signatures: (i) the collapse of the phase-space limit cycle to a fixed-point attractor in the Cy-
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C; plane (Figure 11), and (ii) the disappearance of the characteristic dominant Strouhal peak
in the lift fluctuation spectrum (Figure 10). This definition is intentionally independent
of residual convergence, as residual-based criteria are shown to be misleading in this

transitional regime.

3.3.1. The Pseudo-Convergence Trap at Low Incidence (¢ = 2°)

At low angles of attack, the LSB is relatively thin and sensitive to numerical dissipation.
Figure 8 illustrates the time-history of the lift coefficient at « = 2°. Initially, the SA-y
model resolves a high-fidelity unsteady state (C; ~ 0.28), which aligns closely with the
experimental benchmark. In this phase, the model successfully maintains the LSB structure

and its associated lift enhancement.
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Figure 8. Time-history of lift coefficient at & = 2° (Time step At = 2 x 107 s, Inner iterations = 20):
Demonstration of the “pseudo-convergence trap” where the transition model regresses to the fully
turbulent baseline level. The physical time step is At = 2 x 107> s, meaning 0.1 s corresponds to
5000 iterations.

However, at t =~ 0.58 s, the solution undergoes a sudden numerical bifurcation. The
physical fluctuations are quenched by the cumulative effect of numerical dissipation, and
the lift coefficient suffers a catastrophic collapse. The delayed onset of quenching at
t ~ 0.58 s suggests that the numerical dissipation acts as a slow-acting damping force,
gradually eroding the limit-cycle energy until the trajectory crosses a separatrix into the
basin of attraction of the fixed-point solution. It is emphasized that this pseudo-steady
state is not the result of a steady-state solver but is obtained via the same time-accurate
integration where the solution naturally settles into a fixed point (damped oscillation), as
shown in Figure 8. As shown in the inset of Figure 8, the post-collapse state (pseudo-steady)
exhibits a perfect numerical overlap with the Pure SA (fully turbulent) baseline (C; ~ 0.197).
This “topological regression” indicates that the transition model has effectively undergone
a spurious collapse in which the solver’s drive toward a fixed-point attractor overrides the
nonlinear source terms required to sustain the LSB. This demonstrates that well-converged
residuals can coexist with large biases in the integrated loads when the dynamical state

is misidentified.

3.3.2. Bifurcation and Spurious Drag Surge at High Incidence (x = 6°)

The paradox becomes even more pronounced as the flow approaches the stability
boundary. Figure 9 presents the dual-axis time-history of C; and C; at « = 6°. In the
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“Physical LCO Zone” (0.3 s < t < 0.55 s), the model resolves robust LCO. High-resolution
inset confirms that these are not numerical noise but coherent physical pulsations associated
with periodic vortex shedding from the LSB.

0.8 Physical LCO Detail 0.08
— SA-y(C)

=== Pure SA (C)) 0.5850

— SA7(Ca)
Pure SA (Ca)

0.7 G 0.5825 1 0.07

0.5800

0.6 0.40 042 0.42 0.06

o o am— o, e 8 0 et i e ]

.....

Bifurcation Triggered by 0.05 S
Numerical Damping

0.4/~ 0.04

0.3 0.03
Physical LCO Zone Numerical Quenching Zone

2 2

%90 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Physical Time (s)

Figure 9. Dual-axis time-history of C; and Cy at & = 6° (Time step At = 2 x 1072 s, Inner iterations = 20):
Visualization of the transition from physical LCO to numerical quenching. The simultaneous lift
collapse and drag surge highlights the catastrophic failure of the pseudo-steady attractor. The physical
time step is At = 2 x 107> s, meaning 0.1 s corresponds to 5000 iterations.

The transition to the “Numerical Quenching Zone” after ¢ = 0.7 s reveals the penalty
of pseudo-convergence. As the oscillations are damped out, the flow does not merely
settle into the mean of the LCO; instead, it transitions to a branch characterized by a
simultaneous drop in lift and a surge in drag. Specifically, at t = 1.0 s, the drag coefficient
reaches C; = 0.0388, consistent with the total height of the pseudo-steady column in
the drag decomposition analysis (Section 3.4.4). The duration of this drag surge (from
t = 0.7 s to 1.0 s) corresponds to approximately 2-3 convective timescales, aligning with
the dominant shedding period of the LSB shear layer (St ~ 0.2). This confirms that the
step-change is a direct physical manifestation of the separation bubble bursting and the
subsequent irreversible widening of the wake, rather than an algorithmic instability.

To rigorously verify whether the “numerical quenching” is merely an artifact of the
2nd-order upwind scheme’s diffusion, we conducted an additional simulation at the critical
angle of « = 6° using the higher-order, low-dissipation MUSCL 3rd-order scheme for the
convection terms. Crucially, the MUSCL 3rd-order scheme inevitably leads to the identical
numerical quenching, collapsing to a pseudo-steady state with nearly identical coefficients
(C; = 0.57,C4 = 0.039). This proves that the bifurcation is not a trivial discretization error
caused by the upwind scheme, but a robust topological property of the URANS framework
itself where the modeling dissipation of the SA-y closure acts as a low-pass filter.

This bifurcation at @ = 6° is not merely a numerical artifact but a manifestation of the
“Stability-Fidelity Paradox.” The RANS operator, when over-damped, acts as a spectral
filter that dissipates the energy of Kelvin—-Helmholtz instabilities required to sustain LSB
breathing. Consequently, the flow collapses from a limit-cycle attractor (the physical state)
to a fixed-point attractor (the numerical state). This implies that a converged steady-state
solution in this regime can be physically incorrect.

3.3.3. Spectral Characteristics of Unsteady Fluctuations

To verify that the captured lift fluctuations are driven by coherent physical mechanisms
rather than numerical noise, a spectral analysis of the C; time-history at « = 6° is performed.
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Figure 10 presents the PSD as a function of the Strouhal number (St = fc/Uw). The spectral
analysis was performed over a sampling window of T, = 400f, with a sampling frequency
corresponding to the physical time step (Af = 2 x 107° s). A Hanning window was
applied to minimize spectral leakage. The spectrum reveals a sharp, dominant tonal peak
at Sty = 0.206, which corresponds to the fundamental frequency of the physical LCO.

10 Sy=0206

Power Spectral Density, ®c,

12
10705 0.10 0.20 0.50 1.00 2.00
Strouhal Number, St=fc/Us

Figure 10. PSD of lift fluctuations at « = 6°: The dominant peak at St ~ 0.2 is consistent with shear-
layer shedding reported in the experimental benchmarks of Yarusevych et al. [18]. The spectrum also
exhibits broadband high-frequency content prior to numerical quenching.

This frequency is consistent with characteristic vortex shedding frequencies reported
in the experimental studies of Yarusevych et al. [18] and the recent benchmarks of Jardin
et al. [22] for airfoils at transitional Reynolds numbers. The presence of this distinct peak
indicates that the SA-y model, when coupled with a high-resolution temporal scheme
(At = 2 x 107 s), captures the dominant Kelvin-Helmholtz (K-H) instability within the
separated shear layer prior to numerical quenching.

3.3.4. Dynamical System Analysis: Phase Portraits and Attractors

The dynamical nature of this bifurcation is further quantified via the phase portrait
in the C4-C; plane (Figure 11). The phase portrait reveals the topological essence of the
flow. The physical solution manifests as a robust limit-cycle attractor, representing the
continuous intake and exhaust of energy driven by LSB vortex shedding. In contrast, the
pseudo-steady state is identified as a spurious fixed-point attractor, where the system’s
energy is entirely dissipated by numerical dissipation. The distinct separation in phase
space indicates a topological change in the solution, not just a quantitative error.
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tiractor [Numerical Artifact]
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050%28 0030 0032 0034 0036 0038 0040
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Figure 11. Phase portrait in the C;-C; plane at « = 6°: Geometric separation between the physical
limit-cycle attractor and the spurious fixed-point attractor.

This transition suggests that numerical dissipation acts as a hidden bifurcation param-
eter, forcing the dynamical system to undergo an inverse process of a Hopf Bifurcation.
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The geometric separation between the limit-cycle and the fixed-point provides a rigorous
visual metric for fidelity loss, confirming that numerical quenching induces a fundamental
topological shift rather than a simple statistical attenuation.

3.4. Microscopic Flow Physics and Quenching Mechanisms
3.4.1. Topological Evolution of the Laminar Separation Bubble

The macroscopic aerodynamic performance is intrinsically linked to the microscopic
topology of the LSB. Figure 12 illustrates the chordwise distribution of the time-averaged
skin friction coefficient (Cy) across the investigated angles of attack (0° < a < 6°). The
extent of the LSB is rigorously identified by the regions of negative skin friction (Cy < 0),
highlighted by the colored shading.

0.6

0.5F

0.4

03}

G

0.2F

0.1}

xlc

Figure 12. Chordwise distribution of the time-averaged skin friction coefficient (Cy) identifying the
LSB extent (C¢ < 0). The topological contraction of the bubble with increasing a is a critical physical
feature that is lost during numerical quenching.

As « increases, the flow exhibits a characteristic upstream migration and spatial
contraction of the bubble. Atx = 0°, the LSB resides near the trailing edge (x /¢ =~ 0.75-0.95).
As incidence rises to 6°, the separation point (x;) shifts rapidly toward the leading edge
(x/c = 0.15), while the bubble length significantly decreases. This topological evolution
is critical; the numerical quenching phenomenon identified in this work is effectively a
topological regression, where the solver artificially restores a turbulent-like attached flow
topology, erasing the rich LSB structure shown in Figure 12.

Notably, the sharp recovery and overshoot of Cy immediately downstream of the
shaded regions (e.g., at x/c ~ 0.2 for « = 6°) confirm the transition to a fully developed
turbulent boundary layer. This topological capture validates that the unsteady SA-y model
correctly resolves the recirculation core and the subsequent turbulent re-energization,
distinguishing it from the “quenched” solutions discussed in Section 3.2.

3.4.2. Surface Physics and the “Self-Quenching” Mechanism

To elucidate the microscopic origin of the fidelity loss identified in the global coeffi-
cients, the surface pressure coefficient (—C,) and skin friction coefficient (Cy) distributions
at « = 5° are analyzed in Figure 13. Unlike previous studies that relied solely on pressure
coefficients [30,37], we explicitly analyze the skin friction topology to pinpoint the sepa-

https://doi.org/10.3390/aerospace13030231


https://doi.org/10.3390/aerospace13030231

Aerospace 2026, 13, 231

16 of 22

ration (xs) and reattachment (x,) points with high precision. The SA-y (Unsteady Mean)
model resolves a distinct pressure plateau on the suction surface between x/c ~ 0.15 and
0.45 (Figure 13a), which is the classic aerodynamic signature of a closed LSB [13]. This is
further confirmed by the C; distribution (Figure 13b), where the unsteady-mean results
exhibit a negative friction zone, precisely identifying the recirculation core of the bubble.

1o (a) Surface Pressure Distribution
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Figure 13. Surface aerodynamic distributions at & = 5°. (a) Pressure coefficient (Cp); (b) Skin friction
coefficient (Cy). Only the suction surface distributions are shown for clarity. The disappearance of
the suction-side pressure plateau confirms the topological regression to a turbulent-like flow.

A striking observation in Figure 13 is the near-overlap between the SA-y (Pseudo-
steady) and the Pure SA distributions. This provides strong evidence of the numerical
quenching phenomenon: once the physical instabilities are suppressed by numerical dis-
sipation, the transition model fails to maintain the laminar portion of the separation
bubble. The flow topology regresses toward a fully turbulent-like state, where the pressure
plateau vanishes and the separation signature is substantially weakened. This topological
regression—characterized by the disappearance of the negative Cy zone—accounts for the
~30% lift deficit observed in the pseudo-steady regime.

3.4.3. Boundary Layer Energetics and Velocity Profiles

The impact of numerical quenching on the boundary layer structure and wake ener-
getics is visualized through the velocity profiles in Figure 14. At the LSB core (x/c = 0.3,
Figure 14a), the unsteady-mean profile resolves a robust reverse-flow region (see the “Re-
verse Flow Detail” inset), which is essential for preserving the physical displacement effect
of the bubble. In contrast, the pseudo-steady and Pure SA profiles exhibit a stagnant,
“sluggish” boundary layer without the characteristic flow reversal, indicating a failure to
resolve the LSB internal dynamics.
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(a) Boundary Layer Profile at x/c=0.3 (b) Wake Profile at x/c=1.1
0.05 T T T T T ] 0.15 T T T i
§ . | —— SA- (Unsteady Mean) [Physical Fidelity]
Reverst Flow Detil ! SA~ (Pseudo-steady) [Numerical Artifact] /
0.004 : — ZurevSA (:Aul]y T\lxrhu]fnl Baseline) ./-
F ¥ 4 H urious Momentum Loss
0.04 ' 0.10 p
0.002 II /
< 0.030.000} / ,l 1 0.05F : : =
3 Lot 0.0 0.1 i o Width Increase o2
T R S
[ 1 ] purious
> 0.02 0.00F Momentum —.
f Loss =
oot -0.05}
2
=7
0.00F ¢ —= = . . 010l | | ‘
000 025 050 075 1.00  1.25 : 0.4 0.6 0.8 1.0
lUs ulUs

Figure 14. Velocity profiles at « = 6° comparing unsteady-mean and pseudo-steady states. The
“Spurious Momentum Loss” in the wake (b) provides a kinematic explanation for the drag inversion,
linking wake broadening to entropy generation.

The clearest signature of the drag surge is found in the near-wake profile at x/c = 1.1
(Figure 14b). The pseudo-steady state produces a substantially wider and deeper velocity
deficit compared to the unsteady-mean result. The shaded area, termed the “Spurious
Momentum Loss,” provides a kinematic visualization of the drag penalty identified in
Section 3.2.2. According to the momentum integral theorem, this expanded deficit implies
an increase in momentum thickness, consistent with the observed pressure drag surge [56].
These results indicate that the drag increase is associated with an altered wake topology
(i.e., wake broadening). This provides a direct link between the microscopic failure of
the transition model (quenching of K-H instability) and the macroscopic drag penalty,
confirming that the drag inversion is physically rooted in wake thermodynamics rather than
numerical error alone. The pseudo-steady state induces a highly dissipative, over-extended
wake topology that represents a particularly adverse outcome for low-Re simulations.

3.4.4. Drag Decomposition and Pressure-Viscous Partitioning

To further isolate the influence of numerical quenching on aerodynamic resistance, a
quantitative decomposition of the total drag coefficient (C;) into pressure drag (C;,,) and
skin friction drag (C; ) is performed at & = 6° (Figure 15). The results reveal a striking
“Drag Mechanism Inversion” triggered by the stability—fidelity paradox.

As illustrated in Figure 15, the SA-y (Unsteady Mean) model yields the lowest total
drag (C; = 0.0288), where the skin friction component accounts for only 31.6% of the
total resistance. This confirms the “laminar benefit” recovered by the transition model
when physical instabilities are resolved. However, upon collapsing into the pseudo-steady
state, the total drag surges to 0.0388, a value that surprisingly exceeds the Pure SA base-
line (0.0370). From a thermodynamic perspective, this spurious drag surge is associated
with the enhanced entropy generation within the artificially thickened wake; the suppres-
sion of discrete vortices leads to a highly dissipative shear-layer topology that increases
irreversible losses.
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Figure 15. Quantitative drag component decomposition at « = 6°: Stacked bar chart illustrating the
surge in pressure drag induced by numerical quenching.

This spurious drag surge is driven by a dual-failure mechanism: (1) a 75% increase
in skin friction (0.0091 to 0.0160) as the laminar portion of the bubble is prematurely
turbulentized; and (2) a non-physical rise in pressure drag (0.0197 to 0.0228). The fact that
the pseudo-steady transition model predicts a higher pressure drag than the fully turbulent
model—which assumes a fully attached flow—indicates that numerical dissipation induces
a “frozen,” over-extended separation topology.

The inversion of the drag mechanism at « = 6° illustrates that suppressing the
unsteady LSB dynamics can shift the balance between viscous and form drag. The pseudo-
steady branch yields a drag level that exceeds the fully turbulent baseline, consistent with
an over-extended separation and a broadened wake. This behavior emphasizes that, in
transitional separated flows, the physical interpretation of drag levels must be tied to
the resolved dynamical state and wake topology rather than residual-based convergence
alone. From a thermodynamic perspective, the pseudo-steady branch corresponds to a
more dissipative wake with increased irreversible entropy production, consistent with the
observed momentum deficit and drag surge.

3.4.5. Coherent Flow Structures and Vortical Decay

The topological shift responsible for the performance collapse is visually confirmed
through the instantaneous Q-criterion distributions in Figure 16. In the unsteady state
(Figure 16a), the SA-y model resolves the periodic roll-up and shedding of discrete vortical
structures from the LSB shear layer [17,40]. A well-defined recirculation zone is encapsu-
lated beneath the separated shear layer, which maintains the physical pressure distribution
and high lift fidelity. These coherent structures enhance vertical momentum exchange,
effectively “energizing” the wake.
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Figure 16. Instantaneous vortical structures visualized by the Q-criterion (Q = 5 x 10%). (a) The
physical attractor resolves coherent vortex shedding. (b) The pseudo-steady attractor exhibits
numerical silence, visually confirming the suppression of the Kelvin-Helmholtz instability by numeri-
cal dissipation.

In stark contrast, the pseudo-steady state (Figure 16b) exhibits numerical silence. The
discrete vortices are suppressed, and the shear layer is smeared into a continuous, diffused
band of high vorticity. This visualization supports the numerical quenching interpretation:
the solver’s numerical dissipation acts as a low-pass filter that attenuates the non-linear
energy of the K-H instabilities [43]. The resulting separation bubble fails to re-energize the
boundary layer, leading to a thickened wake and the momentum loss previously quantified
in Figure 14.

This numerical silence is not merely a visual difference but represents a fundamental
failure to capture the energetic breathing of the separation bubble, effectively creating a
barrier to high-fidelity prediction in the low-Reynolds-number regime. Together with the
spectral and quantitative analyses, this supports the conclusion that residual convergence
in this regime can be a misleading indicator of physical correctness.

4. Conclusions

This study investigates the boundary of predictive fidelity for the SA-y transition
model on a NACA 0012 airfoil at Re = 5.3 x 10*. By diagnosing the topological evolution
of the Laminar Separation Bubble (LSB) and conducting dynamical system analyses, the
following conclusions are drawn:

1.  Numerical Quenching as a System Bifurcation: The pursuit of residual convergence
in URANS can suppress fundamental physical instabilities. When numerical dissipa-
tion overwhelms the K-H amplification, the LSB topology prematurely collapses from
a dynamic limit-cycle to a spurious fixed-point attractor. This “quenching” abruptly
diminishes the suction-side pressure plateau (C;), translating to a critical ~30% deficit
in Cl-
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2. Drag Mechanism Inversion: At the stability boundary (x = 6°), resolving the
physical unsteady LSB confirms that form drag constitutes the majority of the to-
tal aerodynamic resistance. However, numerical quenching forces the flow into an
over-extended, pseudo-steady separation topology. This artificial state over-predicts
momentum thickness, causing the total drag coefficient (C;) to surge past even the
pure Spalart-Allmaras (fully turbulent) baseline—an inversion fundamentally rooted
in irreversible wake entropy generation.

3. The 2D Predictive Boundary and EFD Divergence: While the 2D URANS frame-
work is highly cost-effective in the linear regime (« < 6°), it inherently lacks the 3D
spanwise relief mechanisms present in the Jardin (2025) experiments. Consequently,
the modeled 2D vortices maintain absolute coherence, leading to slightly optimistic
lift predictions prior to quenching. The model strictly distorts when the physical
separation point (xs) migrates forward to x/c < 0.15 and the localized transition
mechanisms become highly sensitive to spatial resolution.

4. Objective Diagnostics Criteria: Standard CFD best practices are insufficient for low-
Re transitional flows. Analysts must rely on phase-space trajectories (e.g., C; — Cy4
attractors) and spectral signatures (maintaining St ~ 0.2) rather than monotonic
residual drops to verify the physical validity of the computed state.

Limitations and Generality: The present conclusions are drawn from a controlled 2D
study of the NACA 0012 airfoil at Re = 5.3 x 10* under the specific numerical settings
documented herein. While quantitative thresholds will vary with airfoil geometry, inflow
turbulence intensity, surface roughness, and three-dimensional effects [1,2,15,57], the under-
lying LSB mechanism (APG-driven laminar separation followed by shear-layer transition
and reattachment) is common to low-Re airfoils. The identified pseudo-convergence trap
and associated drag bias should therefore be regarded as a general warning mechanism for
transitional separated flow simulations when numerical dissipation is comparable to the
intrinsic instability growth.

Future investigations will extend this framework to 3D finite wing configurations to
explicitly resolve the spanwise instabilities identified as the primary source of the 2D /3D
discrepancy at higher angles of attack.
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