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Abstract

In this study, a deep learning-based network that can predict the aerodynamic characteristics of airfoils was designed,
and the feasibility of the proposed network was confirmed by applying aerodynamic data generated by Xfoil. The
prediction of aerodynamic characteristics according to the variation of airfoil thickness was performed. Considering the
angle of attack, the coordinate data of an airfoil is converted into image data using signed distance function.
Additionally, the distribution of the pressure coefficient on airfoil is expressed as reduced data via proper orthogonal
decomposition, and it was used as the output of the proposed network. The test data were constructed to evaluate the
interpolation and extrapolation performance of the proposed network. As a result, the coefficients of determination of
the lift coefficient and moment coefficient were confirmed, and it was found that the proposed network shows benign
performance for the interpolation test data, when compared to that of the extrapolation test data.

=z =
B oERoAE oolzae] AE deldel il FY 5L 43T £ Qv T AFE Ay
92 2dd 922 AAFACH Xils o &8 Y HolHE Hgste] YENAY A el
stalth o) Wl efoEe] Tl We] BE B 54 52 FASAL. P53 A 52 ol g
of ool ¥ A dolElF olulA Holtlz WHSGOW WA Y F WAL EeF o)L
o) g AS RES Fh wd J1H F S A% Aa wolg )83l Fadl delEw Xl

Oﬂ% ol& HEYAL =9 dolH=E ARSIt AAss WEAA] Wik 3 deS BT
gto] Al dlolEE A, Aoz U4t diojEle tE ol ATl 24t u]aﬁ o 3o

Key Words : Convolutional Neural Network($/d & 4174 "), Proper Orthogonal Decomposition(Z & & 1. &3l),

P
H [¢]
Airfoil(e ] £¢), Aerodynamic Coefficient(3 2 7|57), Pressure Coefficient($t2 7|<7), Signed Distance
Function(F 2.3} Azl &)

Received: Jan. 21,2022 Revised: Apt: 04, 2022 Accepted: Jun. 15,2022 1. M =

T Corresponding Author

Tel: +82-62-270-3988, E-mail: hcho@jbnu.ac.kr Quadcopter = AAZH YA wPAS Fatak
© The Society for Aerospace System Engineering 28 Bol wagA= dutdon A oz = o




T A AgEATHol.
A

7} #&abs] HaEa 9vh[1,2]. oo ulgl Ewo] Balla et al(2021)2 13 AA TS o] &35l oo
EE "EAY A doluaxz P99 I o] A5H A3} 32 G e Al EE2E dFsglen o
S= S AFAuEsNE 3l datg diejele} vkt
A o Re = 1 X 102 ~ 1 X 10°¢] & 7M1= AFad e gL oojxde ojux] HolE, ¥
A Holuz & FYolAe A g3 a37F AX Zt3} wpel Srolv, AzpHom QIFAALES F3F o
w AyH o AAZAA EF 9, F5 AFFL F So] AFA g gt ¢3S sl o
o] EEld difo] At o]o] uwhe} o] Frtst 53] 497 ZASHA HW HEYZY 4ol U
3 ™ol ZASHA #HuH3,4]. wEbd A gole= L-53S el T 9], Murata et al& B2 R:= B
T GdoAe T dolHE #5357 HdlMe= TE e S A R= dolgHE AT LEJIFAHY]
Aot} AAFANA S Fdsor dt. AN FE EHow FA3le s5e FdPdorn oE HILAu
Age] A9 gd FHolux & A¥EW 3 7 a9k vkt 10]
A AAo] MPErt A gL d¥¢S Frh dAat B =RodlAe ooxde 4y AF FEE d53)
T2 TS U s 1HE 5 e T UEYIE AAST 48 AF REE A F4
o, AEE A AL S e 3G (4], el S F 1M HAuAEFEINE o] &3t FaE dHolHE %
2 Ao o3 AIZHS TEAT|HA 22 HAERE dstlon, Xfoil[111& o]&sted olojxde] ot A
ZH & dig 2d AF7 @ds] s F BX Ho"HE A4S olE Fd £ =i
Yilmaz et al(2017)2 A AAF TS o] &3t o 239 g UEYA 7|6k dojxd FE EA
AXYY Hes dFse A& I 48y 59 7teAs gQsigieon, T AAE FH3A
=& 77 doxde x, yF FHE FHE AP WEHE HEsT HEHIAE T3 A3 4=
= 4" Aot AuHoz 80% HAY¥EE IR A BXE T57bo dUig &8 AlS AAE F3 b
YEYAE AA 59 H5]. Duru et al(2022)8 #3553} 3T
ALR5E Fol AT oo £ o]u4 YolHE of
g3te] Wolggenel 5EFE dASse VEADE o8 =
ArErdT. Akd EQIE AT AFoE T4
v} e oo AF dolEel A W T, oy g
AT A HLSHAAIG]. Bhatnagar et al2019) B wRoAE ool EA] FA Wil GE T
& HAT ORATHE o8 SEAN FAF AF L e o elolaror S o
qEas AN, ooz B HolHs M 452 of| Z35}7] ﬂoH 1°1¢ELT771]E gduEE 31
3} Ag = o] gsle] WMEE olm X9} wrezE g as}?’%q' o 0_6H AHIZE St 871S] NACA 4719
oo ) Z]Eo;i oo o s o;U;ANS o] AL P, NACA0O006, 0008, 0010,
:DLEOTJ@;: Eﬂ*;];;_ ‘jg;;}oﬂq °ﬁ£;(>i e 0012, 0015, 0018, 0021, 0024 MEdte] YE =
N = e mliem e n F4 dolHE At E£3 NACA0017, 00223}
A 2A7F 10% Helel AnE LRART). Zhang et 060 gy golgz A4s.
al(2018)2 5 HAEE, 4w AAY 5 37H49

=SS clgate] dojrdel ¥ ATE A5d Table 1 Xfoil parameter
gor WEZ 45 Mast: A7E FPshy P—— -
T}, ool Q9] olux] dolE e} ezt WS o Aar.ame‘er .aue
gow ALgaYom XiollS o] &ate] THAL o= Inviscid/viscous Viscous
o =3ttt [8] Number of panels 160 i
= FEdel 54 s Axwe] 448 E Reynolds number 33110
_ - = Mach number 0.1471
o]7] $18] A% #x #3 (POD, proper orthogonal - .
T B W o Angle of attack -25°~25
decomposition)9} 2 ©loJE 4] 7|Ho] ALg=E YT <00
Atk A3 FAu BEale oA AJsaEe] Fe#R Norit 5
EAS xFE 7] agHow, #dH EAH R:EE E

¢

3 2 AlxEe] AgE Y ¢ U olEd A A e golg AAS 98 ool¥el T &A =
wwAE FEHA T 2D I dopel A A8 29 Xfoil& ARSI olojx &Y fE x4
W glem, Wi E R 5 T ARGAN o goma 5 33a0°, wa7 [-25° 2], o)



ol o

[

Q]
=

of
)
oX,
ofr
£
e

Held 7 g E AT 19

4 0.14719]9 Xfoil ¥&}n|E= Table 1o YeEHS
b T SA fAHoA EastAY FEEkA] e A
-2 A9ste] & 647719 HolEHE AABIAT.

B =R A e oloxdSs olux dHelHzE Wgs)
o HESF Qjgoz Agslglon, ojux] HolE
WS fle Hust AR FE ol gselth Fus)
A g4 T 5 AHY Haxer oo §
A 9o Hel g3 FE= A T AG ARE 0
3= = Eq. 19 2ol yERdt).

d(x,0Q), x €N
f(x)_{ Xe 1)
00 oo ol i A Woly d(x,a0)> ¢

ool A3 ww 9o Ao A Aol sl
8 ool W FH;ebe] Aw A

]
]

A dolEE ez ool T

of A "ol A ol FABET o] =& T
qow, dojxee] FFiFol AHoeA FIHWA FS
F Juh wEA oojx Yol FE 7he] ®WZlo] Fed)
b Eg, ou] x| HoJH e dojxde] wE7t ARE
gkrdetr] sl dlolxde) #AxE dTH= Eent
= 3 Wglsto] F3st A s A8kl
—

i

(a) a=17.5° (b) o.=3°
(c)a=0° (d)a=-11°

Fig. 1 Results of Signed Distance Function (SDF) for
NACAO0026 with respect to the various angle of
attack

Figure 12 $33} Ad 45 S A3 ojux
dlo]g o] dAlo|tt. Eq. 1o 93] dojxd yF&
#e 7HAY, dojxde] AA Ay doAFH
o] AFejHrt. Fust Ay o] o)t ¥® Hx

o Yomz o ngas] 4
eyl fg HEE 2weA Ak 89 Fig. 2
= SDFE o] 3o T4 thehu

(a) grayscale image of SDF (b) NACA 0026 geometry

Fig. 2 Comparison of SDF image and real geometry of
NACAO0026 leading edge at &« = —17.5°

2.2 g g MEY

Fdu BT P A5 &d A4 ATeRE
TAAE HEHd UEHA 7IHoz f4F oK ts
w5 2d ke 3] 2aS ggste dEY ot
e FEE o83t fF w3y dolE 9x AR
of M 54L& TEFIHA HY FE ATS A4S
o oA AE AT g s 2F 2E B
= 39 2ES FgFeA 9o 3w AT I
9] 4=, "¢ =7], Max pooling, Padding 53

sSepnEE Tl IEYAS] s I

2.3 M3t Fu Esf
A 4w B JEAA A Fx oPRon o
FORER Aol #5735 ANRANY RoplA &
49 A lds s Weol AREE A v[13,14].
43 4w B 44 A5 dolHE e+ Qe
Au 7148 AASH Eq. 28 BHAE F2 |AS
TE3ke] HolHE H4¥ AP0 FoJshi /o]
t}.
m
minZ”ug")—Vq(i) i 2
i=1
A4k AN, ul = [ulu,, . 0] e 2
deleleld, v HAHs v Ao 2 ne] Fi&
oItk g0 99 AL WHA] s 24EE

froltt.



20 AR A A s 28479 F
o5 fl8ll ¢kd A dlolHE o] &dte] NxSo| 2~ o] F4 dHelHE Fatr] flal Xfoils & 4%
WA @Y SE Eq. 3% gol TAWTH 2wk Fdol g AF RES o3t Ak Aue THAA
AW oEe Asu Agns pEsy, o wge A% A% REs w3e] g8 pAR 2 99
M = A7le] mE dolgE FAUth oz & o]&dle] Solgt HalE Fadc) ojuA wE T
Eq. 4% 0|88 Solgt #alE Bal 714 WeE 44 skl 4% AW W= @y = by ¢pn 0] E A
sk, 3 ogte A4 Bxe Za® dolHE At A
Aoz UEQ=S] 9493 9o 717 3538 7y
W u® L™ F5E B YT 1LY oluAg} A Huw ¥
s— ug;) u;z) u;m) 3) & Faf FaE 4E A LEE AHekld
u’ @ u{™ Table 2 Architecture of Network framework
Layer KSern al Stride Nfl.llril s of Output
S = (bwT (4) 1z¢€ 11ters
Input - - - 80> 120 1
ConvlD
) 6%6 11 4 75X 115%4
@t Vi A FHol @ = [dy, dy, o, py] S AT A *RelLU
A mEg Jx WEH2 A", p= poMo?i)rilg - 22 1 37X 57X 4
dig (64,0,,..,0y )&= 50| ol X ozt 34
L2 ON N B ConviD o 11 8 32}52%8
ojw dloly ke A7 wME AHE] o] 7P +ReLU
B e AR 29 3 g 548 71 Max - 2%2 I 16268
—_ = 00l11n,
% el Wl Bk Eq. 5% olgdle] xR g —Belf
o= nA] WEe REZ Adse] HolHE i +ReLU | 076 | X1 f6 | 1mxalxis
x4 v Max - 2%2 1 510X 16
pooling
n Flatten - - - 800
E=25170 51 ¢ n<« N (5) FC1+ ) ] ]
{\1—1 : POD ( ) ReLU 400
FC2 +
ReLU ) ) ) 60
= An @ oo A AWAGIA n¥lA 714 e
ol g 2] AWAES] Ak 14 %] o .o%E _ B
e el el B AN SR E g qelee) s ¢ wale 34 Qe A% Am
e A dols = [ uP]E Ba 6 pos ggete) qegas 2 o Ao B4
& olgstel A A mEg A% Au AT A o gow e AF Rxe wdath ¥4 o
zgow A $ gk olBl A4 AFE ol gste] A dloE st HwsY
om AA 74 R*S Egs. 8-10& &3 A4 5+ 9

(6)

(N

2.4 HES3 Z93 74 & o5

Bo=ReA AAEHE
Table 2%} 2t} H&3t Ay 3
olmx] HolHZ 637/ AAsGoH o] w oojxy
¥ ZF 100709) "oz B3t dto] 16,000702] oo
A FHEE ARG cdloxde] oE Al X

= Sl
A

Y

b

t}. Sum of Squared Total(SST)¥} Sum of Squared
Residual(SSR)> 742} AAA 5%, SAAETEHS ov
oty & AA whelw yob gz Al gl W+,
oS holtt.

(8)

SSR= ) (y; — $:)? 9
2
2_ 4 SR
RZ=1 <7 10

dole ol 2 dolEE WEal SuEs A

KeN
=



ANolxYd 2 4% oI5S A Held Ju e A7 21
WAk tlolEle dd EXE vHEY] 98 Eq. 11 2319t} Fig. 35 ME A gFo] Agdd wep &
= o]&3te] deoly AtstE FA3AT. xS B H dolget AZF deolge] &4 T s vk
T3k | HOTE O, x5 S X a2 HIO]E O] A ol 3 WESZ FAAAAA HHF o] HAEHA
Uk, #$gs delbdo UEHae T4 dolge gL =4 vt HastEe wEgor AdeA F1
AF dol"d & 9:1 vl &= Uy HEHA g5S 18 o] o]FojH & Rl
arlet.
3. x[aliA A1}
Xnorm = (x_xmh)/(xmax_xm n) (1D
o . § o acten 3.1 Mg Hm 23 clolg Sa Znt
FA Adde 3 A AT e saer Xfoil& Fal A4 g AF BE dolHE ol
7_'111'7_]" 47 8, 167H‘O/] Ei'_ i}%o}gj\q— O] Lq1 /\];)%t\;—]-— o]—oq /\ﬁ}\]: —53%0 ?_/Ha-]_gj\gtqy ‘i“l%;‘(jl—g—i E%é—}
g e 7] = XHO ek 2% ing< A _ - .
el 71 6xGeleh s 2x2 max pooling® Ay meyo) o1 160 x 647 otk @ W vl
&3le] & Fro]l F83A THo] HYE 4 AF A = - _
i B ololEde) ghel A% Rxe Basm, 9 I
2 M9 AFez FAsNeH, AT 40071 - 5
delHi wezt wae pAdd. Fi® dolHd
wFHoR FAIUY. @43 T BE ASelA
. oA B&= Fig. 49k #o] 0.95 ~ 1.00 HLE 17
ReLUZ A}&3l3 k. ReLUE Sigmoididt tanho} 2 B
AEHom gol ALgd BT T2} /AT 7187 e
2 TFAE sldsta it ghe] gbekste] ALk v 1
ek A 4 e [15], o] Eq. 113 2t AN
o - (60, 0.9917)
-[ (20, 0.9578
fo={> *3? (11) o8 ! )
X, x>0 o
®©06F
57 mael A AgaE &4 FrE FiE AT S >
AF, Bt Z%EH o a¥a JE A NEE oA B S 04l
o] Atk E =RolME Hit AF 2AE vESAY -
FA ARR A}%o}&izlﬂ, Eq. 128 ol-g3te] 74tat 43
e, '
o " 1 "
1 . 0 50 100 150
L= ﬁz(yi — ) (12) Number of POD modes
= Fig. 4 Energy ratio
0.05 : ; oo Ed o FH3} FHL oojxd FHio ot W
S===T1aining Mata slo] o& WA AN Xfoilel A= AAZT o2
0.04 rele g Ao I AFE AN el ok A%
PEE olgile] B I AS5E AH W e
, 003 Aol AgAt. ety FiH 4Y A EEE o &
8 stol 2, mHE ASE Aedon Eq 13, 148
0.02 ol-g-3k k.
0.01
G =fcpdx (13)
0 } ; T
0 1000 2000 3000 4000 5000
Epach Cn = [ =Gl = 2o e + =y )y]  (10)
Fig. 3 Loss of training data and validation data
A7, & ¢ AFolH, ¢, €2 27 & Al
& qJ L a o) =Oo
HEA A Adam16] AASH GRATE A L maE Al xy % gy & loEAL B



22 A AR A 5 2879 T
FAloz Zhzk 0.25, 0& 13Tt oS o] &3] -
Aeg A3 Aa Be o] HAA4S dasi). o | [—xFoIL
W OREE A% JF HEE FHFHOR weldy  ~ o S0modes
o g ASE 4Y AS A gy Hag oA S ~ % 20modes
ol Fo8 e won RWE AS: RHE @
grel g qste] dolEel RA &Y A% ol £
2L e JHAAR Fo8A dES H A A Hr 8

Figure 55 &8 AF EXE 4 dHolge F43 o
HolEE " A= NACAC0I8 <+ A% Bx é
ezl Fig. 63 Fig. 7& 247 o8 ol gale] @
9, RAE A5E ANG Asolvh AF A B P o A
27 20, 6070% aelstglth. A% Anw BEE 207) =0 200 00 00 10 20 30
ABetg S W oA W& 0.95780ITh AF Aw K Angle of Attack [deg]
2 =5 e ok A2 Rxe wmsde o # Fig. 7 Moment coefficient of NACA0018
4 AF ox7 . olE Z A 5] A} §}eix . i _ B

ﬂl:l Z]' ]’ 0.0038 ]O}i = EO]'A] ]’ O}M ] Flgure 7= Flg. 5% Q,LEHS}O% 1/]_1;/]_1?”— :I_%O]E]— Oﬂ

ul okx ﬁ]*g]_ EuﬂE 7;”/\,51 74]}\].3}0:1_0_ Lq] E!__uﬂE

voom AT v T v T AEXYe] FAY BS7to] FrtslA olojx Y F A<
A9 27F & Fibe] EAE S &l = 3l

—XFOIL
-~ - 60 modes
--&-20 modes | |

0.4 0.6
x/c
Fig. 5 Pressure coefficient of NACA0018 at an angle of

attack of 25 degrees

0 0.2

—XFOIL
- - 60 modes
| |~ %~ 20 modes

N

Lift Coefficient(Cl)
o

'
—_

-10 0 10 20 30
Angle of Attack [deg]
Fig. 6 Lift coefficient of NACAO0018

-30 -20

g A%el exp} A e, §% sk} wa

6071

m
N
s,
=
iy
ok
1
it
=
x
it
iy
>

2

mE = 350,3927001™ 1 epoc
A} A, A Au REE BE ALLE9S o
dAforst= JEluEH = 390,49270¢]W 1 epoch
95.53 ms7t A Q¥th o2l FH AL Ak FTt
F9 S GHGT Lo

SEERTLEEE IR TR

Toon e fo Lo ©om o

N
M
Ir
o,

AR

d

Ay
X2 ¢

3.2 HEQI3 U4 Zat

2540 AAE MENT FEAAHE F3 F
FA debvlE B9 el NACA00172F NACAO022E
olg3to]  WELAS W s Hrksksith
NACA00172 AA st&gv g F3F el A F3b ghol
A3 HolEol NACA0022% ZAA|el 717h& dHleo]
ot} dloly AAES $1% f5 2 Xfoil A =2



2
Iy
ftlo

23

< Table 13 Fd3s}t},

——XFOIL
a2l 7 % — & -60 modes | |
— 4 —20 modes
1 L
o
Q
0 L
Ak
0 0.1 0.2 0.3
x/c
(a)
——XFOIL
7.5 — & -60 modes | {
— % —20 modes
7
o
Q 65
6
55
-0.05 0 0.05 0.1 0.15 0.2
x/c
(b)
2+ ——XFOIL
— & -60 modes
1.5+ — £ -20 modes |
7 -
Uﬂ.
J 0.5 ;ﬂ_gﬁaﬁg_ag_ag—a—z\— z
0k b i =B
-0.5
1+

085 09 095 1
x/c
()
Fig. 8 Comparison of Cp distribution at (a), (b),

positions in Fig. 5

075 08

0.7

and (c)

&3 NACA0017¢F NACA0022

vxol g A Amw AFE

ol o]
o =3}

PR L e
T Aw meg Fokel 4 A% volH 44 B
shlut
R? = 0.9907

x/c
(a) a=-23°

R%? =0.9918

——XFOIL
--= - Prediction

0.4 0.6
x/c
(b) a=5°
R? = 0.9974

0.8 1

0.6 0.8 1
xlc
(©)a=15°
Fig. 9 Prediction of pressure coefficient of NACA0017
at o =-23°,5°, 15°



24 A Az

R% =0.9896

2 0.2 0.4 0.6 0.8 1
x/c
(a) a=-23°
5 R? =0.9912

——XFOIL
--= - Prediction

~o 0.2 0.4 0.6 0.8 1
x/c
(b)a=5°
R? = 0.9997

——XFOIL
--=- Prediction

0 0.2 0.4 0.6 0.8 1
x/c

(©)a=15°
Fig. 10 Prediction of pressure coefficient of NACA0022
at a=-23°, 5°, 15°

Figure 9-102 ZtZ} NACA00179F NACA0022¢]
g A% Bx E dolge} dS dHolHE ¥

3 agelth UESA 95 Ay 2
ol Ael g #e13t¢lt}l. Fig. 11-142
o} NACA0022¢] %42 A< =l

A A7 0.9672
z+zF NACA0017

g
E A%E At

of ¥l agzolrt. o5 A, NACAO0L7S <Y
Aget BRAE A gzl AA Asvt A7
0.9974, 0.9935°1W, NACA0022% z+z} 0.9950,
0.994791& gelsqlt. AR 48 Ao RuE
Al ea7F tha HAsE g F0eT 5 qlon,
WE7te] AR weEl Boh & oyt BAstE A
golatgitt. Fig. 156 F42d o8 A5 232 ve
A Fez 2070 60718 Agsels we agzZa
el 4% Ju =2 60712 2ystA ©d 20
NE AHES ZRT 2x RE7HA] a1Eske] 7]1E]
deolelE Hrl FEsA AR F AT 1A BE
7b A el HlE mg- e ks Ze RS g9l
& ok o] gF FHAolA] iz mEd gigh o
= Ao dFE FH, ol 49 AF ¥ RYE
A4l eabel] ek 9oz mE e 5= Qo

=3

Lift coefficient(CI)
o

-30 -20 -10 0 10 20 30
Angle of Attack [deg]
Fig. 11 Prediction of lift coefficient of NACAO0017

R? = 0.9935
0.05 i i T
—XFOIL
—_ -2 - Prediction
£
2
<
0
&
—
g 0o
o
<
[}
€
o
=
-0.05

-30 -20 -10 0 10 20 30
Angle of Attack [deg]
Fig. 12 Prediction of moment coefficient of NACA0017



oofxd ¥ HT A5S ST JHd 7 HHE A 25
R? = 0.9762
R? = 0.9950 2 | - [—xrolL
? —X;=OIL ' ' 1.5 I - = - Prediction
-5 - Prediction ; W 14
=~ 1F ]
] 0.5
.5 ™
O
g Or
8
[3) -0.5
-l RE: -1 ‘
15 : - ‘ :
0 0.2 04 0.6 0.8
) : : :
30 =20 -10 0 10 20 30 x/c
Angle of Attack [deg] (a) a=-23°
Fig. 13 Prediction of lift coefficient of NACA0022 5 R? = 0.9929
——XFOIL
R? = 0.9947 44 --= - Prediction | 1
0.05 T T T
——XFOIL
— -5 - Prediction
£
Q
€
0
o
g o
(8]
€
(0]
€
: B B
0 0.2 0.4 0.6 0.8
0.05 ia S Xe
T30 20 10 0 10 20 30 (b)a=5°
Angle of Attack [deg] R? =0.8288
Fig. 14 Prediction of moment coefficient of NACA0022 9 —ra
--= - Prediction

Value

_T ! 4
20 ! —=-:60 modes
i —=-:20 modes
1 5 1 1
|
]
1018
Ly
Ui 5
Sl »
| I ]
LA |
0 :: : : \l".-"nnmk‘ﬂmhhﬂu&nﬂwumnnm.
oA
5 w.:' i
I
-10 1 : L
0 10 20 30 40 50 60
POD mode(it")

Fig. 15 POD coefficients

x/c

(©)a=15°

Fig. 16 Prediction of pressure coefficient of NACA0026
at o =-23°, 5°,15°

33 HEHT 94 &=t

el
HES A o3 e

gebne W9 2le] NACA0026S o] &3}ho]

B sk th Xfoil A =7



26 e B e R al R R Rt B B choy
& Table 13 $d3s WEHAE F3 NACA0026 4.4 =
o] F4d ¥ AFE A5 en, A3 Hu vE
£ wotel by Al oy Ads HAselth B ow=Ro A= FAT AATS o] 4ste] oo]xd
Figure 16 NACA0026 & A £x9 7]& d A% dolE e ote A Bxo AAZ sHs9 o
olelst o % dlolE HuE yEith WELA o= o2 Ea 9lole] 4% zAA oojze] otEl 7
A, AR Ae7E 0.7607 oS gelagith. &Y 2 Rye g=ss YEIIS A9 o u o
Aget RHE A<l oL Figs. 17, 183 Zon, oz e F-23 AL das F8 ovA el
% Ay 244 47 27 0.9631, 0.8903°]t}. wh B2 wgsigon 49 Ag ExE A3 FHu &
g gzho]l #E bl M= et S HelH 7t 2 B3 =49 UolEE ALt} o] e F
A do]H Hl gk Aes Ho|x|uh, wg7te] & 7 Wt wE TE EAS o =at7] 9ste] A}
Tl A= dlolEle] Aol Aols el uwrEl JES g oo]T AL AFEEIYon XfoilS o] 83te] oo
3] itell gk oS A== Uiitel vls] w§- 7 Folo] HE = go|HE MAse] Hesdu.
ashe As gRleklvh. AAl F3F vhe] iyl W =R AdAe WS Ea AFAumco
dafA dS5she UMEYAS] 954 452 dvtd o 2 Ausigdon o2 ol gate] YESIS LAY
=R Ao, B =AM olzd AFs & o AgAdoz Yy Fd golgo oy A =3t
datdek MEY A o3 A4 A& A, A3 2 okl wulE A% AA A% NACAOO17TS zhzh
? =ohs AAS sAs] Al del Swl1T)E 0.9974, 0.9901, NACA0022% 717t 0.9950, 0,9947

2 oz # dxEe FAFPon 94 FA dolee)

A5 A4 A57F 217 0.9631, 0.89038.2 AJHES

s R® = 09631 , golstlrh. 4w H3 wa oold] Held vE A

——XFOIL i 21 Z el S EQFES) Weld o mdAy 5&

1 | (=% Predicion J At BgE vERD T2RE ANG Yo

S ..l / 49 2Ae) AGE FHY £ e Ao A

z 0 o G, WEAD 9 BAGNA i PR %

2 & mzshe A4S A28 A8 Hol dug B

g MA B2k gke] A WEE dEshs WEe ned

e 05 Agloltt. shAstoz, A doli= & g9 olofx
ol e A g dolelE WES 0] Hee ogolth

-30 -20 -10 0 10 20 30
Angle of Attack [deg]
Fig. 17 Prediction of lift coefficient of NACA0026 R i

[}
R% = 0.8903 I AgEAe] 2021d H v EAT g Al
0.05 T T ‘ o

A7u el 29 (No. R21X001-6)2 o} sraiwl ol
Y

—XFOIL
-5 - Prediction

m

References

[1] R. Shrestha, M. Benedict, V. Hrishikeshavan and I.
Chopra, "Hover performance of a small-scale helicopter

Moment coefficient(C
o

rotor for flying on mars," Journal of Aircraft, vol. 53, no.
4, pp. 1160-1167, May 2016

[2] J.-S. Wang and J.-J. Wang, “Wake-Induced Transition in

-0.05 : - : :
-30 -20 -10 0 10 20 30
Angle of Attack [deg]
Fig. 18 Prediction of moment coefficient of NACA0026

the Low-Reynolds-Number Flow over a Multi-Element

Airfoil,” Journal of Fluid Mechanics, vol. 915, March



i
e
ol

g Ads o

S
=

e

9

i3

=

e 27

2021.
[3] S. Wang, Y. Zhou, M. M. Alam and H. Yang, “Turbulent
Intensity and Reynolds Number Effects on an Airfoil at
Low Reynolds Numbers,” Physics of Fluids, vol. 26, no.
11, p. 115107, Nov. 2014
J. Winslow, H. Otsuka, B. Govindarajan and I. Chopra,
"Basic Understanding of Airfoil Characteristics at Low
Reynolds Numbers (10* — 10°)," Journal of Aircraft, vol.

55, no. 3 pp.1050-1061, Dec. 2018
E. Yilmaz, and B. German, "A Convolutional Neural
Network Approach to Training Predctors for Airfoil

18th  AIAA/ISSMO  multidisciplinary

(4]

(3]

Performance,”

analysis and optimization conference, Denver, Colorado,
p. 3660, Jun. 2017

C. Duru, H. Alemdar, and O. U. Baran, "A deep learning
approach for the transonic flow field predictions around

airfoils,” Computers & Fluids, vol. 236, p.105312, Mar.

2022
[7]1 S. Bhatnagar, Y. Afshar, S. Pan, K. Duraisamy and S.

Kaushik, “Prediction of Aerodynamic Flow Fields Using

Convolutional ~ Neural  Networks,”  Computational

Mechanics, vol. 64, no. 2, pp. 525-545, June 2019

Y. Zhang, W. J. Sung and D. N. Mavris, "Application of

convolutional neural network to predict airfoil lift

coefficient," AIAA/ASCE/AHS/ASC Structures, Structural

Dynamics, and Materials Conference 2018, Kissimmee,

Florida, p. 1903, Jan. 2018

K. Balla, R. Sevilla, O. Hassan and K. Morgan, "An

Application of Neural Networks to the Prediction of

Aerodynamic Coefficients of Aerofoils and Wings,"

Applied Mathematical Modelling, vol. 96, pp. 456-479,

Aug. 2021

[10]T. Murata, K. Fukami, and K. Fukagata, "Nonlinear mode
decomposition with convolutional neural networks for

luid dynamics,” Journal of Fluid Mechanics, vol. 882, Jan.

2020

[11]M. Drela, "Xfoil: An Analysis and Design System for
Low Reynolds Number Airfoils," Low Reynolds number
aerodynamics, pp. 1-12, Springer, Berlin, 1989.

[12]D. Scherer, A. Mille,and S. Behnke, “Evaluation of
pooling operations in convolutional architectures for
object recognition,” International conference on artificial

neural networks, Thessaloniki, Greece, pp. 92-101, Sep.
2010

[13]G. Berkooz, P. Holmes, and J. L. Lumley, “The proper
orthogonal decomposition in the analysis of turbulent

flows,” Annual review of fluid mechanics, vol. 25, no. 1,

pp. 539-575, 1993
[14]S. Walton, O. Hassan, K. Morgan,
modelling for unsteady fluid flow using proper orthogonal

"Reduced order

decomposition and radial basis

Mathematical Modelling, vol. 37, no. 20-21, pp. 8930-
8945, Nov. 2013

[15]A. F. Agarap, "Deep learning using rectified linear
units(relu),” arXiv preprint arXiv: 1803.08375, Mar. 2018

[16]D. P. Kingma, and J. Ba, "Adam: Amethod for stochastic

functions,” Applied

optimization,” arXiv preprint arXiv:1412.6980, Dec. 2014

[17]S. P. Pan, and Q. Yang, “A survey on transfer learning,”

IEEE Transactions on knowledge and data engineering,
vol. 22, no. 10, pp. 1345-1359



