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Abstract

Sinusoidal leading-edge serrations are investigated as passive stall-control devices on a cambered NACA
2412 wing section. Serration wavelength, amplitude, and termination distance are parameterised relative to the
average chord of an aspect-ratio-two wing section and evaluated at Reynolds numbers of 100,000 and 500,000.
An automated large-eddy simulation workflow in ANSYS Fluent is used for the parametric sweep, with selected
low-Reynolds-number cases compared experimentally in the UNSW Educational Wind Tunnel. Performance
is assessed across representative pre-stall, stall, and post-stall regimes using lift, drag, and lift-to-drag ratio.
Smaller, less perturbing serrations are generally favoured before stall, whereas larger amplitudes provide the
clearest post-stall benefit. At a Reynolds number of 100,000, the configuration with wavelength 1/6.5, amplitude
0.03, and termination distance 0.35, each relative to the average chord, provides one of the strongest cross-
regime compromises, remaining within 8 percent of the nominal maximum normalised lift-to-drag ratio at all
three operating points. At a Reynolds number of 500,000, preferred configurations vary more strongly with
stall regime, and the low-Reynolds-number compromise does not transfer directly. The nominal optima shift
from wavelength-to-amplitude ratios of approximately 10 to 20 before and near stall to approximately 3.3 after
stall, although a shared band of approximately 4 to 8 contains regime-specific configurations within 5 percent
of the nominal maximum at all six operating points. Termination distance is secondary to wavelength and
amplitude within the tested space. The resulting data and performance maps provide a practical starting
point for industry-led, application-specific design, while recognising that performance remains sensitive to wing
geometry, Reynolds number, and operating regime. Overall, leading-edge serrations are best interpreted as
regime-dependent stall-management devices rather than general efficiency-enhancement devices.
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1. Introduction
Leading-edge (LE) serrations, or tubercles, are passive geometric modifications formed by periodic
protrusions along the leading edge of a lifting surface. They are most commonly studied in a sinu-
soidal or quasi-sinusoidal form, following the tubercles found on the pectoral flippers of humpback
whales. The biological motivation is useful because it identifies a naturally occurring high-angle-of-
attack lifting surface, but the engineering interest is more specific: LE serrations can modify sepa-
ration behaviour, particularly near stall and in the post-stall regime [1–5]. For aircraft, wind-turbine
sections, rotor blades, hydrofoils, and small unmanned aircraft, this makes them relevant where the
flow is expected to operate away from a purely attached, low-incidence condition.
The main aerodynamic behaviour reported in the literature is not a universal improvement in perfor-
mance, but a change in the way the lifting surface enters and passes through stall. Early experimen-
tal studies showed that tubercled leading edges can soften the stall response, replacing the sharper
loss of lift seen on the baseline airfoil with a more gradual post-stall decay [2–5]. This behaviour often
improves post-stall lift or lift-to-drag ratio, CL/CD, and can reduce the severity of stall onset. How-
ever, the same modifications can also introduce pre-stall penalties through increased drag, reduced
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attached-flow lift, or reduced maximum lift coefficient, depending on the geometry and operating con-
ditions [3, 5–8]. For this reason, LE serrations are better treated as regime-dependent stall-control
devices than as general lift-enhancement devices.
A common physical interpretation in the literature is that serrations modify separated flow through
streamwise or counter-rotating vortical structures generated near the serration peaks and troughs.
These structures have been reported to redistribute momentum, modify local separation, and create
separated pressure regions over parts of the span [9–11]. This interpretation is particularly relevant
in separated and partially separated flow, where changes in local separation behaviour can produce
large changes in the force coefficients. However, the mechanism should not be stated too narrowly.
At low Reynolds number, Re, laminar separation bubble behaviour can be important, while finite-
wing effects, spanwise flow redistribution, trough separation, transition behaviour, and airfoil-specific
pressure gradients also influence the response [12–15]. The aerodynamic response is therefore
linked to geometry, Re, and angle of attack, α, rather than to the presence of serrations alone.
Previous work has shown that wavelength, W , and amplitude, A, are the primary geometric variables
controlling serration behaviour. Studies by Johari et al., Hansen, Favier et al., Stalnov and Chong,
and Lacagnina et al. show that changing the amplitude and wavelength can shift both the magnitude
and the regime in which performance benefits occur [3, 5, 7–9]. A wavelength-to-amplitude ratio has
been used to interpret some of these trends, with favourable configurations often occurring within
a moderate ratio range rather than at the extremes of either parameter [7, 8]. However, this ratio
does not provide a universal collapse of the data. Very small serrations may perturb the attached
flow without producing a sufficient stall-control benefit, while large serrations may improve post-stall
behaviour but impose stronger drag or stall-regime penalties.
Such broader literature also shows that the same serration geometry cannot be assumed to transfer
directly between airfoils, Reynolds numbers, and planforms. Hansen and others showed that airfoil
profile can change the effectiveness of tubercles, while Fernandes et al. provide one of the more
directly relevant precedents for a cambered NACA 2412-based investigation [4–6]. Finite-wing and
application-specific studies further show that the effect of LE serrations depends on aspect ratio,
tip effects, operating environment, and the chosen performance metric [16–18]. Reynolds-number
dependence is also not resolved by a single trend. Recent work indicates that changing Re can alter
the baseline separation process, transition behaviour, and the location of high-performing geometry
bands [13–15]. This is particularly important for low- to moderate-Re applications, where laminar
separation and transition effects can be sensitive to relatively small changes in geometry.
Several parametric studies have already contributed to this understanding. Favier et al. numeri-
cally examined wavy leading edges in separated flow and connected geometry to flow-control be-
haviour [9]. Stalnov and Chong considered scaling of lift behaviour with LE serration geometry [8].
Lacagnina et al. investigated leading-edge serrations across low-angle-of-attack, pre-stall, and post-
stall conditions, giving one of the more useful experimental comparisons of geometry and regime
dependence [7]. Other studies have extended the problem to different airfoils, wind-turbine sections,
UAV wings, finite wings, aeroacoustic trade-offs, and turbulence-model sensitivity [14, 15, 18, 19].
These studies establish the main physical and aerodynamic trends, but they also show why cross-
study comparison is difficult. The parameter ranges, airfoils, Reynolds numbers, serration profiles,
termination methods, turbulence models, and performance metrics are rarely controlled together.
One geometric variable that remains much less systematically treated than wavelength and amplitude
is the termination distance, T , or insertion length, of the serration into the airfoil. Many studies use
either a full-chord modification, an insertion of approximately one-third chord, or a fixed geometry,
without isolating the effect of termination distance. This matters because termination distance con-
trols how abruptly the serrated leading-edge geometry returns to the unmodified airfoil, and therefore
affects the local pressure distribution, chordwise geometry transition, and separated-flow behaviour
near the leading edge. A controlled study of termination distance is therefore needed alongside the
more commonly studied wavelength and amplitude parameters.
This paper extends the previous Re = 1×105 study by Whittaker and Doolan [20]. The published low-
Re dataset is reanalysed with regenerated figures and revised uncertainty treatment, then combined
with new Re = 5× 105 simulations. A controlled sweep of wavelength, amplitude, and termination

2



AERODYNAMICS OF LEADING-EDGE SERRATIONS

(a) (b)

Figure 1 – Representative serrated wing-section geometries: (a) [1/5,0.05,0.5]SC and (b)
[1/2.5,0.1,1.0]SC.

distance is applied to a cambered NACA 2412 wing section while planform area is held constant; rep-
resentative geometries are shown in Figure 1. The study uses an automated large-eddy simulation
workflow in ANSYS Fluent, supported by experimental trend verification in the UNSW Educational
Wind Tunnel. Rather than seeking a universal optimum or resolving every flow mechanism, it maps
geometry-dependent performance across pre-stall, stall, and post-stall conditions and tests whether
w/a provides useful guidance across the two Reynolds numbers.
The paper is structured as follows. Section 2 defines the serrated wing-section geometry, parameter
space, computational setup, and experimental verification method. Section 3 presents the aero-
dynamic trends in wavelength and amplitude at both Reynolds numbers, followed by the effects of
termination distance and cross-Reynolds-number design implications. Section 4 summarises the
main conclusions on the use of LE serrations as regime-dependent passive stall-control devices.

2. Methodology
2.1 Serrated wing-section geometry
The serrated wing sections were generated from a cambered NACA 2412 airfoil with an average
chord of C = 100 mm and a span of S = 200 mm, giving an aspect ratio of AR = 2. The geometry
was selected to represent a finite wing section rather than an infinite two-dimensional airfoil, while re-
maining small enough for consistent manufacturing and experimental verification in the available wind
tunnel. The NACA 2412 profile was also chosen to keep the study relevant to a general cambered
aircraft wing section, rather than to a symmetric airfoil or a specialised biological profile.
The leading-edge (LE) serrations were defined by a sinusoidal variation in chord along the spanwise
coordinate, x. The three geometric properties of interest were the serration wavelength, W , amplitude,
A, and termination distance, T . These were nondimensionalised by the average chord as:

w =
W
C
, a =

A
C
, t =

T
C
. (1)

The variable chord profile was defined as:

c(x) =C−Acos
(

2πx
W

)
. (2)

The termination distance, T , defines the chordwise portion of the airfoil that is scaled to match the
local chord profile in Eq. 2. For example, t = 1 corresponds to a fully inserted serration, in which
the entire airfoil section is scaled by C(x), whereas smaller values of t confine the geometric per-
turbation closer to the leading edge. The aerodynamic coefficients used the fixed reference area
Sref = 0.020 m2. Pitching moment was referenced to the quarter-chord, with positive CM denoting
nose-up.
The wavelengths were selected as integer divisions of the span, ensuring that the geometry remained
symmetric about the centre chord. Depending on the wavelength, the centreline therefore coincides
with either a serration peak or trough. This avoids asymmetric loading caused by incomplete serration
periods and allows the same spanwise extent to be used across all geometries. Figure 2 defines the
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Figure 2 – Serration-parameter schematic showing A,W,T,C, and c(x).

geometric parameters, and Figure 1 shows representative serrated wing-section models across the
parameter range.

2.2 Parameter space
The geometric parameter space was defined using the following nondimensional wavelength, ampli-
tude, and termination-distance values:
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, (3)

a =
A
C

= [0.0025, 0.005, 0.01, 0.015, 0.02, 0.025, 0.03, 0.04, 0.05, 0.075, 0.1, 0.15], (4)

t =
T
C

= [0.1, 0.2, 0.35, 0.5, 0.75, 1.0]. (5)

The main wavelength–amplitude sweep was conducted at t = 0.35. This value was selected as a
representative partial-insertion case, allowing direct comparison with a common termination distance
used in the literature while avoiding the geometric severity of fully inserted serrations. The effect of
termination distance was then investigated separately using a reduced set of wavelength–amplitude
combinations. This separation kept the total simulation count feasible while still resolving the domi-
nant wavelength–amplitude behaviour and the secondary sensitivity to t.
Not all formal combinations of Eqs. 3–5 were used. Geometries in which the termination distance
was smaller than the amplitude were treated as incompatible, and additional combinations were
omitted when the serration geometry became unrealistic or unsuitable for the mesh, model scale, or
result quality. The main t = 0.35 sweep contained 130 retained serrated geometries at Re = 1×105,
with complete results retained for 127 of these geometries at Re = 5×105. The termination-distance
investigation comprised 17 tested [w,a, t]SC configurations. Three of these were t = 0.35 cases already
included in the main sweep, giving 14 additional unique geometries. The data-collection set therefore
contained 144 unique serrated geometries, or 145 wing geometries when the unserrated baseline is
included. Additional baseline and verification cases were simulated where required for normalisation,
stall-regime selection, and experimental comparison.
Two Reynolds numbers were considered: Re = 1× 105 and Re = 5× 105. Using C = 100 mm and
standard sea-level air properties, these correspond to freestream velocities of approximately VL =

4



AERODYNAMICS OF LEADING-EDGE SERRATIONS

14.61 ms−1 and VH = 73.04 ms−1, respectively. Rather than resolving the full stall distribution for every
serration geometry, representative angles of attack were selected to describe the pre-stall, stall, and
post-stall regimes. For the low-Reynolds-number case, the selected angles were α = 16◦, 20◦, and
25◦. For the high-Reynolds-number case, the selected angles were α = 23◦, 29◦, and 34◦. These
angles were chosen from preliminary stall profiles of the baseline and representative serrated wing
sections.
The main wavelength–amplitude sweep comprised 130 geometries for Re = 1×105 with 127 of these
geometries used at Re = 5×105. The three missing high-Reynolds-number cases were lost because
of cluster-node failures and were not rerun because neighbouring configurations in the same low-
performing region had already established the local aerodynamic trend. These geometries were
simulated at three angles of attack, giving 771 serrated data-collection simulations. The termination-
distance profiles comprised 218 simulations, of which 18 t = 0.35 cases duplicated simulations al-
ready included in the main sweep. The complete dataset therefore contained 971 unique serrated
data-collection simulations, excluding baseline cases and preliminary simulations used for setup de-
velopment, mesh and domain assessment, and experimental verification.

Table 1 – Geometry and parameter-space summary.

Quantity Symbol Value

Airfoil profile – NACA 2412
Average chord C 100 mm
Span S 200 mm
Aspect ratio AR 2
Serration form – Sinusoidal leading-edge serrations
Wavelength w =W/C Eq. 3
Amplitude a = A/C Eq. 4
Termination distance t = T/C Eq. 5
Main sweep – 130 low-Re; 127 high-Re geometries
Termination sweep – 14 additional geometries
Reynolds numbers Re 1×105, 5×105

Freestream velocities V 14.61, 73.04 ms−1

Low-Re angles of attack α 16◦, 20◦, 25◦

High-Re angles of attack α 23◦, 29◦, 34◦

Data-collection simulations – 971

2.3 Computational method
The computational workflow was developed in ANSYS Workbench and ANSYS Fluent and auto-
mated in Python to support the large parameter sweep. Geometry files were generated from the
parameterised model and then processed through a scripted workflow that copied a base simulation,
assigned case-specific inputs, generated Workbench and Fluent journal files, and submitted jobs to
high-performance computing clusters. The workflow was run on the UNSW Katana cluster and the
National Computational Infrastructure GADI cluster. Katana was used extensively for setup develop-
ment and preliminary simulations, while GADI was used for much of the final data collection. The
automation reduced the manual effort required for the 971-case unique serrated data-collection set
and ensured that geometry, Reynolds number, angle of attack, and post-processing were handled
consistently across the dataset.
The computational domain was defined relative to the quarter-chord centre of the wing section. The
final domain extended ±5C in the vertical direction, 4C upstream, 12C downstream, and ±2.5C in
the spanwise direction, giving physical dimensions of approximately 1600 mm× 1000 mm× 500 mm.
The domain was selected to limit boundary influence while retaining feasible computational cost. It
was not intended to reproduce the wind-tunnel wall confinement. The upstream plane was set as a
velocity inlet, with the freestream speed determined by the target Reynolds number. The downstream
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plane was set as a zero-gauge-pressure outlet. The top, bottom, and spanwise side boundaries were
treated as slip walls to approximate far-field behaviour within a finite domain, and all wing surfaces
were treated as no-slip walls.
Periodic and symmetry boundary conditions were not used. Although these would reduce computa-
tional cost, they would suppress spanwise flow structures and end effects as well as being difficult to
experimentally verify. The angle of attack was applied by rotating the wing section about the quarter
chord rather than by changing the freestream direction. This allowed the wake-refinement region to
remain aligned with the model and avoided excessive refinement of unused domain regions across
the angle-of-attack range.
The mesh was generated as a hybrid unstructured mesh, predominantly a poly-hexcore volume
mesh. Curvature- and proximity-based local sizing was applied to the serrated leading edge so that
the mesh resolution adapted to both fine and coarse serration geometries. The final surface sizing
used a minimum cell size of approximately 0.05 mm and a maximum cell size of approximately 0.5 mm
on the wing surface. A local wake-refinement region was defined around and downstream of the wing
section, extending approximately 0.5C upstream, 6C downstream, ±2C vertically, and ±C spanwise
from the model. The wake-region cell size was set to approximately 1 mm, or 0.01C, to resolve the
separated wake and unsteady flow features associated with the serrated leading edge.
A 30-layer boundary-layer mesh was applied to the wing surfaces. The first-layer height was adjusted
as a function of Reynolds number to target y+ < 1 for the large-eddy simulation cases, with first-layer
heights of approximately 0.005 mm at Re = 1× 105 and 0.001 mm at Re = 5× 105. The final volume
mesh varied with the serration geometry and angle of attack, with typical cell counts ranging from
approximately 4×106 to 15×106 cells.

Table 2 – Computational setup summary.

Parameter Value

Software ANSYS Workbench / Fluent
Computational model Large-eddy simulation (LES)
Automation Python case generation, submission, and processing
Computing resources UNSW Katana and NCI GADI
Vertical domain extent ±5C
Upstream domain extent 4C
Downstream domain extent 12C
Spanwise domain extent ±2.5C
Inlet boundary Velocity inlet
Outlet boundary Pressure outlet
Outer boundaries Slip walls
Wing surfaces No-slip walls
Angle-of-attack method Wing rotation about quarter chord, α

Mesh type Hybrid unstructured / poly-hexcore
Surface refinement Curvature and proximity controls
Surface sizing 0.05–0.5 mm
Wake refinement size 1 mm, or 0.01C
Boundary-layer mesh 30 layers
Near-wall target y+ < 1
First-layer height, low Re 0.005 mm
First-layer height, high Re 0.001 mm
Cell-count range 4×106–15×106

Initial time stepping 200 steps, CFL = 10–50
Final time stepping 1000 steps, CFL = 1–5
Runtime per simulation 4–12 h
Total computational work ≈ 550,000 core-hours
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Large-eddy simulation (LES) was selected because the study centres on unsteady separated-flow
regimes in which steady RANS was not reliable in preliminary stall and post-stall cases. Preliminary
steady RANS simulations were useful at low angles of attack but unreliable in the separated-flow
regimes. Unsteady RANS improved convergence behaviour but did not reproduce the expected stall
and post-stall trends with sufficient fidelity. Previous studies have shown that lower-order turbulence
models can capture some force trends for tubercled wings, while scale-resolving simulations are
better suited to unsteady separated-flow analysis [10,11,19]. LES was therefore used as the primary
model for the parametric sweep. The transient pressure-based LES used the WALE subgrid-scale
model (CWALE = 0.325) with Kader near-wall blending, SIMPLE pressure–velocity coupling, second-
order pressure discretisation, bounded central differencing for momentum, and bounded second-
order implicit time integration.
A two-stage time-stepping approach was used to reduce computational cost while still resolving the
final unsteady flow field. Each case was first advanced using a larger time step corresponding ap-
proximately to a Courant–Friedrichs–Lewy number of CFL = 10–50 for 200 time steps. This stage
moved the solution through the initial transient. The time step was then reduced to approximately
CFL = 1–5 for a further 1000 time steps to resolve the final unsteady force histories used for coeffi-
cient calculation. Aerodynamic coefficients were obtained by time averaging the converged portion
of the final low-CFL stage. Each simulation required approximately 4–12 hours on 48-core cluster
nodes, depending on mesh size and flow condition. Across data collection and setup development,
the final two-Reynolds-number investigation required approximately 550,000 core-hours.

2.3.1 Computational uncertainty
Finite-time sampling uncertainty in each time-averaged aerodynamic coefficient was estimated using
the autocorrelation-aware autoregressive procedure of Oliver et al. [21], with uncertainty reported as
a two-sided 95% uncertainty interval. Three spatial-resolution levels were used for representative
mesh-sensitivity cases. Sensitivity to the averaging interval was assessed using nested windows
comprising the final 400, 600, and 800 low-CFL time steps, with the final 600 steps used as the
primary averaging interval. Joint coefficient uncertainties were propagated into CL/CD and the nor-
malised performance ratios using correlation-preserving Monte Carlo sampling with 100,000 realisa-
tions. At the experimentally tested Re = 1× 105 conditions, the resulting simulation uncertainty was
combined with simulation-input and experimental uncertainties following ASME V&V 20 [22], and the
model-discrepancy interval was evaluated from the computational-experimental comparison error.
At Re = 5×105, model-form uncertainty was represented using a symmetric, regime-matched enve-
lope equal to the largest absolute computational–experimental discrepancy observed at Re = 1×105.
This extrapolation is an assumption rather than a validated uncertainty and should therefore be in-
terpreted as an approximate sensitivity bound. Representative mesh-resolution, domain-extent, and
averaging-window checks did not alter the qualitative aerodynamic trends or the conclusions drawn
from the parameter sweep.
The computational setup was designed to provide consistent trend prediction across the large pa-
rameter space rather than individually converged predictions for every geometry. The quantified
finite-time and discretisation uncertainties were non-negligible relative to some of the smaller differ-
ences between configurations, particularly near stall. The analysis therefore emphasises coherent
trends across neighbouring geometries and operating regimes rather than isolated extrema, while
individual coefficient values are interpreted within their uncertainty intervals and the limitations of the
common mesh, domain, and turbulence model. References to maxima, minima, and percentages
of cases above or below unity are therefore based on nominal coefficient values and do not imply
statistically unique rankings.

2.4 Experimental verification method
Experimental verification was conducted in the UNSW Educational Wind Tunnel (EWT). The test
section measured 30.48 cm× 30.48 cm× 60.96 cm and was equipped with a three-component sting
balance. The balance allowed a maximum geometric angle of attack of 23◦, so a custom offset mount
was used to extend the usable range. The mount placed the model approximately 30 mm away
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from the sting support and introduced a −5◦ offset, giving an effective maximum angle of attack of
approximately 28◦.
The verification experiments were conducted at Re = 1× 105, corresponding to V = 14.61 ms−1 for
the 100 mm chord. The projected blockage was approximately 6%–10% over the selected high-angle
range, excluding airfoil-thickness and mounting contributions. No correction was applied; this un-
avoidable wind-tunnel constraint may have affected the measured forces, so the experiments are
used for qualitative trend verification rather than absolute validation. The models were manufactured
from PLA using additive manufacturing, with the print direction kept consistent in the streamwise
direction across all tested cases. The same mounting arrangement was used for all models.
Three wing-section geometries were tested: the unserrated baseline, a lower-intensity serration case,
and a higher-intensity serration case. The tested configurations were:

[0, 0, 0]SC,

[
1
20

, 0.01, 0.35
]

SC
,

[
1
4
, 0.075, 0.35

]
SC

, (6)

where [w,a, t]SC denotes a serration combination. The angle-of-attack sweep used coarser increments
away from stall and finer increments of approximately 0.5◦ through the stall region. Force data were
acquired for 10 seconds at 100 Hz, giving a 1000-point average for each operating condition. The
sting-balance normal and axial force measurements were transformed into lift and drag using the
effective angle of attack, including the mount offset. Experimental uncertainty was estimated for each
tested condition and incorporated into the computational–experimental uncertainty comparison.
The experiments were not intended to reproduce the full computational parameter sweep. Their pur-
pose was to verify that the computational setup captured the main aerodynamic trends and relative
behaviour of the baseline, low-intensity serration, and high-intensity serration cases. The experimen-
tal comparison was therefore used to support the selection of representative angles of attack and to
provide confidence in the trend-based interpretation of the computational parameter study.

3. Results and Discussion
3.1 Experimental verification and stall-regime selection
Experimental verification was used to assess whether the computational setup captured the main
aerodynamic trends required for the parametric study. The comparison was performed at Re = 1×105

using three representative wing sections: the unserrated baseline, [0,0,0]SC; a low-intensity serration
case, [1/20,0.01,0.35]SC; and a high-intensity serration case, [1/4,0.075,0.35]SC. The corresponding
lift, drag, and lift-to-drag ratio comparisons are given in Figures 3a, 3b, and 3c, respectively.
The lift comparison shows the best agreement between the computational and experimental results.
In Figure 3a, the CFD captures the overall lift-curve shape for all three models, including the sharper
post-stall reduction in the unserrated wing section and the softer high-angle response in the serrated
cases. The serrated cases show similar lift trends to the experiments at the main simulated angles of
attack. The baseline lift curve is also captured well through the main stall region, although the exact
stall transition and post-stall shape are not identical. The agreement supports comparative trend
analysis across the serration geometries, but not exact prediction of every detail of the stall profile.
The drag comparison in Figure 3b shows the main limitation of the computational model. At a very
low angle of attack, the CFD substantially underpredicts drag for all three models. At α = 0◦, the
CFD values are CD = 0.017, while the experimental values range from 0.048 to 0.069, depending
on the model. This corresponds to an underprediction of roughly 60%–75%. The discrepancy is
most significant in the low-angle attached-flow region and is likely influenced by experimental surface
roughness, model manufacturing, support effects, and tunnel conditions that are not fully represented
in the simulation. The agreement improves as the flow approaches and passes through stall; from
approximately α = 18◦–20◦ onward, the CFD and experimental drag trends are much closer.
The effect of the drag discrepancy is most visible in Figure 3c. At low α, the underestimated drag
leads to an overprediction of the computational CL/CD. At α = 0◦, the computational CL/CD values are
2.8–4.4 times larger than the experimental values, depending on the model. This prevents the low-
angle attached-flow region from being used as a reliable absolute validation of efficiency. However,
the agreement improves across the stall and post-stall ranges, where the drag values converge and

8



AERODYNAMICS OF LEADING-EDGE SERRATIONS

0 5 10 15 20 25 30

Angle-of-attack, °

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
L

if
t 

C
o

e
ff

ic
ie

n
t

w=0, a=0.0000, t=0.00

w=1/4, a=0.0750, t=0.35

w=1/20, a=0.0100, t=0.35

w=0, a=0.000, t=0.00 (EXP)

w=1/20, a=0.010, t=0.35 (EXP)

w=1/4, a=0.075, t=0.35 (EXP)

(a)

0 5 10 15 20 25 30

Angle-of-attack, °

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

D
ra

g
 C

o
e

ff
ic

ie
n

t

w=0, a=0.0000, t=0.00

w=1/4, a=0.0750, t=0.35

w=1/20, a=0.0100, t=0.35

w=0, a=0.000, t=0.00 (EXP)

w=1/20, a=0.010, t=0.35 (EXP)

w=1/4, a=0.075, t=0.35 (EXP)

(b)

0 5 10 15 20 25 30

Angle-of-attack, °

1

2

3

4

5

6

7

8

9

L
if
t 
to

 D
ra

g
 r

a
ti
o

w=0, a=0.0000, t=0.00

w=1/4, a=0.0750, t=0.35

w=1/20, a=0.0100, t=0.35

w=0, a=0.000, t=0.00 (EXP)

w=1/20, a=0.010, t=0.35 (EXP)

w=1/4, a=0.075, t=0.35 (EXP)

(c)

Figure 3 – Experimental and computational stall profiles for the three tested models: (a) CL, (b) CD,
and (c) CL/CD.

the computed CL/CD trend more closely matches the experimental behaviour. The verification should
therefore be interpreted as trend verification for the separated-flow regimes used in the parametric
study, not as full validation of absolute drag or efficiency over the entire range.
Based on this comparison, angles below approximately α = 15◦ were not used for the main parametric
study. The selected low-Reynolds-number operating points were α = 16◦, 20◦, and 25◦, corresponding
to representative pre-stall, stall, and post-stall conditions, respectively. These angles lie in the range
where the CFD captures the main experimental trends while still separating the three aerodynamic
regimes required for the wavelength–amplitude and termination-distance studies. The experimental
verification was performed only for selected representative geometries, so it does not validate every
case in the full computational sweep. Its purpose is to support the use of the computational model
for comparative parametric analysis at Re = 1×105.

3.2 Wavelength–amplitude trends at Re = 1×105

The first wavelength–amplitude sweep was performed at a fixed termination distance of t = 0.35.
Serration combinations are denoted by [w,a, t]SC, and the coefficient values are given relative to the
corresponding unserrated wing section at the same angle of attack. Values greater than unity there-
fore indicate an increase in CL/CL,0, CM/CM,0, or (CL/CD)/(CL/CD)0, while values below unity indicate
a reduction in CD/CD,0. The black regions in the wavelength–amplitude maps correspond to omitted
serration combinations that were not included in the simulated parameter space.
At α = 16◦, the pre-stall response is dominated by drag reduction rather than by a large increase in lift.
The lift map in Figure 4a shows a broad region of moderate improvement, with 66.2% of the simulated
combinations giving CL/CL,0 > 1. The maximum lift ratio is 1.114 [1.051,1.181] at [1/5,0.04,0.35]SC,
although several neighbouring combinations around w/a = 5–20 give similar lift values. The drag
response is more decisive. As shown in Figure 5a, almost all simulated serration combinations
reduce drag relative to the baseline, with the minimum value CD/CD,0 = 0.626 [0.589,0.665] occurring
at [1/13.5,0.005,0.35]SC. The corresponding lift-to-drag map in Figure 6a therefore follows the drag
trend more strongly than the lift trend. The maximum value of (CL/CD)/(CL/CD)0 is 1.741 [1.604,1.882]
at [1/28.5,0.0025,0.35]SC, with [1/20,0.0025,0.35]SC giving an almost identical value.
The w/a projections in Figures 8a, 9a, and 10a show that the pre-stall high-performing region is
broad rather than sharply optimised. The top lift-to-drag combinations fall mostly between w/a = 5
and 20, with amplitudes no larger than approximately a = 0.03–0.04. This indicates that the pre-stall
benefit, where present, comes from relatively low-amplitude serrations that perturb the attached flow
only weakly. The scatter at repeated or similar w/a values also shows that w/a alone is insufficient to
describe the response; amplitude and wavelength still affect the result independently.
At α = 20◦, the stall-regime maps become more selective. The lift response in Figure 4b retains the
same general preference for moderate w/a, but the high-performing region is narrower than at α =
16◦. The maximum lift ratio is 1.181 [1.081,1.284] at [1/2,0.075,0.35]SC, while several of the strongest
lift cases occur around w/a = 5–10. The drag map in Figure 5b shows a different trend from the
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Figure 4 – Log-log wavelength–amplitude maps of normalised lift coefficient, CL/CL,0, at Re = 1×105

for the regimes (a) pre-stall (α = 16◦, CL,0 = 0.760 [0.730,0.789]), (b) stall (α = 20◦,
CL,0 = 0.755 [0.713,0.797]), and (c) post-stall (α = 25◦, CL,0 = 0.624 [0.578,0.669]).
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Figure 5 – Log-log wavelength–amplitude maps of normalised drag coefficient, CD/CD,0, at
Re = 1×105 for the regimes (a) pre-stall (α = 16◦, CD,0 = 0.229 [0.219,0.239]), (b) stall (α = 20◦,

CD,0 = 0.300 [0.280,0.320]), and (c) post-stall (α = 25◦, CD,0 = 0.335 [0.309,0.361]).
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Figure 6 – Log-log wavelength–amplitude maps of normalised lift-to-drag ratio, (CL/CD)/(CL/CD)0, at
Re = 1×105 for the regimes (a) pre-stall (α = 16◦, (CL/CD)0 = 3.32 [3.13,3.51]), (b) stall (α = 20◦,

(CL/CD)0 = 2.52 [2.32,2.72]), and (c) post-stall (α = 25◦, (CL/CD)0 = 1.86 [1.74,1.98]).

pre-stall case. The lowest drag values occur for larger-amplitude, low-w/a combinations, with the
minimum value CD/CD,0 = 0.753 [0.687,0.820] at [1/13.5,0.15,0.35]SC. However, these low-drag cases
do not all correspond to the best overall lift-to-drag ratios.
The combined performance at α = 20◦ is shown in Figure 6b. The maximum value of (CL/CD)/(CL/CD)0
is 1.305 [1.162,1.450] at [1/5,0.02,0.35]SC. The strongest cases cluster around w/a = 5–10, including
[1/10,0.01,0.35]SC, [1/13.5,0.01,0.35]SC, and [1/6.5,0.03,0.35]SC. The latter gives (CL/CD)/(CL/CD)0 =
1.253 [1.121,1.389], placing it among the better-performing cases. The favourable region is narrower
than before stall and more sensitive to the balance between parameters.
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Figure 7 – Log-log wavelength–amplitude maps of normalised pitching-moment coefficient, CM/CM,0,
at Re = 1×105 for the regimes (a) pre-stall (α = 16◦, CM,0 = 0.116 [0.106,0.126]), (b) stall (α = 20◦,

CM,0 = 0.123 [0.110,0.135]), and (c) post-stall (α = 25◦, CM,0 = 0.108 [0.096,0.120]).
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Figure 8 – Semi-log plots of the geometric ratio w/a against normalised lift, CL/CL,0, at Re = 1×105

for the regimes (a) pre-stall (α = 16◦, CL,0 = 0.760 [0.730,0.789]), (b) stall (α = 20◦,
CL,0 = 0.755 [0.713,0.797]), and (c) post-stall (α = 25◦, CL,0 = 0.624 [0.578,0.669]).
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(c)

Figure 9 – Semi-log plots of the geometric ratio w/a against normalised drag, CD/CD,0, at
Re = 1×105 for the regimes (a) pre-stall (α = 16◦, CD,0 = 0.229 [0.219,0.239]), (b) stall (α = 20◦,

CD,0 = 0.300 [0.280,0.320]), and (c) post-stall (α = 25◦, CD,0 = 0.335 [0.309,0.361]).
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(c)

Figure 10 – Semi-log plots of the geometric ratio w/a against normalised lift-to-drag ratio,
(CL/CD)/(CL/CD)0, at Re = 1×105 for the regimes (a) pre-stall (α = 16◦, (CL/CD)0 = 3.32 [3.13,3.51]),
(b) stall (α = 20◦, (CL/CD)0 = 2.52 [2.32,2.72]), and (c) post-stall (α = 25◦, (CL/CD)0 = 1.86 [1.74,1.98]).
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(c)

Figure 11 – Semi-log plots of the geometric ratio w/a against normalised moment, CM/CM,0, at
Re = 1×105 for the regimes (a) pre-stall (α = 16◦, CM,0 = 0.116 [0.106,0.126]), (b) stall (α = 20◦,

CM,0 = 0.123 [0.110,0.135]), and (c) post-stall (α = 25◦, CM,0 = 0.108 [0.096,0.120]).

The post-stall behaviour at α = 25◦ is different again. Figure 4c shows that almost all serrated cases
increase lift relative to the unserrated wing section, with 96.2% of the simulated combinations giving
CL/CL,0 > 1. The maximum lift ratio is 1.373 [1.260,1.486] at [1/3,0.1,0.35]SC. In contrast, Figure 5c
shows that drag increases for most combinations, with only 7.7% of the simulated combinations
yielding CD/CD,0 < 1. The post-stall improvement in CL/CD is therefore lift-dominated rather than
drag-dominated.
The lift-to-drag map in Figure 6c shows that the strongest post-stall cases are concentrated
at the largest amplitudes. The maximum value of (CL/CD)/(CL/CD)0 is 1.276 [1.156,1.398] at
[1/2,0.15,0.35]SC, while [1/5,0.15,0.35]SC gives a nearly identical value of 1.274 [1.158,1.392]. The
top-performing region is therefore not centred on the same w/a range as the pre-stall and stall cases;
it is primarily an amplitude-driven region with a = 0.075–0.15 and w/a ≲ 5. This is consistent with
the interpretation that larger serrations are more effective once the baseline wing section is already
separated or nearly fully separated, even though they may impose larger drag penalties outside the
post-stall regime.
The w/a trend at Re = 1× 105 is regime-dependent. The nominal lift-to-drag optima occur at w/a =
14.04, 10.00, and 3.33 in the pre-stall, stall, and post-stall regimes, respectively. Despite this shift,
the common band w/a ≈ 4–8 contains at least one configuration within 5% of the nominal regime
maximum at each of the three operating points. The configuration [1/6.5,0.03,0.35]SC, for which
w/a = 5.13, is one of the strongest low-Re cross-regime compromises identified, remaining within 8%
of the nominal regime maximum at all three operating points. This case gives (CL/CD)/(CL/CD)0 =
1.627 [1.495,1.766] at α = 16◦, 1.253 [1.121,1.389] at α = 20◦, and 1.174 [1.069,1.282] at α = 25◦. The
scatter in Figures 10a, 10b, and 10c nevertheless shows that w/a does not uniquely determine per-
formance, because wavelength and amplitude remain independently influential.
The moment-coefficient maps in Figures 7a, 7b, and 7c, with corresponding w/a trends in Fig-
ures 11a, 11b, and 11c, confirm that the serrations also alter the pitching-moment response.
The trend is less useful as an independent performance metric in this section. At α = 16◦, all
simulated cases reduce CM/CM,0, whereas the stall and post-stall cases exhibit a broader, more
geometry-dependent spread. These results should be considered in any final design selection, but
the wavelength–amplitude trends are governed primarily by the combined lift and drag response.
Overall, the low-Reynolds-number wavelength–amplitude sweep shows that the preferred serration
geometry changes strongly with stall regime. The pre-stall response favours small, low-perturbation
serrations and is largely drag-driven. The stall response narrows the favourable design space and
gives the clearest support for a moderate w/a trend. The post-stall response shifts toward large-
amplitude serrations, in which lift recovery outweighs the increase in drag. A single universal optimum
is therefore not supported. Instead, [1/6.5,0.03,0.35]SC is best interpreted as a strong cross-regime
compromise at Re = 1×105, while larger-amplitude cases are preferred when post-stall performance
is the primary design objective.
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3.3 Termination-distance sensitivity at Re = 1×105

The termination distance, t, controls the chordwise extent over which the serrated leading-edge ge-
ometry is inserted before returning to the unmodified airfoil section. The main wavelength–amplitude
sweep used t = 0.35, so a reduced-scope termination-distance sweep was used to determine the
value’s effect on the observed low-Reynolds-number trends. Three representative serration combi-
nations were considered: a large-amplitude case, [1/3,0.1, t]SC; an intermediate case, [1/5,0.02, t]SC;
and a fine, low-amplitude case, [1/20,0.005, t]SC. The corresponding CL, CD, and CL/CD trends are
given in Figures 12a–12c, Figures 13a–13c, and Figures 14a–14c, respectively.
Across the three cases, the dominant result is that termination distance is less influential than wave-
length and amplitude. This is most clearly demonstrated by the fine serration case, [1/20,0.005, t]SC,
for which the CL and CD curves in Figures 14a and 14b nearly collapse over much of the tested angle-
of-attack range. The corresponding CL/CD curves in Figure 14c show only modest separation, with
approximate spreads of 5.62–5.75 at α = 16◦, 2.79–3.03 at α = 20◦, and 1.89–1.98 at α = 25◦. This
limited spread indicates that, when the leading-edge perturbation is small, changing the insertion
length does not substantially alter the aerodynamic response at Re = 1×105.
The larger serration case shows why this conclusion should not be extended too far. For [1/3,0.1, t]SC,
the separation between termination distances is visibly larger, particularly in the lift response around
the pre-stall and near-stall region in Figure 12a. At α = 16◦, the CL/CD values in Figure 12c range
from approximately 3.72 to 4.51, with larger values occurring at intermediate-to-longer termination
distances. By α = 20◦ and 25◦, however, the spread reduces to approximately 2.80–2.90 and 2.26–
2.33, respectively. The associated drag curves in Figure 12b also remain close enough that no
simple drag-based optimum in t is evident. The large-amplitude case is therefore more sensitive to
termination distance than the fine-serration case, but the effect remains variable and does not yield
a clear post-stall optimum.
The intermediate case, [1/5,0.02, t]SC, links these two behaviours. Its termination-distance sensitivity
is larger than that of [1/20,0.005, t]SC in Figures 14a–14c, but less severe than that of [1/3,0.1, t]SC in
Figures 12a–12c. In Figure 13c, the best values around α = 20◦ occur for t = 0.20, 0.35, and 0.75, all
of which are close to CL/CD = 3.28–3.29. In contrast, the shortest insertion, t = 0.10, is visibly weaker
at the same angle, with CL/CD ≈ 2.86. The lift and drag curves in Figures 13a and 13b indicate that
this penalty is not caused by a single coefficient, but by the combined balance between lift retention
and drag growth near stall. At α = 25◦, the curves in Figure 13c again become closely grouped, with
all termination distances lying near CL/CD ≈ 2.0.
Taken together, Figures 12a–14c support treating t as a secondary design parameter at Re = 1×
105. Its influence increases with serration intensity and is most visible near the stall region, but it
does not dominate the trends established by wavelength and amplitude. The use of t = 0.35 in the
main wavelength–amplitude sweep is therefore reasonable. It is not a demonstrated optimum, but
Figures 12c, 13c, and 14c show that it avoids the sharpest insertion case, performs comparably to
neighbouring termination distances, and provides a representative partial-insertion geometry for the
broader parameter study.

3.4 Wavelength–amplitude trends at Re = 5×105

The high-Reynolds-number wavelength–amplitude sweep was performed at Re = 5× 105 and fixed
termination distance t = 0.35. The representative angles of attack were selected computationally as
α = 23◦, 29◦, and 34◦, corresponding to pre-stall, stall, and post-stall operation for the high-Re baseline
and representative serrated wing sections. The coefficient values are again presented relative to the
corresponding unserrated wing section at the same angle of attack.
At α = 23◦, the pre-stall response is more sharply divided than in the low-Re case. The lift map
in Figure 15a shows that most serration combinations reduce lift relative to the baseline, with only
21.3% of the simulated combinations giving CL/CL,0 > 1. The largest nominal lift ratio is CL/CL,0 =
1.023 [0.955,1.092] at [1/20,0.0025,0.35]SC, but its uncertainty interval spans unity, so a pre-stall lift
increase is not resolved for this case. The high-lift region is concentrated at low amplitudes and
moderate-to-large w/a, while larger-amplitude, low-w/a combinations produce substantial lift penal-
ties.
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Figure 12 – Termination-distance sensitivity for [1/3,0.1,−]SC at Re = 1×105: (a) CL, (b) CD, and (c)
CL/CD.
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Figure 13 – Termination-distance sensitivity for [1/5,0.02,−]SC at Re = 1×105: (a) CL, (b) CD, and (c)
CL/CD.
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Figure 14 – Termination-distance sensitivity for [1/20,0.005,−]SC at Re = 1×105: (a) CL, (b) CD, and
(c) CL/CD.

The corresponding drag response in Figure 16a is mixed. The minimum drag ratio is CD/CD,0 =
0.899 [0.844,0.954] at [1/10,0.1,0.35]SC, but this case does not yield the best lift-to-drag performance
due to its lift penalty. The w/a trend in Figure 20a shows a scattered response, with several low-drag
cases at both low and moderate w/a. The combined result in Figure 17a is therefore governed by the
balance between modest lift retention and drag reduction rather than by either coefficient alone.
The maximum nominal pre-stall value of (CL/CD)/(CL/CD)0 is 1.055 [0.959,1.155] at [1/20,0.0025,0.35]SC.
Its uncertainty interval spans unity, so this case is better interpreted as preserving baseline per-
formance than as providing a resolved improvement. Only 28.3% of the nominal values exceed
the baseline lift-to-drag ratio. The strongest cases are generally low-amplitude configurations with
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a ≤ 0.02 and w/a above approximately 8, with the highest values concentrated nearer w/a = 20–30.
Figures 17a and 21a therefore show a pre-stall high-Re trend that is more selective than the low-Re
pre-stall response. The favourable cases act mainly by minimising the penalty introduced by the
serration geometry rather than by producing a large performance increase.
At α = 29◦, the stall-regime response is flatter in CL/CD but less favourable overall. Figure 15b shows
that nearly all serration combinations reduce lift relative to the unserrated wing section. Only one case
has a nominal value of CL/CL,0 > 1, with CL/CL,0 = 1.009 [0.952,1.068] at [1/2,0.02,0.35]SC. Because the
interval spans unity, this result indicates lift preservation rather than a resolved lift increase. The lift
trend in Figure 19b increases with w/a over much of the data range, indicating that lower-amplitude,
less disruptive serrations better preserve lift near stall at this Reynolds number.
The drag trend at α = 29◦ has the opposite character. Figure 16b shows that most serration com-
binations reduce drag relative to the baseline, with 97.6% of the simulated combinations giving
CD/CD,0 < 1. The minimum drag ratio is 0.747 [0.698,0.797] at [1/6.5,0.15,0.35]SC, with other low-
drag cases occurring at relatively large amplitudes and low w/a. However, these same combinations
generally incur lift losses, so the drag reduction does not translate directly into improved CL/CD.
The lift-to-drag results in Figure 17b show that the stall case provides little improvement over the
baseline. The maximum nominal value of (CL/CD)/(CL/CD)0 is 1.050 [0.958,1.146] at [1/28.5,0.0025,0.35]SC,
and this is the only nominal value above unity. Its uncertainty interval spans unity, so no stall-regime
improvement in CL/CD is resolved. In contrast, the median value of 0.900 [0.845,0.956] remains below
unity across its uncertainty interval, supporting a broad overall performance penalty. The w/a projec-
tion in Figure 21b shows a broad increase toward higher w/a, but the magnitude of the improvement
remains small. The high-Re stall results therefore do not identify a distinct high-performing serration
band comparable with the low-Re compromise region.
At α = 34◦, the post-stall response changes substantially. The lift map in Figure 15c shows that
75.6% of the simulated combinations increase lift relative to the baseline, with a maximum value of
CL/CL,0 = 1.355 [1.256,1.456] at [1/2,0.15,0.35]SC. The strongest lift cases are concentrated at the
largest amplitudes, particularly a = 0.075–0.15, and at moderate to large wavelengths. This is a
different trend from the pre-stall and stall regimes, where lower-amplitude serrations were generally
favoured.
The drag response in Figure 16c is less uniformly favourable. Many of the high-lift configurations
also increase drag, with the largest drag ratio, CD/CD,0 = 1.148 [1.063,1.234], occurring at the same
[1/2,0.15,0.35]SC geometry that gives the maximum lift. The combined performance nevertheless
improves for most configurations because the lift recovery outweighs the drag penalty. Figure 17c
shows that 86.6% of the simulated combinations exceed the baseline lift-to-drag ratio.
The maximum post-stall value of (CL/CD)/(CL/CD)0 is 1.180 [1.070,1.292] at [1/2,0.15,0.35]SC, with
[1/5,0.15,0.35]SC close behind at 1.175 [1.049,1.302]. The top-performing post-stall cases are con-
centrated at a = 0.075–0.15 and w/a ≈ 1–6.7. The w/a trend in Figure 21c therefore differs from the
pre-stall and stall cases: performance peaks at lower w/a because high amplitude becomes the dom-
inant feature. The nominal post-stall optimum occurs at w/a = 3.33, compared with w/a = 20.00 and
14.04 in the high-Re pre-stall and stall regimes, respectively. Nevertheless, the shared screening band
w/a ≈ 4–8 contains configurations within 5% of the nominal maximum in all three high-Re regimes,
with the upper end favoured before and near stall and the lower end favoured after stall.
The high-Re wavelength–amplitude sweep therefore shows a stronger regime dependence than the
low-Re compromise trend. Low-amplitude, high-w/a serrations best preserve pre-stall and stall per-
formance, but the magnitude of the improvement is small, and at stall, nearly all cases remain below
the unserrated wing section in CL/CD. In contrast, the post-stall regime is clearly favourable to larger-
amplitude serrations, where lift recovery dominates the aerodynamic response. The low-Re compro-
mise geometry [1/6.5,0.03,0.35]SC gives (CL/CD)/(CL/CD)0 = 0.822 [0.750,0.897], 0.888 [0.814,0.965],
and 1.072 [0.965,1.180] at α = 23◦, 29◦, and 34◦, respectively. It therefore does not transfer directly
as a high-Re optimum; although its post-stall value is nominally above unity, the uncertainty inter-
val spans the baseline. For Re = 5× 105, the wavelength–amplitude selection is better interpreted
as regime-specific: low-amplitude serrations minimise penalties before and near stall, while high-
amplitude serrations are preferred when post-stall performance is the design priority.
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Figure 15 – Log-log wavelength–amplitude maps of normalised lift coefficient, CL/CL,0, at
Re = 5×105 for the regimes (a) pre-stall (α = 23◦, CL,0 = 1.11 [1.05,1.17]), (b) stall (α = 29◦,

CL,0 = 1.13 [1.09,1.17]), and (c) post-stall (α = 34◦, CL,0 = 0.717 [0.671,0.764]).
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Figure 16 – Log-log wavelength–amplitude maps of normalised drag coefficient, CD/CD,0, at
Re = 5×105 for the regimes (a) pre-stall (α = 23◦, CD,0 = 0.292 [0.276,0.307]), (b) stall (α = 29◦,

CD,0 = 0.510 [0.483,0.537]), and (c) post-stall (α = 34◦, CD,0 = 0.492 [0.459,0.526]).
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Figure 17 – Log-log wavelength–amplitude maps of normalised lift-to-drag ratio, (CL/CD)/(CL/CD)0,
at Re = 5×105 for the regimes (a) pre-stall (α = 23◦, (CL/CD)0 = 3.82 [3.57,4.07]), (b) stall (α = 29◦,

(CL/CD)0 = 2.21 [2.08,2.34]), and (c) post-stall (α = 34◦, (CL/CD)0 = 1.46 [1.34,1.58]).

The moment-coefficient results in Figures 18a, 18b, and 18c, with corresponding w/a trends in Fig-
ures 22a, 22b, and 22c, show that the serrations also affect pitching moment. The largest changes oc-
cur in the pre-stall case, while the post-stall moment trend partly follows the high-amplitude lift trend.
These results are relevant for final design selection, but they do not change the main wavelength–
amplitude interpretation, which is governed primarily by the lift and drag response.

3.5 Termination-distance sensitivity at Re = 5×105

The high-Reynolds-number termination-distance sweep was used to determine whether the fixed
value t = 0.35 used in the main wavelength–amplitude investigation remains representative at Re =
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Figure 18 – Log-log wavelength–amplitude maps of normalised pitching-moment coefficient,
CM/CM,0, at Re = 5×105 for the regimes (a) pre-stall (α = 23◦, CM,0 = 0.0772 [0.0719,0.0826]), (b) stall

(α = 29◦, CM,0 = 0.151 [0.141,0.160]), and (c) post-stall (α = 34◦, CM,0 = 0.132 [0.121,0.143]).
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Figure 19 – Semi-log plots of the geometric ratio w/a against normalised lift, CL/CL,0, at Re = 5×105

for the regimes (a) pre-stall (α = 23◦, CL,0 = 1.11 [1.05,1.17]), (b) stall (α = 29◦, CL,0 = 1.13 [1.09,1.17]),
and (c) post-stall (α = 34◦, CL,0 = 0.717 [0.671,0.764]).
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Figure 20 – Semi-log plots of the geometric ratio w/a against normalised drag, CD/CD,0, at
Re = 5×105 for the regimes (a) pre-stall (α = 23◦, CD,0 = 0.292 [0.276,0.307]), (b) stall (α = 29◦,

CD,0 = 0.510 [0.483,0.537]), and (c) post-stall (α = 34◦, CD,0 = 0.492 [0.459,0.526]).
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Figure 21 – Semi-log plots of the geometric ratio w/a against normalised lift-to-drag ratio,
(CL/CD)/(CL/CD)0, at Re = 5×105 for the regimes (a) pre-stall (α = 23◦, (CL/CD)0 = 3.82 [3.57,4.07]),
(b) stall (α = 29◦, (CL/CD)0 = 2.21 [2.08,2.34]), and (c) post-stall (α = 34◦, (CL/CD)0 = 1.46 [1.34,1.58]).
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Figure 22 – Semi-log plots of the geometric ratio w/a against normalised moment, CM/CM,0, at
Re = 5×105 for the regimes (a) pre-stall (α = 23◦, CM,0 = 0.0772 [0.0719,0.0826]), (b) stall (α = 29◦,

CM,0 = 0.151 [0.141,0.160]), and (c) post-stall (α = 34◦, CM,0 = 0.132 [0.121,0.143]).

5×105. The same three serration combinations were considered as in the low-Re termination study:
[1/3,0.1, t]SC, [1/5,0.02, t]SC, and [1/20,0.005, t]SC. Their corresponding CL, CD, and CL/CD trends are
given in Figures 23a–23c, Figures 24a–24c, and Figures 25a–25c, respectively.
At Re = 5× 105, the termination distance is a secondary parameter compared with wavelength and
amplitude. The large-amplitude case, [1/3,0.1, t]SC, shows the weakest sensitivity. In Figure 23c, the
CL/CD values vary only from approximately 2.47 to 2.50 at α = 23◦, 1.95 to 1.97 at α = 29◦, and 1.64
to 1.66 at α = 34◦. The lift and drag curves in Figures 23a and 23b show similarly small separations.
No monotonic dependence on t is evident in this large-serration case.
The intermediate case, [1/5,0.02, t]SC, gives the clearest termination-distance sensitivity. In Fig-
ure 24c, the approximate CL/CD values at α = 23◦ range from 2.98 for t = 0.20 to 3.39 for t = 1.00,
with t = 0.10 also high at approximately 3.38. This indicates that the response is not simply improved
by increasing insertion length. Instead, the sensitivity at this angle results from the combined bal-
ance of lift and drag in Figures 24a and 24b. At α = 29◦ and 34◦, the same case becomes much
less sensitive to termination distance, with CL/CD ranges of approximately 1.92–1.98 and 1.49–1.50,
respectively.
The fine serration case, [1/20,0.005, t]SC, shows a mild preference for longer termination distances
before stall. In Figure 25c, the CL/CD at α = 23◦ increases from approximately 3.69 at t = 0.10 to 3.97
at t = 1.00. This trend is consistent with the lift and drag behaviour in Figures 25a and 25b, but it
weakens near and beyond stall. At α = 29◦ and 34◦, the CL/CD curves are again closely grouped,
with approximate spreads of only 2.11–2.17 and 1.55–1.57.
Taken together, Figures 23a–25c show that high-Re termination-distance effects are weak and non-
monotonic, and are most visible before or near stall. The results do not support a single optimum
termination distance across the tested serration intensities or angles of attack. The use of t = 0.35
in the main wavelength–amplitude sweep is therefore justified as a representative partial-insertion
value rather than as an optimum. It avoids the shortest-insertion case, remains within the clustered
performance range under most conditions, and allows the main results to focus on the stronger effects
of wavelength and amplitude.

3.6 Comparison across Reynolds numbers and design implications
The combined results show that leading-edge serrations are best interpreted as regime-dependent
stall-management devices rather than universal lift- or efficiency-enhancement devices. At Re =
1×105, the three operating regimes still shared a recognisable compromise region. Low-to-moderate
amplitudes and moderate wavelength-to-amplitude ratios were favoured before and near stall, while
the post-stall response shifted toward larger amplitudes. The configuration [1/6.5,0.03,0.35]SC was
one of the strongest cross-regime compromises identified, with its nominal normalised CL/CD remain-
ing within 8% of the regime maximum at α = 16◦, 20◦, and 25◦. It was not optimal in every regime, but
retained post-stall benefit without incurring the largest pre-stall penalty.
At Re = 5×105, this compromise behaviour weakened. The favoured low-Reynolds-number geometry
did not transfer directly to the high-Reynolds-number pre-stall or stall cases, where lower-amplitude
serrations better preserved performance. The strongest nominal high-Reynolds-number gains before
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Figure 23 – Termination-distance sensitivity for [1/3,0.1,−]SC at Re = 5×105: (a) CL, (b) CD, and (c)
CL/CD.
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Figure 24 – Termination-distance sensitivity for [1/5,0.02,−]SC at Re = 5×105: (a) CL, (b) CD, and (c)
CL/CD.
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Figure 25 – Termination-distance sensitivity for [1/20,0.005,−]SC at Re = 5×105: (a) CL, (b) CD, and
(c) CL/CD.

and near stall were small and were not resolved from the baseline within their uncertainty intervals,
while the post-stall case again showed a clear preference for larger-amplitude serrations. This in-
dicates that increasing Re does not simply scale the low-Re optimum to a new operating condition.
Instead, the preferred serration geometry becomes more dependent on the intended regime: low-
amplitude serrations are the more conservative choice where pre-stall or near-stall efficiency must
be preserved, while larger-amplitude serrations are more relevant when post-stall force retention is
the primary objective.
For cross-regime comparison, a screening band was defined as the narrowest contiguous range of
tested w/a values containing at least one configuration whose nominal normalised lift-to-drag ratio
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was no less than 95% of the maximum value in each regime. The wavelength-to-amplitude ratio re-
mains useful as a cross-regime screening variable, although it does not define a universal optimum.
The nominal CL/CD optima occur at w/a = 14.04, 10.00, and 3.33 at Re = 1×105, and at w/a = 20.00,
14.04, and 3.33 at Re = 5× 105, for the respective pre-stall, stall, and post-stall conditions. The pre-
ferred ratio therefore shifts from approximately 10–20 before and near stall to approximately 3–4 after
stall. However, among the tested geometries, w/a ≈ 4–8 is the narrowest contiguous interval con-
taining at least one configuration within 5% of the nominal regime-specific maximum normalised
lift-to-drag ratio at all six operating points. This range is best interpreted as a shared cross-regime
screening band rather than as a universal optimum: the preferred position within it changes with
stall regime, and wavelength and amplitude remain independently influential. This interpretation is
consistent with previous studies showing that serration and tubercle performance depend strongly on
geometry, airfoil profile, Reynolds number, and operating condition [3–5,7,8,15].
The termination-distance sweeps carry relatively high finite-time uncertainty compared with many of
the observed differences and should therefore be interpreted cautiously as broad qualitative trends
rather than precise rankings. At both Reynolds numbers, changing t had a weaker effect than chang-
ing wavelength or amplitude. The influence of t was most visible near stall and for selected serration
intensities, but no consistent optimum was evident. Very short insertion lengths could introduce local
penalties, while longer insertions did not consistently improve performance. The value t = 0.35 used
in the main wavelength–amplitude sweep is therefore justified as a representative partial-insertion ge-
ometry. It should not be interpreted as an optimal termination distance, but it is suitable for isolating
the stronger effects of w and a.
From an application perspective, these results are most relevant to systems that repeatedly oper-
ate near stall, experience off-design incidence angles, or prioritise predictable stall behaviour over
maximum attached-flow efficiency. UAVs and light aircraft are the most direct aerospace application
class, because their operating Reynolds numbers and off-design conditions are closest to the present
study. Training aircraft or other safety-sensitive light aircraft may also be relevant where softer stall
behaviour is prioritised over cruise performance. For higher-performance or aerobatic aircraft, the
concept is more plausible as a specialised high-α or manoeuvrability device than as a general aero-
dynamic upgrade. These aircraft-level implications should still be treated as design motivations rather
than demonstrated full-aircraft outcomes [16,18,23].
The same stall-management framing extends to non-aircraft applications, but with increasing need for
application-specific validation. Wind-turbine blades, propellers, rotors, fans, compressor cascades,
hydrofoils, and rudders can all encounter off-design incidence or dynamic-stall conditions where stall
margin, force retention, or load smoothing may be valuable. The most defensible industrial interpre-
tation is therefore not that serrations improve peak efficiency, but that they may widen the usable
incidence range or reduce the severity of flow-separation-driven force changes. Compressor and fan
applications may be relevant to stall-margin improvement, whereas marine hydrofoils and rudders
may be more relevant to unsteady load management than to increased lift [14,24–26].
The present results do not support broad claims about cruise-optimised aircraft or universal low-angle
benefit. A fixed serrated leading edge is present under all operating conditions, so any high-α benefit
must be weighed against potential low-α drag, lift, manufacturing, contamination, and certification
penalties. Selected studies report favourable low-angle or near-stall behaviour for particular geome-
tries, but the present data support a more conservative conclusion: leading-edge serrations are most
promising where stall tolerance, off-design robustness, or post-stall control are worth trading against
possible attached-flow penalties. Final geometry selection should therefore be performed at the rel-
evant operating Re and stall regime, rather than transferred directly from a low-Reynolds-number
optimum or from a single value of w/a.

4. Conclusion
This paper investigated sinusoidal leading-edge serrations on a cambered NACA 2412 wing section
with an aspect ratio of 2. Wavelength, amplitude, and termination distance were varied across pre-
stall, stall, and post-stall regimes at Re = 1×105 and Re = 5×105. An automated LES workflow was
used for the parameter study, with selected low-Reynolds-number cases experimentally verified.
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At Re = 1× 105, performance depended strongly on stall regime. Smaller, lower-amplitude serra-
tions were generally favoured before stall, whereas larger amplitudes became more favourable after
stall, where lift recovery outweighed the drag increase in the strongest cases. The configuration
[1/6.5,0.03,0.35]SC was among the strongest low-Reynolds-number compromises, remaining within
8% of the nominal regime maximum at all three operating points.
At Re = 5× 105, the preferred geometry was more regime-specific. Low-amplitude, high-w/a serra-
tions better preserved pre-stall and stall performance, while larger amplitudes were again favoured
post-stall. The low-Reynolds-number compromise did not transfer directly, showing that serration
geometry should be selected for the relevant Reynolds number and angle-of-attack range.
Across six operating points, the nominal optima shifted from w/a ≈ 10–20 before and near stall to
w/a ≈ 3.3 after stall. Nevertheless, a shared screening band of w/a ≈ 4–8 contained regime-specific
configurations within 5% of each nominal maximum normalised lift-to-drag ratio. This band provides
a useful initial screening range, but wavelength and amplitude remain independently influential. Ter-
mination distance was secondary within the tested space, supporting t = 0.35 as a representative
partial-insertion geometry rather than an optimum.
The main practical output of this study is the combined dataset and performance maps. These pro-
vide an initial basis for industry-led, application-specific design, but not a transferable final geometry:
performance remains sensitive to airfoil profile, planform, Reynolds number, and operating regime.
Leading-edge serrations should therefore be treated as regime-dependent stall-management de-
vices rather than general lift- or efficiency-enhancement devices. Further work should test the iden-
tified trends on additional airfoils, aspect ratios, Reynolds numbers, dynamic-stall conditions, and
application-specific geometries.
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