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ABSTRACT: In this study, the aerodynamic performance of a wing with a sinusoidal leading edge at
relatively low Reynolds numbers was numerically investigated. The main objective was to evaluate the
influence of leading-edge Protuberances on flow behavior and aerodynamic characteristics. Simulations
were performed using software based on the finite volume method and shear stress transport turbulence
model. Six different configurations with varying amplitudes and wavelengths of the sinusoidal leading-
edge wing were designed and analyzed. Among them, the configuration with the largest amplitude

demonstrated superior acrodynamic performance, particularly near and beyond stall condition, and was
therefore selected for detailed comparison with the base model. The results show that the sinusoidal
leading edge delayed flow separation, improved the stability of vortical flow structures, and shifted stall
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to higher angles of attack. In addition, the maximum lift coefficient was increased by approximately
10%, compared to the base wing. The findings also indicate a slight reduction in drag coefficient and an
improvement in lift-to-drag ratio within specific operating conditions. Analyses of pressure distribution ~ Incompressible Flow
and velocity contours confirmed the formation of organized spanwise flow structures and a more uniform  Numerical Simulation
turbulence distribution over the wing surface. Overall, the results suggest that sinusoidal leading-edge

geometries can effectively improve aerodynamic performance and flow stability at relatively low

Reynolds numbers.

1- Introduction

Improving aerodynamic performance at low Reynolds
numbers is an important challenge in the design of small-scale
aerial vehicles and bio-inspired aerodynamic systems [1-
3]. Under such conditions, aerodynamic surfaces are highly
susceptible to early flow separation and stall, which reduce
aerodynamic efficiency and flow stability. Consequently,
passive flow-control techniques for delaying separation
have attracted significant attention [4]. One promising bio-
inspired approach involves use of sinusoidal leading-edge
geometries, inspired from humpback whale flippers [5].
Previous experimental and numerical studies have shown that
these geometries can generate streamwise vortical structures,
enhance momentum transfer within the boundary layer,
and improve post-stall aerodynamic performance [6, 7]. In
addition, several investigations have reported that sinusoidal
leading edges can modify turbulence distribution, delay flow
separation, and improve aerodynamic stability under low-
Reynolds-number conditions [8, 9]. Despite these advances,
the detailed aerodynamic mechanisms associated with three-
dimensional sinusoidal leading-edge wings still require further
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investigation, particularly regarding turbulence development,
spanwise flow organization, and post-stall flow behavior [10].
Accordingly, the present study numerically investigates the
aerodynamic performance of a three-dimensional wing with
sinusoidal leading-edge geometry at a relatively low Reynolds
number. Several configurations with different amplitudes and
wavelengths were analyzed and compared with a base wing.
The study focuses on aerodynamic coefficients, pressure
distribution, and flow structures associated with delayed flow
separation and stall behavior.

2- Methodology

In the present study, the aerodynamic behavior of a
three-dimensional wing with a sinusoidal leading edge was
numerically investigated under incompressible turbulent
flow conditions. A base wing and six sinusoidal leading-edge
configurations (with different amplitudes and wavelengths)
were analyzed at a Reynolds number of 100,000 over a
range of angles of attack. The numerical simulations were
performed using software based on the finite volume method.
The governing Reynolds-averaged Navier—Stokes equations
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Fig. 1. Geometry of the sinusoidal leading-edge wing.

were solved using shear stress transport turbulence model
because of its reliable performance in predicting separated
aerodynamic flows. Pressure—velocity coupling was achieved
using the SIMPLE algorithm together with second-order
discretization schemes. The geometry of the investigated
wing is illustrated in Fig.1. Near-wall mesh refinement was
employed to ensure accurate boundary-layer prediction.
The numerical methodology was validated using previously
published reference data [11], and good agreement was
achieved. Although the simulations were conducted using
a steady-state formulation, investigation of unsteady flow
structures may be considered in future studies.

3- Results and Discussion

The aerodynamic coefficients obtained for the investigated
wing are presented in Fig.2. The results demonstrate that the
sinusoidal leading-edge geometry significantly influences
the aerodynamic behavior of the wing, particularly near stall
conditions. Among the investigated configurations, model
A9W25, corresponding to a sinusoidal leading edge with an
amplitude of 9 mm and a wavelength of 25 mm, exhibited the
best aerodynamic performance. Compared with the base wing,
this configuration produced a higher maximum lift coefficient
and delayed stall to larger angles of attack. In addition, a
slight reduction in drag coefficient was observed within
specific operating conditions, resulting in an improved lift-
to-drag ratio. The improvement in aerodynamic performance
is closely associated with the flow structures generated by
the sinusoidal leading edge. Figure 3 presents the turbulent
kinetic energy distribution for the A9W25 configuration
at an angle of attack of 15°. The results indicate that the
sinusoidal leading-edge geometry produced more organized
flow structures and improved turbulence distribution over the
wing surface. In particular, the generated vortical structures
enhance momentum transfer within the boundary layer
and increase its resistance to adverse pressure gradients.
Furthermore, the turbulent kinetic energy contours revealed
that the separated flow regions develop more gradually in
the sinusoidal leading-edge configuration. In addition, the
peak regions maintain a more stable flow structure, while
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Fig. 2. Variations of lift coefficient, drag coefficient, and
lift-to-drag ratio for different sinusoidal leading-edge
and Base configurations.

localized flow disturbances are mainly concentrated near the
valley regions. Overall, the sinusoidal leading-edge geometry
improved flow stability and contributed to delayed flow
separation under low-Reynolds-number conditions.

4- Conclusions

The numerical results demonstrated that the sinusoidal
leading-edge geometry improved the aerodynamic
performance of the wing under low-Reynolds-number
conditions. The 49W25 configuration showed delayed flow
separation, improved flow stability, and higher acrodynamic
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Fig. 3. Turbulent Kinetic energy contours for the AYW25
configuration at an angle of attack of 15°.

efficiency compared with the base wing. In addition, the
turbulent kinetic energy distribution confirmed formation of
more organized flow structures over the wing surface. Future
studies may further investigate the unsteady flow behavior,
using transient simulations.
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Table 1. Designed examples for wing analysis with sinusoidal leading edge.
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Fig. 1. Basic wing model and wing model with sinusoidal leading edge designed A9W25.
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Fig. 2. Generated mesh for a wing with a sinusoidal leading edge.
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Fig. 3. Investigation of Mesh independence for a wing with a sinusoidal leading edge.
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Fig. 4. IDistribution of Y* along the chord (x/c) on the wing surface with a sinusoidal leading edge.
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2. SIMPLE
3. Upwind
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1. Finite Volume Method
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Fig. S. Boundary conditions for solving the wing model with a sinusoidal leading edge.

il oo Cand 4 (o380 (giloard I (Solissg ]

(el ¥ =¥

(Silwdnnd gl Cona I bl 5 o3ae Jio <85 b5l sl
G5 oy b (g dbonad b aly Jb (ilwand) jl Jolb> gl
b eyl dily cpl 53 sl o dwolie o, Sen 5 "y bawgs o3
iy (sliso S stsl = 29l SYolno Sl o0kl b gy Jlb (Seolidg ]
@l duglie ol o dpule pABaSTS (b2 js) 65 (ke
plogl Ve epeev algnyoae 105 07 S <157 ales (sblg; 039000 o
@ Sl 9 T Colpd 9 o odnline & Sy 45 joblas Canl 05
9 5,1 )Ken g b gl b awlie sollas imgh cpl ) ol Cowd
2l 45l 85 LLE ol Y ) a8 o oamlive WA oy
L ags cslaid) S5 @ @ pe o3l i @ bl 3 &5 ()6 5 (4
Ju ol gawtin ol big slogysesl | ol 228 (slaodls
Alodd s le] g dunlio

oy £989 OISl oamly Lis Salgin) olael )3 oS sl S5 4 p5Y
el cwle Bl @ g b Jo ol b3yl g (5eaY 3,138

LS.)J..C J—\A 39)64’ )Ua.ul 5‘5?!;»»)1.1.:&‘ M]).Q ).) é.>)A LSLQDJ‘J l) ).Ao‘.>

2 ko Jro ogf B e (8 5 i dsed @) 4l Jre
3p8es g 03,5 pleally )93 (g 3 K0 Juo g 0)lee> Sedp Sl
2 b Slyesi g b fgdpl SLbI by (iluand )3 (olio )l
bl sl bigdpl b las o bl gl yimgls aad o &3y dlosdd gasb
G55 Jos (sl SST Jua | 55 o punS ol slogSll g (Sol
Blo3,S 10 1y of il 5 03,8 oslitl by Skl 5 Ll
IERYATAYY
b Gmdn ilodund )3 (Seolindgnl 3Sles b)) jslaie 4

0105 deslix 335 3,0l Lalyy bl gy L 5 T gl p

L

C = e
T, (V)
—pU_ S
2,0 w0
c-_ D
l U2S (\\)
2/3 o

548 st Ly 5 T (slog 5 Sl b 4 D g Ll cl 50 8

Bl g UJlow JISs P ipan 5505 gl JS (s308 >

2. Shen

1. Menter

Yoy



14
0.15 ———a&—— Cd_Shen_et_al /,
: —--0-—-- Cd_Base /
)
S
-
<9
2
£
@
S
)
)
o
4
=
1
0 5 15

10
Angle of Attack (a)

0.8

07 I~ - - ~
: ——e—— Cl_Shen_et P

—-=@-—- Cl_Base 7 5
06 [ 7 g

05 7

04

Lift Coefficient (CI)
AN

03 /
02

0.1

0 1 1 1
10
Angle of Attack (a)

[Y\]W‘)Mgw‘_uou“b)’o odlw Jb g b JU sl (c.o W)Mu{bms(wl) w)lr’ ol po o Ao F IS

Fig. 6. Comparison between lift coefficients (left) and drag coefficients (right) for the basic wing and the simple
wing analyzed by Shen et al [21].
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Fig. 7. Boundary conditions for solving the wing model with a sinusoidal leading edge. Variations in lift
coefficient in different wing models with sinusoidal leading edge and base wing.
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Fig. 8. Variations in drag coefficient in different wing models with sinusoidal leading edge and base wing.
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Fig. 9. Lift to drag coefficient ratio in different wing models with sinusoidal leading edge and base wing.
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Fig. 10. Display of cut locations for comparison of physical phenomena.

gl GiSe dinda g 0ad 038 (ol 5B 3)ly 4l Jb sl cul
il g Siye sV (8 s (B U8y pl 35 (oo
g dloxdd o Plie o .cunl dosad 4 o5 Sle 0 pKm04;
Olomen (28 dipde ld ganl > ol Jate gl L 4 (lonen
Al rSire Y iwiz 51 Gl Pl & w30 LS g 0390 i
36l bl pzmen sl gae VL (B9 ) Gl (e LS
i sl L5 oll,S @ g o3 Sl b b & S
a0 Ve gly b Cud (iSe Beas 43,81 G 0,0 (ga b pd Lol adly
o ) ol s HB b & liopen o] e Ll sty ks
bugi oad Wl (ooye ()l 4l & dmd 0 (LS g99e (]l 4l
Ol L pSela b g cul Jld o (2l 3 Glimen jbogge awsin
S (50 SeS plya (Sl pgltS 4 290
Ol 1y as )0 YO dles sdusly o 1) Hlid oo mje WY S
Sy ol I Suilely anl 0 MelS a4l Jb st ) j3 a2 o
Wl Bl (wgune jobo 4 ASe ke g lgen Jlu JLES @95 &S
My Cabl bl ally b Jolf (b ;Kb )8 oyl ol
ol _glite i3 g alondd Jo 53 il ;3 casl Ty (50
ol aS) wloas bas s U Lale jlid polie ald dnl > ed o
3 o888y el (el (GBS olaw I (pisu )3 by sl ot
Ol & Cunl (awgimw ad ©ygbre j3 (gan dw ol sladwls S sl

A Caus iS850 00 anl )3 01,8 o 5L o s 1y 0nd s

5 o3l lals,F claylisle s oS cosl o] Sily gedge ol

o LUl By ol 8 cosl oad plosl (glaigS 4 alax L5
51 S alpd )3 oud saalite (sladig) 5 Ltd g5 (mdge Oy
D s (So3d Oyg0 ] Ll g g 39 ol Ly

oo 93 lp (Hlaw JUid @95 Cumdg (o dblie (e I om
ilisee dlos aygly aw (glp WV Sl S5 0 A9W2S 4 4l L
Al ) 45 sl olal 51 Lloj el ol ol 005 0315 L
by 5 (Slely 5l a0 ¢ Sbely il )3 ol 5y o goaisles
JPS 3 (i dwiin 30 Gdiwgy Jloo (Sl o it (Sulely
S oo w2l ]y sjpe Y

a2l s 4l Jb (V) JS3) a0 Ve ales gl o
b aloxdd (55, (iS00 gl 45 ()5 @ 950 ol (el
5 e ©ygo & (Slly 5l ey anl )3 )Li8 (LL3L g 039 Bes oS
dwdid ¢ Jilio )d g o oddline igllaol Hlid Lol S iol8l L ol yen
S (s oo AlS anl ) .ol 03,8 dbul  Jgldte ;L) wgiow
ouimd (LS &8 oud S5 dlava) 4 G5 bge ) g Juad
ol s ogde Al g5 saY le FS3B g Gl (roge i
SomMe 4l Jb 4 cons (Sulely Gl gy 4l 5 L oLk cd
oihe Jloinl wons )3 S (o (s pSsla jlid wad Rl ) 5 e
I P dres (uguine ysb 4 )LiS Pl 03 )3 nl oo RIS play;
mge 55 il onimd i 1y L il oyl sl (S5 b 4
e & Cwl b oy layldle dbul 5 zee o3 Gl
Dydbise Ol (el )3 p3U kel g (Vb daw (59 Gl CosEs

ol 4o 33 V0 alos dygl5 50 Lid m 598 Cumdg oimd (L VY S

yove



VY'Y 5108 doxio VFF Jlo V) 0yl Y 095 ¢S ool SilSo uodio 4y

Pressure Coeffident vs x/C

—+-Valley Slice
o - Peak Slice
4 Base
-4
-6
.8_
-10-
T S S S
0 0.2 0.4 0.6 0.8 1

XoverC
a0 Ve dos dgly il JULoyd gl ;3 AGW2S JU Juo gl w jLid o po @95 ) SIS

Fig. 11. Pressure coefficient distribution for the AYW25 wing model at the peak and valley with the base
wing at 100 angle of attack.
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Fig. 12. Pressure coefficient distribution for the A9W25 wing model at the peak and valley with the base
wing at 15° angle of attack.
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Fig. 13. Pressure coefficient distribution for the A9W25 wing model at the peak and valley with the base
wing at 25° angle of attack.
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Fig. 14. Comparison of speed changes for the AOW25 model wing at the peak (right) and at the valley (left) (an-
gles of attack 10, 15, and 25).
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2. Turbulent Kinetic Energy
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Fig. 15. Turbulent viscosity variations for the AYW25 model wing (angles of attack 10, 15, and 25).

obyz dgzg pie g Sipe 4 s)huk ;L JU8) cnl g oo oanliv 5
00 g ald sy > (Suasl iis g5y polie ol (Lilas) 2aS5L
5N 4 395 cod odnliie (a2 g5 BB gl g 0392 o 2 S35 Sl
Gl H ko gl ol 55 ol b >
SIRLL g9 b Sl 90392 et 03 4l 3 il El cpl 298 oo 0a0lie
2 Gl dnl pl  (mdge Gl 4 b S S0P g (g0 Y
il il sl g yieS al oo > Sl iis (650 polie e blio
SPBGsP g 5L by 0yd 4 Cond dld dad o i 45 039y 3gax0
dwdin i godind L (g5l CAleS e mjes ol S e baas )
sl il (b9 33U g (Saii] (19Kenl 2595 )3 wgiaw

SSody pobo a4 (Sl i (65, ) YO dlos aly 5
sdnlie aw yulpw )3 405 (Kiadl §| g canl g asly il

ﬁblia Dg>g Cﬁl L.l ol Jo5 uu;l.b gokmd lis LY D9 o

Yoy

03915t 3lg 5395 0)d Al calas ygly ioli8l b fcusl sl Bias
4 i Solig 3 AU ) cpl S e Lain |y (6555l sipeaY

2950 s JAo (Sealiadg ] 3,8kos d9:00 5 liyr Sl 3 436

Sl ot 5=y -F ¥

Ol BB liee 5 Sy i | o ls (Siasl i (555
o dosad b Jb ggelim 0l (b Jl rele S oS
P A Y0 9 V0 N gales wgly aw slp B oy e o &)
o) G e jobds CuaS ol JlB) & A3 0o (L5 VP IS5
2> g2 P Dy alo> aygly Gl L (g 0392 Lo o (Suai]

JS ol p3 ampd Ve ales wly p (Saasl s o5yl oS
90392 Ol slew Jb ghaw (035 53 551 onl Oliee oS amd 00 (LS

] i g Alesad g 5 (655 cnd ol I Sy s o



Turbulent Kinetic Energy

28
26
24
22
2

18
16
14
12
1

08
06
04
02

AIW25, Re = 1x10%, a=10°

A9W25 , Re = 1x10°, a = 25°

Turbulent Kinetic Energy
3
28
26

24

22

18

AJW25, Re = 1x10°, 0 = 15°

Turbulent Kinetic Energy

4,3 Y0 910 A+ alos Ulg;) AIW25 Juo 45 JU (gl (Siddl oaiinier (65591 ol i N8 JSUS

Fig. 16. Turbulent kinetic energy variations for the wing in the A9W25 model (angles of attack 10, 15, and 25).
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