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Enhancing the aerodynamic performance of airfoils, minimizing drag, and
controlling flow separation are key objectives in aerospace research,
pursued through various methods. A miniature wind tunnel with a test
section of 100 x 100 mm was designed and constructed for this study to
enable experimental testing of low-volume models at low Reynolds
numbers. Given the increasing application of small-scale flying devices
and the limited research available at low Reynolds numbers, this study
experimentally investigates the aerodynamic behavior of a micro-scale
airfoil. Specifically, the influence of surface corrugation on the
aerodynamic performance of a NACA 0012 airfoil was examined. For
validation, a standard NACA 0012 airfoil was fabricated and tested in the
wind tunnel, followed by a corrugated version with wavy contours on the
leading edge, trailing edge, upper surface, and lower surface. At Reynolds
numbers of 15,000 and 66,000, the corrugated airfoil exhibited superior
aerodynamic performance compared to the baseline configuration. At Re
= 15,000 and an angle of attack of 15°, the lift coefficient (Cl) increased
from 0.22 for the standard airfoil to 0.33 for the corrugated design,
representing a ~50% improvement. At Re = 66,000, the drag coefficient
(Cd) beyond the 15° angle of amack increased from 0.57 in the standard
airfoil to 0.61 in the corrugated one, indicating a growth of over 7%. Below
the critical angle of attack, the corrugated airfoil demonstrated higher lift
and lower drag than the standard NACA 0012 airfoil, resulting in
significantly improved aerodynamic efficiency beyond the critical point.

* Corresponding Author’s E-mail: r_zakeri@shahroodut.ac.ir

How to Cite this Article:

A. Fatemeh, V. Ghaffari, and V. Meygoli, " Guidance Algorithm via Numerical Optimization Approach in Constrained Planar Guidance

Problem," Journal of Technology
https://doi.org/10.22034/jtae.2025.9.2.3.

Aerospace Engineering, Vol. 9, No. 2, pp. 31-42, 2025 (in Persian),

COPYRIGHTS

@ ® Authors retain the copyright and full publishing rights.
£ Published by Aerospace Research Institute. This article is an open access article licensed under the

OPEN (2 ACCESS

Creative Commons Attribution 4.0 International (CC BY 4.0).



https://doi.org/10.22034/jtae.2025.9.2.3
https://jtae.ari.ac.ir/
https://doi.org/10.22034/jtae.2025.9.2.3
https://creativecommons.org/licenses/by/4.0
mailto:r_zakeri@shahroodut.ac.ir
https://orcid.org/0000-0002-6044-9972

lAdlgn wirigo

Uadlgs (cwodiio 5 (5,908

JTAE

FY-y) 27&0 Y E)l.o.w A 5)9.) HY-¥ JL»
https://doi.org/10.22034/jtae.2025.9.2.3
Journal Homepage: https:/jtae.ari.ac.ir

YEVE-FYOY & S ySU gLLS

31 0olit g yloz g0 daw b g9 w33y Swolindg T (9 935 (w9
s 31 45 plall ilizo sl gSI1

*y N . )
SIS ool 9 sl gape
ul))l ‘ul.«.o.w ‘.)5)12:[4» u.u.uo ol&isls « (&UKA Uw..\‘.e(a XL R ‘M)I L)AJL.AD)K -\
Ol ylioms 0g,0Ls  cxis oKl (SlSe  pwdige ouSiiils Lokl -y

b Wlio el
oot alox | gl Gt )55 953 5368 G2lS oo 3] il (Seobidgpl o il llls dpesey U

gl ol 3 s of & s Sdo 3 Cilisee slact ) eslizl b Ladlgn ) (yfiee &5 el il
inbosl (el 48 Caslonds Azl oo Voo 5 Ve i alafio g b gsilivo 2l Ligh S 5] ookl
Jilog 208" olj8l & o g3l 39 o o3l (ol (slajilgisy dae 13 g oS poe b olaJde (59, (020

5 Jrga 5 aallhn & i S ool (y5ltnn b Jigh 13 9 258 S 4 48 gy cnl 3 (Sl
‘J.u‘ W)L.A.Gl dl).: Cawloddd 49].))) Ui US.A.AL.:.DE)J,] dlmw <$9) ¥ «\Y KL &95).:]).:)
AT G gl oot i S 3 g5 2,26 siulej] 350 g okl 3,05kl + VY G ugh s,
390 9 kbl 5 (Slb Jlage JS5 4 ol ik daw 5 (YL e o F &) wles 4 &S e
N2 7 g )12 N0 lajilgn) sae 53 Jlaage hgdnli) dagtalejl plosl ) Gy 8,5 )15 5k Jigi ol
3 3 68 syt O3 ol 33 3l ool + VY S il & o (g s (Seelirg ol 2,
Samge g pliny 93 /XY 4 odle Jagdpliny 1 +/VY 1T copd a3 )3 V0 ales aygly 50 5l V0 5gn,
50 )l £ 3y sae 0 b LS dg3 el Ligdpliy 4 Cund (gduo ) B0 dgd (i) &S ol
b g dwwy slzge Jgpliny 0 +/8Y @ osbe Jogdli) ;0 <10V jl an )3 V0 ales aygls 5l o Ty cupo
& Cand Hlozae Jigdpliny 50 ( Suloly dygly 5l iaS (slaaslys 13 s axlae Mo 3 VI i Jolee gy
S99 pl5y 33 (ohlS 4o )y wamlosis odnlie (¢ yieS (sluw oy gy |y o s @ lusliwl Jigd s,

ol Bl QI g B ooty (Suibely gl 5l ax bzge

VY (65 V5 cdbp

WY wanl Y8 S5k

V¥ cn2y9s8 oV o dy
V¥ Gt )l YA Ll ydol

sl slojly

Mg Jgdnli)
b iy

Ssbelg

Iy oy

r_zakeri@shahroodut.ac.ir : Jgtume saiw g Suig Sl o *

How to Cite this Article:

M. Abedi and R. Zakeri, "Experimental study of the aerodynamics of micro airfoils with wavy surface and the use of different
patterns inspired by nature,” Journal of Technology in Aerospace Engineering, Vol. 9, No. 2, pp. 31-42, 2025, (in Persian),

https://doi.org/10.22034/jtae.2025.9.2.3.

COPYRIGHTS
@ ® Authors retain the copyright and full publishing rights.
E

Published by Aerospace Research Institute. This article is an open access article licensed under the

Creative Commons Attribution 4.0 International (CC BY 4.0).

OPEN (2 ACCESS



https://doi.org/10.22034/jtae.2025.9.2.3
https://jtae.ari.ac.ir/
https://doi.org/10.22034/jtae.2025.9.2.3
https://creativecommons.org/licenses/by/4.0
mailto:r_zakeri@shahroodut.ac.ir
https://orcid.org/0000-0002-6044-9972

Lasl " L3
vy / P'ww » S
Y 5las A yg0 AP Jlo

JoplasS Sz ) Saalpsgyl Jie 59 15 ()Set 5 g
e oyl i3> )3 oy50 Liolejl 3)90 3L b5 po 1y ool g aisil
ksl Jdo by 2 (oo o (o ol5d Sl odlisl b g Sl STy e )
WA it o+ Ve L

b Subelg agly a8 by lis oym0 Linlejl opl ,> sl
o9k 8L Gl 103 ¥ 90 5 5 lgeal syl oy (Suilely
P 1y cops yiSlis cpiomen Ol &y 45 V8 agly ) Suibelg oS
9y ol 3l sl Silil aops £ o lilinl Jae & Cans Hbozge e
2 530 bl gy bzee zolaw jleslazul ob ol Jwobs @l
sl Jio (g9 dalllas ) ol 51 Lol il pmslio o)l Sibelg
S e ) ol Laghl b g sl Sig ally s MelS' 88 15
a3 i )] Lol glaodly adlllas -l

b sl Sely 1l b [B] YooV Jlo 53 o)Sen g (55>
555 ont o S b ieyien g5 b b olagS Sig
o A5 357005 o o s ten el 4 2 85 e o 3
S ot i S il &5 015, L ggm el 5 250
sloojlul b b digdgrin zoe Job g zoe ateh o5 (JSS 4 a3
ol b by Cans opl g aind (il 355 03l8] &) Cuns  pasuiie
Sy osd (b b g8 0 aiil cillas Sigs Al j0 lazge
o ol 5 9 KBS 8 Sealindgyhen (5 talo] 3590 Ol i
Syt 30 lazge 4> dialy il puis A astidie islojl oyl pbol 5l
4 @l S e obml hgdorien (Senladgyin 3Slas 5 (23)L
999,42 5> (Sl dles ayglj 5 yieS dles (sbly )3 &4 35 435S ()
PV (sladlos aygl; ) g 000 2k b JS5 4 Ly 5 1 ool
Sl 2030 T2 (695 155 odls Jaghyem 13 Sl o e 4yl
b g5 (6 eSSl (S9y8 9 392 Jgosre 4> ]l

el @l )3 [5] oKar 5 cig Ceny) YeoA Jlo
Sla i ] el s sl (e gt o Jidod
aaoy oyl 1y ladllas wuds plosl Jlo lagS Sigs dl )3 24290
ypgs Lag o0 sl (gla igh ] dalllas () )3 gy 00l e
@l S 2 el 350 3k Jig S 3 ) [0] s
bwg 48 525 9 (38 Slalllae iy ddlllee oyl il ot Jol>
$9) Sgge 35 b gy adllao cpl 30,8 W) )Sod (pdiee
OBl 3 336 s ol 4 5 35 3 Slgie bl des &
it 9o by

Cangy Sl JS5 31 ol b [V] Ko 5 Jobs Canss]
Seelndg nl Sl 550 53 005 (Gilustnnds 5 (25 (Sla )y usgS
il colo g (2l (dlp ol aizilg g 23l plosl s gy
5 45,8 lod] dusS sy (sloyld Coguas ) oy 128 odlitl

wilisen S 5l oslital 5 ozge o b sl 32y Seolisdsnl 225 syt

dodlo )

S8y oy bl Jl 655k 5 Gl sl B Ial B
Jud Lol 5l (32 & 09 o0 oolistal (s sla by, 3l Jisdnl
plosl aSul s 4 Jlb jbgy g o odpel Jbb i 1503 Sy
s 480 4y (190 Bl g0 pos @B (6531 2929 42 Aol
sleely S cwlonds pbul Jkb e Gyaody Gllllas i g
oI Josdpl 3l e Gt 3181 50 & gl b
Soglize 3L Bl adllae cpl ol aub Obgsge o bossy
odlil ialejl 3y90 highulss) Sealiasgpl luogad v ol
Oielef plol sl e 3 Jig SasS slel &0 sl cesloss
bMas] &5 culors okl Sog8 sl b gyl 5 o 3 o

D93k hsdnliy e b ol 5l adlas pl

ol g )0z 90 Jg3yl oy Y Y
clo )b (s 3 Jlp el L[V] (g o7 Sloj wLs
sl 5L & b ) € 3,5 i s g 5 oy Lol
38 Jayel o g (pte b 3 Lol el i pas ) balenlea
e sloolStsly o Sitimgly g hiadtils liren & s ol anli
Corle 3 s Splal ol I laslon b 5 sl TS il ol

WS e ool

2y oD G felam [V] Lind SS148 853290 b
ol o5 31l oo oclngs K3 555 Kol (sl
b S sy S sladl J e S Al Sl
329 o i Sigg ) Siby,S) IS o s crieo s
3 Sor il ol g o d9mg o sladll ) &S conl ol g)lgenls
05> Gl G o iy 2l (gl 08 4 paio Cuogas ol
S oo o3l

Yo osige Sy olpon 4 [Y] Y- ) Jlo 3 (b STL3 185
5 e ol Loyl osbaelsl 1y Kigs oyl g9y 395 Slasiss g pb
38 phb Sip Al b Clogas ol hgnl S
3y90 1) alos ad 3 (z90) 5)lgonl s> o5 0ad Sk higdyl g
il jd &S oose (gl aud guls Colps jo alyl,E goue ddlles
Vo alos dgly 0 A asuiie a5 3 4565 s b plosl YU 5Wg0,
3945 Ly (955 Jlio 5 5 8L (al33l 103 B 3900 1y (g9 423
o> WA dgde S0 4 Cl G (pozmen bl ials sy V)
8L dgupy

St ] o5 o olyan 35 [F] Vo8 Lo 3 b Sl 55

olyor 4y i by sl 1y by ylagS Kigs (g9, 95 Cldizs Ladlen



GS1 ol 5 sle ane

Fg5 53 hzse Jsinl o5 pleil yob 3855 6y5les o piere
9 T oy JS Lioms CubB b ol sy 3 )0 (gygilie oL
A Al cpi slahagh 5l plS g 0 oS Cunl Ly (598

-A.A.M)‘

S 9 lino 3y Jigi g e ¥

P& pliwe ol B @yl dgmg il slaojliil o oL by
pbl sly Do o d3lw o b by plw 5 5SS ol
dgdbe il igdalss) Sao8 slae g9y (228 lagisle]
ool (oaied b e (V JS5) (gygiline Db bigi 1 pols addllas
Cawl yio Bl Vo )3 o Bl Vo 3l g oyl @lade pdaw Cavlosds
S sl ok g ) Al o o e ¥+ s i S
odlitsl 3 g 4l (il 6515 Sl iz 2 Ly 5 1 slagye
odlitsl 0,5 B+ e Juudgh 51l g 1y (sl oSl (sl 29 o0
Odwed Jole 59 < pimads sl p)5 003 o p3 o s oS o

Caol b P S50 & lon

300mm

50mm

100mm

(<

gl Sk Jigs 8o (0) 5 ogiline b By Slad () - S8
sl Glol

Fig. 1. (a) Schematic of a miniature wind tunnel and (b)
construction of a miniature wind tunnel for airfoil testing.
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Table 1. Technical specifications of the miniature wind tunnel.

Fan F-DE1212PFCO00
voltage 12v
working voltage 0.8t013.2v
current 4A
power 48 W
Ventilation 7.16 m3/min
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microairfoil in the wind tunnel.
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Fig. 8. Lift coefficient and efficiency diagram of a simple
microairfoil at a Reynolds number of 15,000. The range of test
oscillations is indicated by triangles (+5%) and circles (-5%).
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Fig. 11. Comparison of lift coefficient of standard and wavy
airfoil at Reynolds number 66,000.
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Fig. 9. Comparison of the drag coefficient of a simple and wavy
airfoil at a Reynolds number of 15,000.
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Fig. 10. Comparison of the drag coefficient of a simple and wavy
airfoil at a Reynolds number of 30,000.
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Table 2. Test results of simple and wavy microairfoil at different

Reynolds numbers and angles.

CL simple CLwave
AOA | (Re=15000) | (Re=15000)
0 0 0.01
5 0.141 0.13
10 0.25 0.261
12 0.29 0.291
15 0.331 0.342
20 0.220 0.380
CL simple CL wave
AOA | (Re=30000) | (Re=30000)
0 0.01 0.02
5 0.3 0.28
10 0.52 0.54
12 0.5 0.52
15 0.509 0.531
20 0.463 0.544
CL simple CL wave
AOA | (Re=66000) | (Re=66000)
0 0.01 0.02
5 0.281 0.293
10 0.483 0.494
12 0.561 0.591
15 0.562 0.627
20 0.489 0.644
06 1
Re 66000 b
05 e 15000
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Fig. 12. Comparison of lift coefficient at different
Reynolds numbers for a wavy airfoil.
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