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Numerical Simulation of Turbulent Flow around 2-D Airfoils in Ground Effect

H. H. Chun’, R. H. Chang™ and, M. S. Shin™"
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HEUE 2= 2K Yl =219 URRES H|IZ=4 RANS(Reynolds Averaged Navier
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Z0ICE Clark=Y (¢ C 11.7%)£HSS Ha 2ot S A2 2 AE ghuol HWE

Soll 2 ==Xloid T2 0| HEHE ASotACHL NACA4412 ZORSHE0 CHol XISl =0IH
Sl0ll CHaHA & HIE ZAIZ2A0 UM FSaHS 3BIRACE HAZ D <otH OlSKISHn
DEXHO0) CHohA 2t RHIE= & XH0IJF SlaLt #82 NFHAYC] ZLI O1SXIH 22
20 O HUACH Mt ESAIEUM DA 2= OISAISHN Hish AUESZ HEH|
S BIOHE Jks40] JACHD =2C0H

#Keywords: RANS Equation(RANS &4l Ground Effect(XNIHE D), Fixed and Moving,
Ground(2&® ¥ OIS XH), Clark-Y, NACA4412w)

Abstract

Turbulent flows around two—dimensional wing sections in ground effect are analysed by
incompressible RANS equations and a finite difference method. The Baldwin—Lomax
algebraic turbulence model is used to simulate high Reynolds number flows. The main
purpose of this study is to clarify the two—-dimensional ground effect and its flow
characteristics due to different ground boundary conditions, i. e., moving and fixed bottom
boundary. As a first step, to validate the present numerical code, the computational result
of Clark-Y (¢/C 11.7%) is compared with published numerical results and experimental
data. Then, NACA4412 section in ground effect is calculated for various ground clearances
with two bottom boundary conditions. According to the computational results, the difference
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in the lift and moment simulated with the two bottom boundary conditions is negligible, but
the drag force simulated by the fixed bottom is to some extent smaller than that by the
moving bottom. Therefore, it can be concluded that the drag force measured in a wind
tunnel with the fixed bottom could be smaller than that with the moving bottom.
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20 FD HRE20l 2AKE XNE@EHH)SDA
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SSAEMT breBe] S8l 3R LK W
2 NT0A &Fcle NHgueisel A8 bt
S0l HaEk= 2{GH0F BICL XIMBeIHl A
H 2= 22 SIE Y| ftIdE 2es
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A 0 DEXIHE 08 2 L
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Z A don, 2id DEXHE o|gst
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CHE == UCHL Ventury 28 Il 1%
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SA0, & JHXIQl gie FAZA (0F & 0ls)
£ DG XIOIEE XZASIQICHL XIHHgrEAlol
HIg=s RANS (Reynolds Averaged
Navier-Stokes) S&AE EJ| ol 2AL 242
oll(factorization)gd2 AME3t2 AZ2HH oAM=
Euler Soll(implicit)&  AFESIZCE Chorin(1967)
Ol 2l AIHE! pseudo—compressibilityE AFSot
0 Baldwin ~Lomax &3P (Balswin/Lamax,
1978)2 TYUGIRICL 2SHUFANM HFES
33X BN, OI2 22t 0 I_%o*Oil tiehide 4xt &
o XEHOZ ZAIGIYCH DFM0IA st
= YIS 1IOioD| QUoH 4xtel 2
{dissipation) 20| FIIGACH sl
Clark-Y(SMW 2EHI( ) =11.7%) LMBHS
HarZoret 2EE Aoz & Asghel
E Eoll 2 X048 TR0 HENE 2
. NACA4412 SR py=2.0% 105,
° )0l OHal XISl =0l H
S ZAZAH oA S #%6%0411 Hibt
DHIl 2Bt S pter ZAHZEHE 2 0
o g=EE L4 HSIAPDILE, 28l RHEs=
X012+ glCh Dedlt gE NFXHS AL
JF OIsSXISe| ARLCEH T & LIEFS

o Okt ROIS IR ST YT S

o &l

g e E =) ok
Lgﬂ
>_
TR
E
B =
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=
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el NACAOO12L*JH% HEE 2L 4%
ZDH= Chang(2000) &W51D| Hi2t 1 5 &
FE &2 =204 CI2CL

Lt st RS0 HEHEE 2Xt
2 RANS ZHEAlS S 20
a4t Fa,+ Gg,= Crlau+aq,,) (1
GO0,
U
_ F= F,+ F,
“T P G= G + G,

u 0 1 —2v, v, 0
FC=0u0],F,=l0 —VXO]
8 0 0 0 0 0
v 0 1 -y, 0 0
Gc=[0 v O} , Gy=[—u, —2v, 0]
0 8 0 0 0 0
1
-]
wud p= x,y%"étgi-o—l £0CE A5, p
= YEE JReRIGL 22X A= .2 y,L/
vZM Reynolds =8 2B 25 H= ZH
o IRE 20| Lt /7= =& y, & R
3t AIZSH, Y= pe pul2 PAEE HU
Ch. O = Y55 Lolh, ,= 2SS
&A=, = =% o H&(ocal eddy
viscosity) Hi=E  Z&H vol  ZEo=
Baldwin—Lomax 2EZE  AIE8IRIC ok
o]

pseudo—compressibilityE {8+ k2] At=0|C}

2.2 £XJ|¢
(x, y) HEAS A (1)8 2XMDH
7)2 HEAID|H 12 EEN2 =ik
g+ Age+ Ba,= Cpv¥

OIIAM,
A=aF+dG
B=bF+ eG

V2= aqe+ ba,,+ dae,+ 2a:+ ha,

a=§&=Jy,=

d= &= —Jx,= ~
E7
S

y
b=n.= —Jye= =75
11
S

e= vy:]xf=

j=Ll_—1
S XgYy— Veky

+d2

a
b+
2(ab+ de)

= aag+ba,+dd:+ ed,

= abs+ bb,+ de.+ ee,
Se = (axget bxe,+ dyeeteve,)S

wm)&)wg)

HEA (g,

(2
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s = (axgt bxy,+dye,tey,)S

Yee—aSe Ym—aS,

(15: S ’ d”= S
b= Y= bS, b= _ YVu—bS,
& N) T S

Xe,— dSe
d$= - S

Vo — dS
d,= -——“"'—"‘S

Xege— eSe Yy —eS,
eg= — S »ey= - S

Al(2)9] AIZH &2 Euler implicit 2210l 2IsH
OlAHSH AI2IH L2 2L

_dq” +(Aqé)n+l+(Bq)n+l CRVZq"H(?))

BT p2 BN AZARS LD
dq"=q" 11— ¢"0ICt. 2 AlOIM  CH=(conve-
HIHEOIH H&3F 2R8I A, B

B0 UoHAS JdE5E +80IH, 34
& S0 UohAls Al2toll CHEH 2lakE(explicit)

OI

¢ 2t OI=2 2XtetE KAlotY E22 =0
(Ag)™ "'+ (Bg,)""' = (Agg)" + (Adgy) " (4)
+ (Adg)* + (Bg,)"+ (Bdg,)" + (Bdgp)”
GiIIM,

aug dug 0 bu, eu, 0
A= |avs dv: 0 |, B=|bv, ev, 0
0 0 0
A(4)E A(3)0fl CHRotH Clsg 98 = Ut
. BN P L
Vq{ I+A/{7{+(AC+A) a€ Cr Ly +
- e 2t 1"
g—gg)ﬂpa) 354] + I+ 4] B+(B.+
4 qm
B)2 cR(z +%—a—)+1w”—aﬂ—4] }

= -4 (Agd"+(Aq)"+(B.q)”
+ (B} +4iCx(v 2"+ ddgt )  (5)

4 4
- AtIP(wf—g? ¥ w”%)q”

ODIH T AXHE NBEOE W 4 2
S HIBATQ o NSOl YKS AsH 4% 2
HBI0l 2 BEAN ENEASH, of o =

&2l F==0iCk

et dstsl =28 HM39& H3& 20024 83
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NOB Q8 XT3 A2IY 9 ,WEOS 242t
o HHAE 284 U
£-sweep :
2
{rrafa+a+ari 2 Cr G

+3 ag)“ﬂ“’ aé“] ]Aq = RHS of eq.(5)
n—SWeep
{I+A/{ B+ (B + ng;— cR(%f;;T )
n %—g;) +I,,w”—04—4]n]zlq" =4q"

CHR&E2 3 S&E(upwind differencing,
Argarwals scheme)= O|23I0 O|AMSIAIZ M,
CIEgtEe 4119 SYA="  (central  diff-
erencing)£ O0IE3IRULCE 2 AC2EH  block
pentadiagonal HEAZE 2E 4= JY2SM, 0|2
ZJ|9oH block-pentadiagonal matrix solvers
ABBIRACE  Al(6), (7)S 2Tst HAoZ HA
ot 2t H=+8 JolotH st 2k

£-sweep :
KAq; s+ Ldg; + Mdq; +Ndgis (8)
+ 044}, = RHS
OIIA,

K= A+C+—Ldt(A + 1A

L= —8A—79—§A¢(2AC+ A1)
M,-=I+At(2+“;' Al +‘250R?l+519w5)
N;=8A—B+7 4424~ | A.])

0= - A+C+—Ldt( At 1A

A=A~ CD
B= 4% Cra+4l,0)
C= {35 Cra+ 1,6)

p—Sweep :
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Kidgi—, + LAg; . + Mdd; +Nidgjs,
+044;,,= 49" (9

HI1A,

K= A+ C+45 4B+ | B.|)

L= _8Z—_B—%At(23€+ | B, 1)
M,-=I+A/<B+% | B, | +%C@+6Il,w”>
N,= 8A-B++ 442B.~ | B, |)

0,= —A+TC+554(~B.+ | B.|)

12
B= Al(% Cb+41,07)
T=af4 o+ L")

OS] HIMLZRH 2 4472 L2 2
HA AFZEI0 HAL| H3l2r0] EX-sH g 0(8t
OF £=3E [INKl HAS Bt=3IH =CH  4(8)
2 (9)2 OIHERE i, j= 22 ¢, pHEE So6lH

-

K~0;, K~0;= 22t 3x3 HE=ZA0ILL XI=Z
DXL =AFJN0 CHst o XHAIEE k=
Chang(2000)E &0017| HietCh,

2.3 AT A=A

Fig 12 Al AFSE ZEAI S LS
TAIBICE  XHENel F2(2) RSAH L= XIH
o N =0I0F ZE2 B 440l 018 HE
ANAHE A8tz It %2l 2 AHMiAE
1 2ABOIA JAXAS HEHO0| H1) HHHSZF
FEei2 CE ZAXHE AT AXB &
d42z= 24 £XIH &=+% spline2 ALE0H
ANHE MHSS, Laplace YHAS 0I&5H0]
smoothingg2 AIAFON HJuds =0HFACL
Fig.2e XZguIt gle FEHEB0IAS JXA
g, Fig.32 X &g 2= DE(H/C=0.1)2
AXAE 201 ACL

J

10

o

1) & 52
u=

=0 0,v=0 (no-slip =21)

J8
|
I

A5
10 1@
e
0k
x

=0 0 wu=U,v=0
o4& p—g

3) K&
N du _ v _
B T2 T g 0

0P _

o € =0

4) S HA
e . Ou _ dv _
=r Ty, an 0
oted il =0
= 7]

5) digt ZH

OISXIH {moving ground)

U ,,

o Ground

o1s (b) NACA4412

0.1

0.05 e e e T
WK o

005, 025 2.5 075 [

0.15
o1
0.05 7 .

0

-0.05 _

Fig. 1. Coordinate system and foil sections
tested
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XM JHgE DRl HEHE &5 2
ot0l Clark-Y (&M 2E HI, ¢ c=11.
FR2 RS2 Hiko! EFHIEKSH st K
et 2 A8 (Steinbach, 1996)3F HIWaHSILE.
XH ES0AM IR ELARXE A
Rn = 1.3x 108, Xl I
2C= 3.95° (Ol <o LA
)OI4, p/C=0.1 ( g/C=0.0483)0IC}. Of
AN p= Fig. 100 201 BiF 201 XIHDF K
QDHEZRH C/4EMAL =001, g= XS
SO FEMXQ =0I0ICH  AE Zoetel Hin
£ Sotd 0ISXIHE HHZEHE HISIH HAS
Ch

Table 12 &2 A& AFRE Clark-YIH0H CH
St HAXAE YOHED UCH, FHOIA Hast
NACA441201 CHst =2 SAIN 20H=10 UCH
A= HZEDIL S28 8EH= JE &016
QW 2 AL A=E AXHS = Table 2
ol 20=1D UCHL AX=== 2 12,4000H0104,
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Table 1. Computation parameters for
Clark-Y and NACA4412 airfoils

Foil section  Clark-Y (¢ 11.7%) NACA4412

Ru 1.3x10° 2.0x10°
a 5.92° 5°
0.05, 0.08, 0.1, 0.2,
H/C 0.0483 04, 08,
Ground condition Moving Moving & Fixed
Min. Grid spacing 0.000078 0.00007
Nondimen. end
10 10
time(t)
Atmin 0.0001 0.0001
Mpa 0.002 0.002

At=0.0001(t=0.02)
At=0.0005(t=0.12)
At=0.001 (t=0.32)
At=0.002 (t=10.0)

At=0.0001(t=0.02)
At=0.0005(t=0.12)
At=0.001 (t=0.32)
n=0.002 (t=10.0)

Acceleration

Reynolds=> 1.3x 1080l ZA2Xk= 0.0000780!
Ch &0t &26t= =2RH |EL &&= 7
2ARE 1E SIUCH, Ol H&e =ES <6l
=J|0l= AtE 0.00012 &I EXMESZ 0.002
JEXL 3N SICE A 218 =42 FolA

=0l 2L otHE HE 6| | 2
St AIIRL t=107HK] EBIACHAIZ t= C/U
2 X &), xA AHAXC AJ|0| dHiolH i
2 AtNIMZ AH&O] Jhsotgd, Ol & Ha|
2ol S0 |Foitk= Ag 20=F10 UCHL

Fig.4= & EHOIA HAtE L&A
ot ABZE(Steinbach, 1997), HEIA QL0 o
8F Hler2uE (Park/Chun, 1995a)2tel HIRE =

C
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25
L Present Cal.
(o 2 i Potential {1]

o Exp. (Steinbach{9])

Fig. 4 Surface pressure distribution for
Clark-Y foil (¢ (C=11.7%) in ground effect
@=5.92" . Rn=1.3x10% H/C = 0.0483
: In the legend, Potential[1] is from Park &
Chun(1995a) and  Steinbach[9]  from
Steinbach(1996)

Table 2. Grid number for Clark-Y and
NACA4412 airfoils (NIxNJ)

I Clark-Y NACA4412
/e ( t/C=11.7%) Moving ground| Fixed ground
0.0483| 243x51
0.05 243x47 243x87
0.08 243%49 243x87
0.1 243x53 243x87
0.2 243x57 243x89
0.4 243x61 243x91
0.8 243x71 243x97
o 243%x59

o2& fAn = 20x 108, ¥BAS 5, H/C =
0.0570.82 HSIAIZOM, HAES Table 13+
SONMSH 2T X3 & X X gaﬂza =
OISNB DEXYUS XS0 I
THEULL,

Fig. 5= DX AW OEF 224 C,),

SHA EO0IED AUCL CIDIA g2 C e O
EHEAS( Cp)2t LBTEHA( c,,x) gl
Ch. J20IA & 2= AS0| =40120 2E A%
o 20l 235D YD, 0l PE HAF A=
Z25 40| 2H EIE =100HK| S84BH2CH.

2
for
J
o
o
o
=
02
N

2 < Moving Ground >

< HIC > 0.05 - infinity

P U TR T SRS S RSN R A |
10

4 [
Nondimensional time(t)

Fig. 5. History of (C, and (, convergence
vs. time for NACA4412 at different ground
clearances: ¢g=5 , Ru=2.0x10°

Fig. 6a Pressure contours for NACA4412
in unbounded flow

ta=5 , Rn=2.0x10%, H/C=o0

Fig. 6b Velocity vector field for NACA4412
in unbounded flow

Ye=5 ,Rn=2.0x10%, H/C= o

Fig. 6a 2 b= XHS It gls SEHIE0
Mol 28EEe 553 t
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(a) Moving ground

" < Fixed Ground->
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(b) Fixed ground
Fig.7 Pressure contours for NACA4412 in
ground effect  with different ground

conditions: g=5° |, Ru=2.0x10%, H/C=0.05

(b) Fixed ground
Fig. 8 Velocity vector field for NACA4412 in

ground effect  with different  ground

conditions: ¢=5° , Ru=2.0x10%, H/C=0.05

etxdesl=2% M39& R3S 20024 8€

it

2 H/C=0.0521 3R & IiX B> =20
St Alatet YHERBURE B0F1 UCh REUT
(H/IC = ©)0INS SAZZY Hlwdl 2% S

Ch &0 OtHSHUIA =01 A Bt

09 o
mo 4o
o

=

s
2 == UCH Ol 0 XIS JHRAE o
ek =00t XIS A0 S210F 248 |01 2
25D (2010 = 30 e £=FE Fig.8
of 2010 ACHL FAHXA XI0I0 28 Lz
2 =& HH= 30 X0IDF AL HiEel %
5ot glE NEXHRl BR(Fig.8p)iil= X2
O ZAS0| g=EE 2 & ACHL R 2
F2 Z2 &£Z2 0/Sdte 0ISXIHY
(Fig.8a)= BIOIN HOESE R£0/ 2
g 2 UCL T HiEZAEZA KO0 24t
X0lE FOIM AZEHH 2 LI KU
XOI(2 gt OtLIXIZHE ZLHAIRICH

0218t HigdNZ29 Bsk= Fig. 90 29!
ABY A== (eddy viscosity coefficient), p, &
2O XO0I0A Bl & & ACL 0l XIHY
Z HIEA &7 ZAHS0l Ha €5 @2
0 DEXES F=2 Do KB F2&0l wet

SHE URZAHB0 FHHS = 2+ UL

0 B
o 0y T

o O oo
J¢ 10 mo 4o me ry oy

!

i

Fig. 102 2JXI HiSt 2HEANN H/COl
SHOI CHEE 0N EHRIM C,° HIBlE 20iFD
UCH LUOIA O1Z8 IS 200 F/ COF SOKEO
M2t 9H oRm=Eel g0l HE ZHES o
= A0 Ol SHEBIIZ OI0A Namelol &
HE 2 4 UL S0IE A2 L A ool
2 FAZ0| NHSDHS B YL} UK e
ARBLH ROMY 2210 M 0I5 SItks

S WAL M2 2 SIRE0A 2=40)
2800 20 3 AEH=se

=0 Of2Her X AtOlol A=l ZJ|Z2 oI8l
BIt 2/0ll, oteFSE(downwash)el 242 ©
a2t =IF YI &2 A={tip vortex)2l
el /& = MIZH|(effective aspect
BIt £ =&s FSSA0 Qo 2

0 EICHStinton, 1996).
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< Moving Ground >

(a) Moving ground

< Fixed Ground >

(b) Fixed ground

Fig.9 Eddy viscosity contours for NACA4412

in ground effect with two different ground

conditions: ¢=5", Rn=2.0x10%, H/C=0.05

< Moving Ground >

(a) Moving ground

< Fixed Ground >

(b) Fixed ground

Fig.10 Surface pressure distributions for
NACA4412 at different ground clearances
with two different ground conditions

ta=5 ,Rn=2.0x10°

=

=

g ygE, ML

o

Fig. 10922 S JHKl HIZZHEZH0 o8
MOIS KOO AlgE 4 20| 20 XIS
2 391K =0I( H/C=0.05, 0.29 0.8)0fi THEt 2
UE Fig. 1101 CHAl 2QICH EREOZ = 0 2
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Table 3. Comparison of (Cp,
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Cr and (C,, calculated for Clark-Y and NACA4412

airfoils
FO‘ll HIC . CL . Co . Cr . Crpx . ITTC Cr
section moving | fixed | moving | fixed | moving | fixed movin_g_ fixed
0.05 |1.34959 | 1.36871 | 0.004065 | 0.002833 ] 0.003012 | 0.003049 | 0.001053 {-0.000216
0.08 |1.314191.31484 |0.004183[0.002870] 0.003011 | 0.003141 [0.001173 [-0.000271
NACA 0.1 |1.27824|1.28683|0.004179{0.002909| 0.003131 | 0.003249 | 0.001048 | -0.000342
0.2 |1.1678111.19874|0.004174 0.003750| 0.003366 | 0.003620 | 0.000808 | 0.000131
4412 02 1.08938 | 1.13396 | 0.004122 [0.004101 | 0.003762  0.003886 | 0.000361 | 0.000215
0.8 11.04395(1.10113|0.004158 | 0.004908 | 0.003835 | 0.004201 | 0.000323 | 0.000707
0o 0.92012 0.027228 0.004366 0.022863 0.004054
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