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The purpose of this paper is to compare an immersed boundary method (IBM) and a cut-cell method on Cartesian grids.
Awall function is coupled with the two methods, and two-dimensional turbulent flow is solved. Three test cases provided
by Turbulence Modeling Resource are employed. The computational results are analyzed in detail using the data obtained
from the website. The cut-cell method gives accurate skin friction distributions for all test cases, whereas the results of
IBM are accurate only in grid-aligned flat plate case. In order to simulate turbulent flow accurately using IBM, further
improvements in the calculation of the convective flux at the wall boundaries are required.
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Fig.1 The hierarchical Cartesian grid around a circular cylinder.
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Tab.1 Numerical Methods.

Governing Equations
Discretization Method

2D compressible RANS equations
Cell-centered FVM

Type of grids Unstructured hierarchical Cartesian grids
Turbulence model Spalart-Allmaras (SA-noft2)
Inviscid flux SLAU with third-order MUSCL
Limiter van Albada
Viscous flux Second-order central difference
Gradient evaluation WLSQ(G)
Time integration method  LU-SGS
Time stepping method Local time stepping method
L Wall Boundary
Wall lt;e:' Sr’nooth Layer ‘

Fig.2 Definition of wall layer and smooth layer.

2. 3 EEEEH
ELFEEE S OWNJECI3EEER)
ut = f(y*) ®
_u _ Wy _
u+—uT, y+— v’ Ur = Tw/p )

DAY 3o, BEER D BARE 72k Th HREEHID U L DIZ SA
Wall Model®®733> % . SAWall Model 1% SA &7 /W8 a1 A8072
EDREERE, THNSEHIN bOTHY, LLFDOXTE
bahsd.
ut = f(y") =B + ¢ log((y*" + ay)? + b
— ¢z log((y* + az)? + b7)
— ¢z Arctan(y* + ay, by)
— ¢y Arctan(y* + ay, b,)

E, a,, ap, bl' bz, C1,C2,C3,C4 li%?/l/fgi‘&v@gbé if:, ﬂﬁO)J: <
B AT BEREZ Spalding HIM)

exp(kut) — Z(;m")"] 4

n=0

®

yt =u* +exp(—«kB)

k=041,B=5 )

738 5. SAWall Model & Spalding HilZ~"w » K L7z D53 Fig.3 T
H%. SA TT/NVE TR LSRR & 75 Ui E o
FEE b AR LTV 5. SAWall Model & Spalding Bl % Buffer
Layer (5 < y* < 30~40) (2B W THEA 2 5H %757, SA Wall
Model /y#il3EEfI2 5 Log Layer (30~40 < y* < 0(103)) %
T SA BT UL DB S HE B 5. SAWall Model 13 SA
EFLNBEH SN D29, Spalding HI & W & SA TF/UIKT S
ARV EEZ BND.

?ﬁ 29 @%lfgun.ﬁsj]?—‘//ﬂ'\ /'7.L\
EEES B07-1

30 ]
o SA Profile QW
25 SA Wall Model o 1

......... Spalding's Law

20} :
5 152 ;“J o%/

=TT T s
log(y")
Fig.3 Comparison of SA wall model and Spalding’s law.

2. 4 EHRAMERE

ij.!é&)ﬁiif‘ﬁileM CIIBEH DS AR DAL B AT EST DA DY

BEofiET UL, O E W THEBREER 1T 258

ﬁ*ﬁ:’ﬁ:j@?)é DT T MU ST -T, Fig. 4 _I/Téﬂf
W5 &5 72 FC (Face Center) & 4% IP (Image Pomt) EERD. S
FC BNEER L2 52258 TH5. A FC I Té%ﬁg
(0, u,v,p,%) ZRDDHTZDIZ, HFC ZHE L, %ﬁi’é‘éﬁ LXTLT
ﬁﬁfiﬁﬁ%&ﬁ?ﬁ“é Z ORI, BE & OFFEE dip 25—
ThdR IP %?o< AP 3 FC @%’E/D@ﬁj IZADZ &%ﬁ
F5720

dIP > 2\/EAxmin (6)
dip = 3.00xpiy U]

ET D 172, Axpin (IRVIMETIRCH . 5 IP 11T 2488
Bl e éﬂ’(b\é%fj@g&%@’jﬁﬂﬁ bR D.
LIEVERSAH IR U T, 45 P & BEE ORI i) 22 PR 5 Ai 2
PETHUL, HFCITRIT DY EAFHETHZ LN TE 5. LU,
TERIDBEREGAEDE-Z IFTANTHRAD,

BYEEEM (Slip Wall)
Vi O BESREClI3BEm B3I A HRE SRR 0 THHZ Lo
b, MFCIZRIT2HE%

_ drc
Upc = Uppr + 2o e
P

®)
d
=Up — (1 - ﬁ) (upp,n)n

ET5 (Fig. 5 @). 72721, n IFBEHOHEAIERY b Th 5.
BEEE L EINTA P 25 0 YSMHE L T

Prc = PP, Prc = Dip ©)
SA BT /VOVEEZE T bIRERIC
Vrc = Vip (10)

BY L LEMS (Non-Slip Wall)

180 722 LR CIEER BT 2N 0 L7100 Z &b,

dec
Upc = d_IPuIP (11

THz5 (Fig. 5 (0). T, 7, ¥ 13I8V BES(H & [FIREIZ(9), (10)
XTHEZ 5.

Copyright © 2015 by JSFM



BERAEL (SAWall Model)

EHDIZLDIROICES &, BERI L L CRRXEEHT 5.
WA EED D TDIZIE, FPEEEEE u, 2RODMENRD
%. R P ZHUT D OB A TR wp, & BEM & DIEHE dip
2R)A A7 X 912 Newton-Raphson 112 % S48 CREBHE
EEET A, AU X o CIP CRERIOMI BRI AR A H Rk
EIND (Fig. 5 (€). IR/ E VTl FC 2R 23 ORER)
SEATRGY & OREER T RO A EE R 2.

upce = f (urdpc/Vec) Ue (12
ou, u; 6u§“> Uy <6f+>
- =—\ =—\== 13
(an )FC VEC <6n+ rc VEC an* FC (13
7121, B v (X IP-FC R C—E &% %,
Vrc = Vip (4

E9%. (RO ARMEI LR ERROFHEIFIH & 5.
TEE ST AR 0 BESRIEOIE D 72 LA ERIC L,
d
UFcn = Kp:julp,n (15
L%, FE/1E 0 I L, Crocco-Busemann D975 IREE A3k
O, W BBEEZRD 5.

Prc = Pip (16)

pri/3 y
Tec = Trp + —— (up, —u,), ¢, =——R (17
rc = Tip + 2C, (b —uice) Cp y—1 an
prc = Prc/RTrc (18

72121, Prix7 7 v MVEKL, C, ITTEIELER, v IZHEL, R IZK
KEHTH D, 7 1T SAWall Model O3EHEFDIE LV,

Ve = Kugdpe 19
LD,

2. 5 Cut-Cell i%

Cut-Cell 15 TIIWREE L 22753 HIE RV EGINT L, WiRTE
R RAFHIRERRCUELT 5 (Fig. 6). Cut-Cell 1% V5 Lk
BERIZIN S T T-AVERR SN DT80, IBM & B7e 0| {7 &7
L7BHRDSRTRE L 70 5. LOrL7Zad3 b, Cut-Cell 35121

1) BADRTE LTS DEANT A4

2) EAOYENZ LY Small Cell 3%49%

3) EADYIHZ LY Split Cell 235492
EWVS TN G D Z ERBLITND, ZILDITRALT 512
JEHEZ 2 PSR OIS MRS L L 72 1) | 2D BRETR D L 5 7
BHEZRTERITH LT B3R MO TARREAT 5 7o DIZiFZ K
FNEET D, FH DIISRO THIRIZIR S T T2 AR T2 2
EMTE, Mo EFED Cut-Cell IORREEFF- /oW FEEIRE L
7. WIRIZIN S TR T2 AR DRIOFIIRIES Fig. 7 @17
WA L7-A% 8% (Cartesian Front, CF) &A1k D —F&
BT D.

FP : Flat Point, CF 23 5 728312 8> 2 i

CP : Concave Point, CF 35EA BRI 3 5 af.

PP : Prominent Point, CF 732% & H L 7= 5B/ 8 2 s
ZO=FEEAD 5B, FP & CP LIRS TS A B L. Ak
I[N

FP: CF |ZTEE 2516
CP: BEM|ZIEE /2 J717)

529 AMBERANZS VRO L

HEES BOT-1

T, FEX LTS TR MAREET & 2875 L7e\W A 3EEm B

FbinV L FES £ UCCREHIBRL, IER LT8R A #iT-7n

BABER LTS, DL EOTIEIC L 0 AR S NTAE T3 Fig. 7 (0) T
HD. AR TIEZ OFEE CutCell £ & LTHWA.

Cut-Cell JEIZIUT D HiEARF AT a2 I B S TIo BT 5 T
EEEDBIR, LIER-TC, 0B 72 L b —
IR TFIEIC L > CGRIZ LR TE 5. Lo, BERIo@EAICIX
HEEVSUETH S, — e &k 1ok U CRERRER 238
T HEA, B D— R H OEFR A OYERE % A TR
7R EOREELTS . BERRE IR & S H & OB LR
THDHZENMOLITND®, YR AH T Cri 2 OfF#E
Y1272 % X D\ 2 AR U It & 720 a8, Cut-Cell
TR AN E 72> T LE D, 2 ZTIROITHEY \, Fig. 8 1T
T L DI, HOIALBEI L L [Alkk, BEmD O —E OFEHEOMLEIC
IP Z5%7E L, IP O AV CRERBSE A5, FHROFIEX
HDOIABEERE T dpe = 0 & LISAITAYS T 5.

BERE A4 27 /U, IBM & Cut-Cell D k&
PR NI R OBE RS2 5. IBM CIIBERTEM HHER L
TR 2SR OBE RS & LA 28, Cut-Cell CIIBEE Tk
TS TODTZOIEREE LRSS = LN TE S,
FHERCRIC DWW TR ES b HEERIC K 2IEE AR A VT 5.

| |Fluid celt

D Boundary Cell

D Body

Fig.4 Definition of point FC and IP.

|
Up, /V\\u”’«f / Urp

P P

FA// 1“ Fe F&/E;‘/l/lrc
) )

@ SlipWall (b) Non-Slip Wall

|
/\",\u[p

Sz

g

() Wall Function
Fig.5 \elocity boundary conditions of IBM.
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Fig.6 The grid generated by cut-cell method.
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Fig. 7 llustration of the procedure for near-wall grid generation.
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Fig.8 Definition of point IP and FC on the cut-cell grid.
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Tab.2 Computational conditions for turbulent flat plate.
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Fig.9 Boundary conditions for turbulent flat plate.
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Fig. 10 Distribution of skin friction coefficient.
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Fig. 11  Grid convergence of skin friction coefficient at x/L = 0.97.
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Iyt =18 DEEDHTH AN, Cut-Cell Tixyt =294 THE
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B, ZOIEEIFFRIRYE CTH 2.
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DOFHREOE /AR THhiuL, SA Wall Model 245 2 &8
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e T, XL = 0.75, 1.20 |Z31F 5 x HIEE D546 % Fig. 25 12,
XL = 0.75 (23T Dk D M % Fig. 26 1T Cp L IRIER,
IBMT R E < IE BVl & 725 TS 73, Cut-Cell Tl CFL3D
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Tab.3 Computational conditions for bump-in-channel.
My, 0.20

Re, 3.0 x 106
Tt 300K

!
symmetry

— R/Ps=1.02828 P/Rs=1.0 ]
Te/Tees = 1.008 other quantities
1 quantity from interior from interior

y/L

adiabatic solid wall

symmetry symmetry
AN i

start of plate at x/L=0 7 end of plate at x/L=1.5

-30 -20 -10 0 10 20 30
x/L

Fig.21 Boundary conditions for bump-in-channel.
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Fig.22  Close-up of bump.
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Fig. 23 Distribution of pressure coefficient.
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Fig.24 Distribution of skin friction coefficient.
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Fig. 25 \elocity profile at /L =0.75, 1.20.
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Fig.26 Eddy viscosity profile at x/LL = 0.75.
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Fig. 27 Grid convergence of drag coefficients.
(Top : drag, Middle : viscous drag, Bottom : pressure drag)

3. 4 NACA0012 ¥hYmiih

NACAQ0012 %oV OFNOFEHTEATY Y, FEHIRE~OmEH D 7]
BEME AT 5. BRI A Tab. 4 1R, —kEfi~ v 4503015,
a— RE ¢ #HHEL LIZ LA /L2803 60X 108, S:RRIREEE 300
K 95, lfa% 0°,10°, 15° L LC, FAicil 23w D
Cp, Cp IAIRCZE) RS % CFL3D DGR & Ml 5. i3 %5t
Bk& T I I AR Axpin /¢ & BAVEIN 13 Tab. 5 D@0 Th 5.
Wall Layer & Smooth Layer IZEH5H 4L 95,

Fig. 28 ~ Fig. 30 [ZRHEESRL C, Doa~T. AT
Zh 0°,10°, 15° TH Y, AFIHOBE IR MR TH 5. 4
15° K> Cut-Cell 384 10° Tl BV W T- CHREMRIZIL S BEL T
LESTNDBH, FbAll 1Tk CFL3D ORI LT\
4.5 100, 15° ICBIT ARgOY 7 v a v —r b L LB %
LTS, —J7, H£4 0° 12 CHERTRR VT S HREN S H AL B

EHEIORKIEEEEFEL C, /3% Fig. 31 ~ Fig. 3312759 IBM T
I IMETIEZ /NS K LT ERERRGHIZ > T, —
770 Cut-Cell TIFULHNEDS A2 B2, CFL3D DFERITUT- SN TUL

Fig. 34 ~ Fig. 36 IZ&AAIZBIT D C;, Cq DICROER 277
F77, Tab. 6 1T FBITHANET (Axmin/c = 6.25 x 1075) 1T
BIF5 C,Cy DIETHS. Hff 0° TIX IBM, Cut-Cell DVF I
CFL3D DfER LI v v MEEDZET Cy ZROHN TS, Hl

F 29 EHMEFRAENEL VRO D L

HEES BOT-1

£ 10° IZBWT, C ITBRHiER L 725 TWBD, Cy 11X IBM -

Cut-Cell & CFL3D ORI TRBE MR H 5. 7272 L, Cut-Cell {ZD0

TIICRER AR LND Z ED, #TFE SIS LTWDHIE

CFL3D L[FFEEDRERENEOND EEZDILE. —F, IBM TiX

B/ IMEFIEZ 6.25 x 1075 235 3.13 x 1075 ~EH LA
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AT 15° 12T, KV EEE L 7eH> T A,

Tab.4 Computational conditions for NACAQ012.

Mo 0.15
Re, 6.0 x 10°
Trof 300K

AoA 0°,10°,15°

Tah.5 Parameters of the computational grids for NACAQ012 airfoil.

AXpmin/C N sqrt(1/N)

CFL3D 8.20 x 1077 230,529 2.08 x 1073
IBM, Cut-Cell  1.00 x 1073 23,852 6.48 x 1073
5.00 x 107* 44,540 474 %1073

2.50 x 107 84,828 3.43x1073

1.25x 107* 165,040 2.46 x 1073
6.25x 1075 326,642 1.75%x 1073
3.13x 1075 648,900 1.24x 1073

o CFL3D —— 1.00x10° —— 250x10" —— 6.25x10° |
-0.5 ] s
I IBM Cut-Cell
07 "Q“‘-.- \‘L
OD' [ \ \
0.57
18
0 02 04 06 08 1 0 02 04 06 08 1

x/c xlc
Fig. 28 Distribution of pressure coefficient at AoA =0 deg.
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Fig.29 Distribution of pressure coefficient at AoA =10 deg.
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Fig.30 Distribution of pressure coefficient at AoA =15 deg.
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Fig. 31 Distribution of skin friction coefficient at AoA =0 deg.
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Fig. 32 Distribution of skin friction coefficient at AoA = 10 deg.
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Fig. 33 Distribution of skin friction coefficient at AoA = 15 deg.
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Fig. 34  Grid convergence of drag coefficient at AoA = 0 deg.
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Fig. 35 Grid convergence of lift and drag coefficients at AoA =10 deg.
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Fig. 36  Grid convergence of lift and drag coefficients at AoA = 15 deg.
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Tab.6 Liftand drag coefficients on the second finest grids.

G (o
AoA=0deg
CFL3D approx. 0 0.00819
IBM approx. 0 0.00857
Cut-Cell approx. 0 0.00832
Ao0A=10deg
CFL3D 1.0909 0.01231
IBM 1.1423 0.00810
Cut-Cell 1.0857 0.01437
AoA=15deg
CFL3D 15461 0.02124
IBM 1.6449 0.01994
Cut-Cell 15479 0.03167

4. ¥R
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