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Numerical Investigation of Aerodynamic and Noise Characteristics of
an Iced Multi-element Airfoil
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School of Mechanical and Aerospace Engineering, Gyeongsang National University, Jinju, Republic of Korea

ABSTRACT

[ce accretion on the aircraft components, such as wings and fuselage, can occur when the
aircraft encounters a cloud zone with high humidity and low temperature. In particular, when icing
grows on the wings of an aircraft, safety problems such as a decrease in aerodynamic performance
and flight stability occur due to changes in external shape, In this study, a study on the
aerodynamic and noise characteristics of an iced multi-element airfoil was conducted. The
aerodynamic analysis was performed using the Lattice—Boltzmann method, and the permeable
Ffowcs Williams—-Hawking method predicted the noise based on the aerodynamic analysis results.
First, aerodynamic analysis was performed at an angle of attack of 5.5° for a multi-element airfoil
without icing to validate the flow occurring in the slat element. Afterward, the flow was analyzed
at the angle of attack of 8°, which is the take off, landing angle, and 17°, the angle near the stall,
for the iced multi-element airfoil Complex flow phenomena such as separation and recirculation
zones caused by ice accretion on the leading edge were investigated, and the directivity of noise
and primary source of noise generated from the iced multi-element airfoil were studied.
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A AAAHSE 205097HA] Aol 7oA LAYt
t 289 65% oS Eolgxn =tz Yot FF7I
o 2 AgYUL AA Airframe Noise2t Mzlo] 2Jgh
2208 FHECG1-3]. A7 £F AZE 98 Acoustic
Liner, Chevron =& 5°| AU¢EHUZ I 25 AF &
A2 ool #QIE|9Iti[4-6]. Airframe Noiser ZA|
Landing Gear, Flap-side Edge, Slatolld dAsl= &
o] AJufAo|t} E3] Landing Gear®t Flap-side Edge:=
AA 3710 vs] F4HoE FESHE ¥HH, Slat2
F27] @7l AAel HAAU7] wFel £ YA 7d=
7t &L Folth Slat Noise: Slat WRolA LAIst=
Cavity S-=3 Slat 249 Main 84 Ajojol] WrAst=
Slat CoveZ?t 8 A&9o|tt Slat Noise: F2 11Fut
Tone £, A58 WU $7F 3549 Broadband &3
Tonal Peak® ¥ TH7,8].

371 E9o] HIZ4E EWEo FE Y FHEo
FAEE B2 TF717F o] FAF Al HEUE A
W7 olete] 2ZojA v|gEF w] F=2 At olgh
24 42 89 2x 9 R 44 WHEE {Es5to
F2719 s 2 2F dAAY FHA EHAY
AL nAA ©oH9,10]. A7 AL FH Z7}
Ao &Y A Fa, ASZ FaR A FF7] Aln
7F AT 4 9, Y7ol Ae 2 EHol=g
38X ASHET ozt ZA¥] FYoE A% dA A
A2 A, n=2Y 3¢ 5 APAHJA ZAFgE WAL
g A olF AW FFES IAIsH] gl FE7dE
Rt £79 F-AY FAE HE8=a oH11]. 53
3= BQ7, A7|FZ £ZF0|3F7], =4 FF =24
el HY 2230 EAZ 9] FAEGE Ay F
] AL&E 1yt itk AW FAE ouA] ZLAFQ
AL 8 2y Y R E Tty 9% 74 5
o] o9 Zgslti[12]. ol AlZ AHA, HAM Z2H
9 AFs HIE SHsts ANAETE AW AR AN
olglo] Aoz Qg £ EAJo HsE Fo AWE
ZAste Wyo] AxEz UYoH13,14]. B3] &F7 @
A, 2 Eyol=, z2H Fyo| Ado] FAPxH
F A5 €95, ol Y 43S YUt 374
Ql &28Yoz Zg3rh ojgt T2 WHE Qo Hx
2 AAg uojlagEzor =HH S AZE Fol 2
4 Y R E FAFRE TFFr7] BH] F7FAHQA A
A Fzlo] gRE|A] o= FAo] Ut

Slate] ALdE tF ¥ EAHQ ngy FA=EH
o]-zZgolA F2 AEst7] wiRe] ZWEA ¢ =&
7] 4o =% o5 4¥L F379 ojzE A5l
2 YL vx7] "o ZA¥ Aol ¢ WS
[15-17]. wets oF dFe] Ay FFAdo IS A3
ArEe] Y=l AVA 52 oF e Slatdt
Flape] A7 Zt= 4 912 HPE 53 29 F4 &

st A AAE 718951 H18]. Prince Raj er al2 t}
SF3t Supercooled Large Droplets(SLD) &7ZiojlA t}&
Qo] FAEE AY A4S Ui, FFH AL 5
Aol F8 Aol viAE IFHS 2FSAT17].
Lee et al2 LESE °|&3tq Zd] FAE oF o4
Aol A LA5HE= Reynolds StressE £415t0] 24 o
IS A H19]. B PRl A% FH JFA
ot ofUsl &3 WAo] ujAE AIE BEMI A3E
= AP Xiao er alS H|FY AL B3
tZ oo B&E Rime Ice?t Glaze Ice FAtoz W
a3t o=F (Vorticity Field) EAE EAsty 38 &
29 EAE ol 2d3} w3t {FAEE Rl
[20]. Xiao and Tong Z'o| F2Hd NACA 0012 °f
oJEZYE o]8sto] AH9 A, W27, £% £=71 F
718l wet ¥ 40 F7%te AE 48 AEE §
5 215t 21]. Szasz et alS Zwo] Had oo
ZYof| dis /% AL F8PsE FH Inhomogeneous &
o WHAE o]83t £ZsHE FsPst] AW Pl
g 3 A23L dla F BN H[22]). Gill and
Lee: Z2Y IS Aost:= oyt setujg s n2ist
A& S ZPstga, Aol ¥t f% gEEA
(Flow Separation)¥ @& ZAS ¥ES F&2 B3I
th ol Fol ZYW Aol SAMS FAZF FAE
S7MAA AFE 9 FF FEke 289 IS EIs
th[23]. Caicedo and Virk: SHEYl] F2 AMEEH
+ ooj=ZYo)] s HAF-A ST (Computational Fluid
Dynamics, CFD) 8iA& $8sto] Zx] AJA oo ot
£ T8 4% W{stE uasteni[24].

Z Lattice-Boltzmann Method(LBM) 31418 %3
2E 9 oojxYd FHO| vHY §5E Aot o=
ols WAstE= 3 A4S dEstE= Ayt EstA
#3lx]x 9ltl. 7]1£9] Navier-Stokes 71¥te] CFD 3f
At g BE7 WHEser X3 A4 A7 Fa
HAA, 454 dlMez 39 9 23510 Wol AHE
Ha o AL 52 LBM 7IHE 0]83t 2E-7)
A ArololA WASH= BG4 AEAEo] FHI A4
ol A= YFE dSsta A ZAster vja ZHAS5s)
ATH25]. Ternua et al2 olo]ZY FHoA AL3=
A f53 AN YA Y 258 dSsi
A5ttt [26].

£ oM o] dAFolAN =Y A #Ago]
o3 8 FH9 ¥AL F5F U vA= FFE
o oblgt &2 EAC] u|AE= FI7HA BASIGL B
AqE 2w o] §uUst vAg 950 &F WAl
e 4T BN 72 d3EN FF A4S A5 &
qS T AW AA7 AL Aol 28 £ S
S 2 7|9, 53] 37 ol vy A4 vt
ZrE 2ol W37 $slo) et Ayo] gF 94y &
S B0 vXE AT AT AL B Axete] A
Aolgt & 4 Ut E dAolAE LBM 7¥He] 4§ &
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www.dbpia.co.kr



H 51 & H 6= 2023. 6.

Y o7 43 38 Y A3 S digt £44 A+ 373

ZEF0]Ql PowerFLOWE o|&3slth ths ol¥o 2
ﬂ A%, 48 Bz, 322 2299 Slat Cove FHY
534S A ZAde vagezm HAsMe HEA

% Agsta, ZAvol A=A o A= Y WS
g &% U 54 nF3:
I, ==l3i4 24

2.1 Lattice-Boltzmann #7%4

A&A 714 7]9te] Navier-Stokes AT g
LBMS & 2x Exo] digt o4t &% oA WA
Ag #AAoR FAsto] FA BES AL BAst
AA BEZILE T HFHe= -rr%—-] Macroscopic
ENE A4rete 71yoln[27,28], BIAY, 4EA BA
oz FHAZHMo| #HFstct[29]. Lattice-Boltzmann
FPAL JAEL oAt AR oA EEZsGE
2 Ask shte] YA 3 A HoM RH AAE =2
gstol N7l &3 Hc} Foz oy FEo| 7ttt
LBMoIA At ©]F2 DaQb ZEZ FHED a:= A
49 74, b -.:E%I'-r—-] UEFE Uit £ 3
Me 3AY siMoA F2 AMEEE D3QI9 REE A
£sta1, ojitstE AAtel YA o]F2 ERle A E
Z3tste] 19719 ko= o]F¥ 4 ok

Lattice-Boltzmann *}74]2 A|7H-2]7413 o|F %4
Ao 7]¥HE Fo] t}33} o] YEhdth

filztv,At t+At) — f.(z.t) = C(z:t) (1)

o71A f& iHA BEFY dA EXE4E B,
v At Ate 2 AR HEE dEdd A (D)9
A% FE2 YAEY oFel #F AES UEHUI, 2
&5 ¥ AF dAEY TE A AR YA 39
FEE AT [¥4o HEEE UL FE ¥ Cx
Bhatnagar-Gross-Krook (BGK) €3} =do] ofsf o3
T Zro] JERdTH[30,27].

At

Cilait) == —fil=st) — f;*(2,t)] (2
2 YAV 2E F AASEE o AIe AR
A3 ASR FHAAS v, AR FT L A

Aol o5 AA=H 2] (3)I 2

™y n!lo
™ 4o

_2r—1 (Az)’

z i (3)

fos Za ¥y BRIP4 D3QI9 BHME TS
3 Zro] Yehdt

3(c;'u)  9(c;u)?
g : |
[t =pwil+ z

3[ul?
o é‘;} (4)

vE ANE SE wi (HA B BN AR
utet theat 2e g 7ML

= (i=18)
2
w; = E (1_ :5) (5)
T g
E(z—ﬁ, a1

7 RN 2 UE,
o] thest o] utehdth

252 4 (Ve ol &3t

EXIEDNACH) ®)
pule,t) =Y v.fi(2,t) ™

2.2 LBM-VLES 2

Lattice-Boltzmann 87 A& d|Aste AL o]4tstd
Ut ot Ha A7)9 GRE ZA87] A% AA A
=9 FAE T4 HAWIsks) UolA Navier-Strokes
WA S A AlEHCIAE ot A Al E At
Me dF 2P E 9J8l Renormalization Group(RNG)
k-e E®[31]9] H¥E FEHE LBM dfio] &3
Very Large Eddy Simulation(LBM-VLES)Z ©]-&3}%
thH[32]. RNG k-e¢ Z@e HA &35t AJZH(Viscous
Relaxation Time)oll F7t=& Y& &3 AIZH(Turbu-
lence Relaxation Time)& A4tste o AIRHIL WF
&5t Az 7,9 Al ogd 2

kz
Tepp =T+ Cﬂﬁ (8)
n

0,=009, k= ¥F €5 UNE Jehn, i ¥
W, 2880|, el B2 FAE] Utk

EHlA WASE FAF %S Y M AvE
$Ho2 FYSHE Wall Modeld Alg3te] mealn]
ofee] Azt ol HeE 4 ArH3el.

—= lln(i)‘f‘fb’ ()
U, K A
y=t (10)
u, = /7,/p (1)
o471M y'= ¥ AT HHE, £=041, B = 5°|Z, u,
© 43 A9 O ¥4=E FAdT 4+ Utk
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2 Ao toF oA TAstE BHASYUE
o otz Wi ARl Qg AHLSHY FF¥=E 1Y
5t7] 98 HabH (Permeable) 7S &3t Ffowces
Williams-Hawkings(FW-H) 2% AAPHE o] &3ttt
FW-H HAE ©ol83 3% ZAArH2  Lighthillsd
Curle®] &% 4JAPH[33-35]2 &Fsto] % UolA
&8 7HAal Yoj2 FFolE= EAMEZEEH TAStE &
S9E 1YY £ Yok dF AEd g £23E 19
517 i E 53 W 29 AEo| oist AF AHEo]
L5 AN B4 45, 5% 253 T2 BZHAS
A3t g2 AHLSYUL AL BEAo] £X] gL ©H
o] Ut} olF sfAst7] Il FEFol gt ¢ HR
g 7139 Fago] AHEsta xF HEES R3] o
3 ¥ HECE tiAstgt 7HF Fibwo] FHEH
Farassat formulation 1AE 4] (12)-(14)% Zo] uyEt
d £ glov, ol Bol AW UYPolA WAsh= BE
%29 (Monopole, Dipole, Quadrupole)e] gk oZo0]
7Hs8tt}H[28,35].

p (z,t) =p Hz,t) +p (1) (12)

. -
Po(vn Unl] dS+
r|1- 2|

ret

; 1
voa =4 [
r 47 F=0

. (13)
1 povy (rM, +a M, — a M)
Gy 2 = as
f=0 |1_M| ret
1 L
'lxt) = f as
Py dmay J jo| r|1-M %]
1 f L=l
+— ————| ds
Ar f=n[r2|1—ﬂa;|2]m (14)
1 (rM+agM. — ayM?
T f ) - 3n 4
47”10 =0 4 |1_MI Tet

99 Aol ThEE glo) FEL AAAZIM A4t
ke Anigth =W ok 84, pE UE, ME U
&, v, L3 2ol QWAL Ak e LUNZH(D
oieh vl R ok

. £&XIsi4 2| HS

31 OF 48 Y 2 /& =

B ¢ito M= AJAA Benchmark Problems for Air-
frame Noise-1[(BANC-1I) {¥=Z4fellA AF8% 30P30N
0% d¥8 F4S o83t Table 1ol oF 9F
P43 4% 271& YU Main 842 Al9] Zo]
(c)= 0.4572 mo]aL Slati} Flap2] Zolx Zt7t Alg] 4
o]9] 0.15, 0.34l], Deflection Angle2 SY38}A 30°°]t}

Table 1. Geometry and flow conditions

30P30N
0.4572 m

Multi-element Airfoil
Chord length (c)

Slat length 0.0686 m (0.15¢)
Flap length 0.1372 m (0.30c)
Slat Deflection Angle 30
Flat Deflection Angle 30°
Mach Number 017
Reynolds Number 1,700,000
Angle of Attack 5.5

85 27Ae=2E ukeM) 017, #HolEZ 4(Re)
1,700,000, ¥=7 55°F FH&sIoh WAL 072
B9 2.545e-7F At 7HHo= PSR, Aol
+8E 0.352 o|% dlo[€E HFEsI] AR Mo A
&3t

Figure 1& LBM #AteiM g 98t A4tddat A L3
A 2718 JEpdh AA ALEHe A7]E AlY Z
ol 7|Eog AR WEFor 10W, stF HWIFoE 40
i, §53 7 YFoR 208E AT FA =
722 & Inlet, Outlet 271, 23 o= ALAQ A
g f18] Periodic 2718 A&3Ien, tUF P9
HRlol= 34 &E 28517] 8 Non-slip £2710& 4
fapqltt, 712 A4S AdollA Vortical Structures@}
Acoustic Waves©ll 2J3t &% ¥rAlZ} dojuA] oA st
gal ALt QB AAlC 33 aE 9% Sponge
Zone £71& A &3tAth

Figures 2(a)®t (b)x 7z ZitsiAe] A8H W
ZAAet I AAE YEUY OF dF9 4F, A
Zo] JEo| A% BRES AFYstA s A3 B9
ARE AZAHT. =3 Slat Coved $%, Slat 849}
Main 849] Alo] F7+ 5 /5o] F4sHA W= 2&
of 2YUst AAE HiAsIH. H4& AR A7) 0.003c
o sigstE 015 mmelx § AA = o 1,400% A

Fig. 1. Computational domain
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oty 37t AALY] FWELE Variable Resolution(VR) #
Wol| wel A& AHA FA7|E 7SR 2ujE] F7IAR
o O3 9% ®dd 7B FE2 =27]9] AAE wAIst
3 A ANGYE 879 VRE Ao HAXAo=
A9 271§ F7HAIR.

Figure 3°lAlE #5314 A4S ez 234 S
Fggst7] 43t F3bEe] A7k YAE dEpdL £3
He o3 gFPoA LS dF f53 FFE FE9
128 £ U A=Y AVIE wiRFYL. =3 ZAY
QY 259 Ax} WIFALS Qs A3 Y9 HA
g 71222 10° 7tHo 2 dlo|laz2E g wixstlaL, bl
ojZz &3 Z®] F Alo]9] AZE Main 849 AlY
Zole] 1080},

(a) Surface mesh

(b) Volume mesh

Fig. 2. Mesh for multi-element airfoil

L] L]
° \ °
° Radius = 10¢ =
L]

180° e (L—

~,
- \ Permeahble
P Surface .

e o ©
o

Microphane

L e ¢ ®
b 270°

Fig. 3. Microphone position and permeable surface

32 05 oY R oY L H4F

o= olgol AL Slat?t Main, Main®} Flap Alo]9)
F2 FolM BFT /5 o] WAYsi 53] 34
g ZEE 4= SlatolME Slat BolA A= 9%
Ateh(Scattering) #4, Slat WiolA EAJSH= Cavity
%, Slat Cove LineS wel7tA A37]1= Vortex %
I Vortex?l Slatoll &AM E2FT 5 o] &
e weby tE oM Slat Cove FHO §%
o] 3 ASE FUsE FH 450 HFot tF ¢
Y Yol oigt LBM F4telAe] fEAAE ASeH] 9
o Z"o] e FZAM &Y Ex, Y AL, Slat
Cove Line?] &%= 9 o= REZE W|asiqch & A
dAME 25 Zt=Ql 8°¢ A& B ZERl 17° &2
A ZY oF ¥ oigk HiAZHAS NS St
Gt 52 w27 27ANME doA AdFE tF 9y
oA IAst: BEXE 55 FAET oyt §%5 Hd
of 98 ujAA |50l F7IE WIs7] wiRo] sjA
ZAZo] "Hasit} sHA|NE §ig Z=olA A oz
g88net MY Ae AE ZFIr EA5HA Yol B
EolstA we7t 55° RZAM FHAZ2E FIAFPL o
AL B =539 AHo|lnE FF AoME 9 §
ol s AFAFLE FystaAr sy MR ASES
93t A% AFE= Florida State Aeroacoustic Tunnel
(FSAT)olA 4333t dlo]g] & o] &3l t}H[36,37]. Table
2& W37 55%0A9 ¥ Al$ AE AY At} H)
2519tk Flap 849 Slat R40|A LAist= g8 Al
& F& d&3te AT Aoy, FA FY Aes
A7 i8] oF 1% o2 fASE ARE =&3qch
Fig. 45 937 55°0AM9] 48 A B2 AY 2
ket v 25kt 314 Z3} Slat, Main, Flap 249] ¢F
Y AS X 25 AY Adet gARNS gR1ssic

Table 2. Comparison of lift coefficient with experimental

results
LBM G, Experiment
Total 2.58 2.61
Main 2.04 2.05
Flap 0.43 0.496
Slat 0.101 0.068

-5 :. { { 4 - Experiment
- ——— LBM [Present)

P

02 04 06 0.8 1 12

Surface pressure coefficient, C_ [-]

Fig. 4, Comparison of pressure coefficient
distribution with experimental results
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Fig. 5. Velocity profile line and pressure probe

Figure 59AE thF 8oA F A&&¥o] &&= Slat
Cove Line £H9 #%5 BEAL ZAFsH] A% A¥E &
4 AE JERdATE o) 7i9] 2HQI(L1, L2, L3, L4)olA
&% BX9l Spanwise W¥ORQ ox HEE H|Ws}
A3 T 719 Probe YA (P1, P2)olA Slat FHo R
W 4Y WsE vt Fig 6914+& Probe 13 2
AzoA el 4E WY AHEHE doFstan AT
B3tk Slat Coved AW 9%50°| Slat 849] ofl
Wit FE35= A)#HQ Probe 19 A%, Figs. 7, 89
Slat Cove &&= R} ot RIojA ol o =3t ZAs}
o fASHAl 70 Fak4 i€ 9 Tonal Peak 59 3ol
Ay ZAte ¥laste] I o 35tg 24 Tonal Peak?t
WAt Foers vlad F A5 Slat 849
Siwol 31F3t= Probe 29 A, A¥ ZAztel H|ms}od
Tonal Peake| Z7|e} Fub, ZAdFAdo] % & JA5}
t AL Ak

- Experiment |
LBM (Present)

130 = ‘

Power Spectral Density, PSD [dB/Hz]

Frequency, f [Hz]
(a) P1 location

Experiment
LBM (Present)

120 = -

Power Spectral Density, PSD [dB/Hz]

Frequency, f [Hz]
(b) P2 location

Fig. 6. PSD of pressure fluctuation at surface points
P1 and P2

Figures 7, 891M& L1, L2, L3, L4olA 9] £= BX
Spanwise 2t= REZE MY ZAFAe} Jin et al® DDES
FA A ZA[3]e tF P AW FTH AHAM 2
£3% ulolg|E wlmstgdtt =l WEEe 759 W
A3 U3 FFHE 73 don AFAHE O,
Eus NS 12 FAYEst] wd@sidt =3 Us

(a) L1 14
12k - Experiment
; o DDES (Jin et al)
— LEM (Present)
1+
# 0B
o 8
s
= 06}
04p
02
- ...-oo%.“c‘
o 1 L 1 1
02 04 06 08 1
Path Length
{b] LZ 1.-1._
B - Expariment
121 0 DDES {Jin et al.)
I LBM {Prasont)
1
5 0.8
2
2 gef
04k
02F e
h o+ *
0 - 1 1 1
V] 0.2 0.4 LR 0.8
Path Length
(c) L3 g
12
1
. 08
g |
E— 06
04
L, . Experimant
- o DDES (Jin et al)
0.z M. - LEM (Present)
1] . L | - L 1
0 02 0.4 06 0.8
Path Length
(d) L4 1.4 3
1.2
1
% 0.8}
2
2 06
04F
o - Experiment
03 o * L] DDES {Jin et al)
Gl e LEM [Present)
. ®
0 P | L i |
02 04 0.6 LiK:]

Path Length

Fig. 7. Velocity magnitudes along slat cove line:
(@ L1, (b) L2, (c) L3, (d) L4
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Chordwise B3 £29] 7|, Ut % £=9| 7|8
e &= BEXo|ME 49| FHUF oo gl
o] I oflFste AP0l AN A¥tHoz A
ZAiet gAFE AFE &% £ AJTh owt L4 91
olME HAs|A Astzro] A¥EY iy I oEs=
Aol FFAEHALE o] Slat CoveE: AY S50l

(a) L1 so9r

- Experiment
400 o DOES (Jinetal)
i LEM (Present]

300

200

w.clU,

100}

oF

oo

Path Length

(b) L2 =00
- Experiment
DDES {Jin et al.)
240 | s LEM (Present]

180

%N 120
<]
60
0
1 PR - | PRI Pt T
o 0z 04 0.6 08
Path Length
(c) L3 mor
N Experimont
120 L] DDES (Jin et al.)
e LBM (Present)

w.clU,

1 1 I | 3
o 02 04 0.8 0.8

Path Length
(d) L&4 150
| o e |
B | s LBM (Present)
90- L] .
%» 60
a0

o
+ »0,
*as

anl P P, e | ol )
300 0.2 04 06 048

Path Length
Fig. 8. Spanwise vorticity along slat cove line:
(a) L1, (b) L2, (c) L3, (d) L&

Slat 842} Main 84 Ato]& AUA WA oA 71
HEd, olet 2L /% LS FAS AN T=sHA
d &8t Aoz uhefelirh Spanwise 2tE FEEoAE=
otz o] Hugh dlZo] Slo] ta A WAYstF o,
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