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Cai Zhenggang  Pan Junhua? Ni Mingjiu
( School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract Immersed boundary methods is a common numerical simulation method to deal with moving boundary
problems in particle two-phase flows. When the dimensionless parameters of studied physical problems meet certain
requirements, its corresponding flow structure becomes axisymmetric. Hence, an axisymmetric immersed boundary
method based on a 2D mesh and cylindrical coordinates is proposed in the present paper. A finite volume method is used
as the spatial discretization in the present algorithm. And the governing equation is closed by a sharp stepped interface,
which is used to replace the real solid immersed boundary. In order to improve the efficiency of computation, an adaptive
mesh refinement technology is used to improve the mesh resolution near the immersed boundary. The using of cylindrical
coordinates will produce a redundant source item from the viscous term in the momentum equation. The additional
source term will be handled by using an implicit scheme. Moreover, in the direct numerical simulation of a sphere
approaching a wall with a constant velocity, the pressure of the fluid in the gap dramatically changes because of the small
gap. So, in order to accurately analyze the flow field, the required grid resolution is very high in the gap. Multiple
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projection-step calculations are carried out in one time step for maintaining the stability of the simulation. In the
movement of a sphere free impacting a wall, a lubrication force model will be introduced to simulate the movement of the
sphere near the wall even with a low grid resolution. Finally, simulation results on the flow past a fixed sphere, the flow
past a circular disk, the stokes flow by a sphere approaching a wall and the flow caused by the sphere-wall collision prove

that the present axisymmetric IBM algorithm is applicable and accurate for dealing with stationary and moving boundary

problems in an axisymmetric flow.

Key words axisymmetric, 2D mesh, immersed boundary method, sphere-wall collision

515

TR SR P R RORL P AR R R TR AN A
ARBFSE EREE N A BT EIR SR T2 Ak, L
{IERE RIER oy U TR N A R S TR B 1% ALA i £ i
(IAH BT IR, B 2% JLART A Bl 3 5 i) 302+ 49 3% ks
(). A FRATT R FH A B AT B 50 b3 i) e, 4
I A A A o PRk ). 910 [ A L ART LU 3 2%,
TS0 B TR 320 5 J2 B 20 T DR A B 2 2 SRR A1) . ()
FE 2 [ i LR AR TE B, WA D A 25 A W AR, A
P RS 1) A AR 22 B ¥ BEIU F 1S (immersed
boundary method, IBM) A AH 2 ] 4 AL 1 55 411
FRTFB.

R FHE 58 8 PeskinB-4 g T R IE
7727 UL R OAH DR B L 30 T e Hh ke — il 7 6. 1%
D7 VR AR R[] A4 R F P AN [R) A%, A — MR
FH I A8 1R R 7 Do) 6 1 ] A — e R FH o v BT L R s
il fAci1 5 b A5 L IE i B 3245 Navier-Stokes J7 21
VST 50 s e 2 S vh, 5Nk B & BR UK
156 2R ] A Sl R R A4 3. i 0t 2 A i 2 R R HE
TAEFHE 2 T HoAh AR 2 838, a0 SCHk [5] ¥ 1BM
JIEHET B T W O A 1 A R B G I A FA A
I SCHER [6] K IBM J7 3543 il I H B8R B 12 3))
) i DA S AT s 4 & PR B i) Grigoriadis 857
WP ELHE) ™ RO IALAAS)) )% (magnetohydrodynamics,
MHD) %35, 734k, K T 08 Pesfe b i f ME 4 A%
P REREAT BB RAURIE ST, ZR kS FFR T 2D I
BN T, R, ARk BT A% 1 PR 228 J70%
i, IBM J7 2 5 k&1L I 46 A0 2 44T s
J 2 SR PR 1 3R %5 2R L 51 53 5 )2 M
PEREAE B IR KGR DL AR S K RIK EN O 35 4T T 4
{EREADFN IS IE. 52 25U e e T — R E 8 )y #5 2U
WINPT B SR s B v . 2 AR
U T — P B TR Bl ST A 1 BUR %%

7 VE IR G AR AR R AL T I A A ) S IR
T, N T oA,

W AR B T AT A A 5 | N A T B3 )
25, JGBLR R IBM ik BB s — 2K
8L 10 Peskint, by — 2 B U VAN SCHR [13].
AH PG B 0, B30 AN i sk o) 4 i 5 7 24
Bl Rt IR B3 FE A, T A AT R B S B H T
FLERAT AR S I NL S, 5 30 5 & A0 2 )
PRSP E AR BB T AT, ASCTR A IBM 7
AR JE TRl AR A B T b R
eI T, TR SR TR T S5 00 D A4 9 s D) ) A R
AR o] L BT 5 1 9 A% B0 0 6~ P A —

AR T B35 R s SRR, (BT
ST LR R XE . B 5 Pan 26051 R T —FiAl
A% S R B R T DA MHD i3 BA AL
B0 S . %7 1 B RE R S0 B ik B AR R )
% 5 XA i 5 5 S

[ I 28 3ok A SR R, H AT 4y % T IBM
T (R FEI-1SY S A SO PR A A Ay 5 i ) — Bl —
Y o] B, TR 0] AR e o A 20 ) 0 (L a7
£ Re < 210 W1/~ Bkgemlel, MR 2 G < 156 I
[1)/NER B I BT [RAH IS A L /D 1), Lai 4608
BT AEAARR KRR T —Fh e Ak IBM H LA 0 £ bl
ANTECE 2 TRV T 00 I 1) el o R T L S50 ZE A
TN 53 418K PRl ot R ok R P R T el 6 AR
BB R L0V SR 90 5 — U ek BRI
TR T — bl iy oof TR v 13 s 5 500 ) DA Ak 3
NERFURE 15 BE THT LA . b = PR R A LT
SRS o AT SRR S =0 AR S We AL ipa)
FR IBM 5k R K JE.

PRI AR SR e 7 — 2 7 FRAA R (FVM)
DA B 5 M 3R 2D Bl Bk il ik, A
A Pan 25051 Bp 2 1) 2D 1 3D A Sy 1E R i



%7 W

SENIAE: FE T 2D RS IR R B0 Ak 1911

AT K. IR TR Bl A A I SN BL R B
A 3 ) 2y, AR Sy R AR B 5L HOZ
Pan 50151 BT R 1 Js 4 IBML 5 125 9K 2% L& RIE 447
DL, 85 7% FE ORI RE I AlL 1, 7/ NER B BRI A — =
AR IS, b1 4 fEL A £ AN A2 R o S 35t
Pt LA L g St 2 b, A SCdt— 2 5e 3% TR
BOL T B RETIA 5 R AT — 2 MRS I (R 2.

WirE 1 B a0, BT SR R LG =
Fift: 55—l AR 0 2 (1 1 4 R A% BTG, LS oy
TR BN FHE WS, 2 B SR R IR (1 1B s
G, HON B BN T L 15— TR RS BTG, 28 = Ff
AR R R MR G (HR S 5 B HUE
THED). B T IR RS 5502 A, s (0 1) B T T A
R T VRARBKIK BETTL Fr, 100 B Rl A A o
Pl R R 20 (0 S 2 WU iR B T, I IR A 2
FORBUR T (S Fr T FIA ).

H 1B cell
B fluid cell
B solid cell

*= wall surface
I';; sharp interface

I, immersed boundary

K1 RBGL SRR Hoc kI s
Fig. 1 Schematic diagram of immersed boundary and

dividing cells type

H1 T 1B S0 o AN B b #o8 (nil 1
TR, 20 1B LT 40 (R B D) E)), AR SR
FISCHR [217 $2 1 AU — ik (LSM) i1
FI). AR T FH B A0S B R BB T kil 4 A
DL JE R A A vh oL ) B . 232 B ST IR
Pl BE TR S ORI AT L2 WA ), A4 () B i
5 IO EE 2 VR R A E s A5 75321 1B 1™
R IT OB 2 G, FRE IS G NBY IR BOR) S
A Sy A AL SOk A 1 w7 R, AT SIS B ] 4k 321 5
ZAFHITIN.

— AR Py Az By B R o 7 5, AR ORI
I3 A PRI HEAR A 5 — MR IS B W) AR IR s A2 ),
Nk g AR TR 3 B I ) P AR 4. — o e A
1B 3% 7 LA Navier-Stokes J5 2, HH AR5k it AH
AR F R e PRI . Gl e a2 R
AL [A] EJE SR B, LUK IS 3 2 T BN
Navier-Stokes Jj 2 1 ##ER2. A IS 2D Hloo) #x

IBM Jj 54648 Stokes it /N ERIT BEIZ B LR /NER
HH S el BE Bk 23 ol B3 B iz B 7 AT S

1 HEEE

1.1 THIFE

AL I — R Rl IR 46 (1 8 8)FiE
A R pp WITRAATI A (R JC PR L BRI 50,
FERR R B2, ASSCRT AR AR A b 22 4 = 4
sl A ) g R S A i 1 3 AR SO e = (e,
uz) VLK p K3 9 e /1 T _E R A g g, e
y Ml uez 73 530 &7 AR [0 MVARI 1] 03812 73 . LM TG
WIFEAR BN g 242 7 R T LS

1
Far )+, =0 v
aur au}’ aur ap 1 i

rTa— 52 or  Re ) 2
ot ar oz or " Re( 1’2) @
Ou O 0wz Op + iAuz €)

FUp— + =
or "ar "8, T "6z " Re

X BNSHGE WL Re = UL/v, U ML 350
T RS T B PR L3 FEE MRy AR JEE . X /N ER
HORERKIE L= D, D A/NERELAR. 10X T 5
MEKSE L =D, D WEAR N EAR. 53T 2R
RN FREE AR bR 2R I BT BAT A LA SRR L
1Ev 5 AR AR, 7350

19( 0 8?
A= ror (rar)+ 0z2 @
o 0
v=(Z 2
(Br’[iz) )

Fiak, X (2) RIS (3), FeATTRE S I 2 A I
TEAR I By 7 RE T BT AR bR R AR 302 R i)
PRI, /12 . R TIX — TR SE I BRI B AR K,
AT 6T 12 00 1°) A B FE ).

DRI 2Ry A SC B B AT T AR K )/ NBR R 1
B R V& I B F. P DARR T B G A 1 42 o) g 72
Z A, BURLIZ B ()4 ) 7 R T L — Ok R
AT LK UKL (2 IR R R W Ur = Uy + wp X1,
U, FoR PR TO PRI E . w, R RRL T
PO rp ZR7RIORE 2 1T 30 IO PR PE 725 R . 0
128 75 FE W 43590 A2 th A= il 7 R (6) LA A Bl
JiRE (7) s, Bl



1912 Vi 2

Eitd 2022 45 54 &

a(myU
(m(;)t P — fp =pf¢f' npdS + Vp (,Op _pf>g
(6)
a1
% =T, = fr, x f,dS (7

K =—Ip/ps+v(Vu+Va) Ros NSy sk i, Koy
M p 53530 Ky ST SR AR A S s (AN Hf KIS ). T
AR p FF 53 R N RORL AR ALV, my, Hny,
YU 53 300 28 71 ] AABURE PRI AR L 0L o R DL B kL %
T FR) SR A ) 2R fpﬁ%ﬁﬁﬁﬁy‘%ﬁzﬂl, (e
TAAERI s F 3 BLRGE ). 1, B, 3530 3o [ 4
UKL PR ABE A 5 8 LR UKL P 52 2] (18 0 0 1 P e 2100
L E o (R 2, 1T T, W) 3 2 JORE T 52 21 6 & ) .
PR A A 30 5 e TG A o B iz 3y, BURLAE H il R
A Bl I RE I BT B Bh A 1 ) [ A RURE ) A
FE wp =0 IX R RAE AT 75 EE SR A RO Y
Afia s 5 R (6) Ra).
12 HESH

AR SO FE TR AR 3 LA IRAR B K
TFRER. RIS TP ol FRamesly, 128 A2
P AE PR Y- T RS i, R R A v e (< ) 23 g 1) I
SN JT [0 Jig e do/2 1 SR A T e 17— R B =4k
PR (K Af 4 de). Il 2 Bras: Jorh AR KR - Bl 1 k4

ol ST, S 0 R L, my 422 B T R
.
z
v s
-
G ol = ‘
10} ~ 46 v
K2 HARFR R T BT

Fig.2 Volume element in cylindrical coordinates

WA ARRATIIT R 7R N Q. = drdzr.do, z J7 ] %
RIS RRN S, = rpdodr, 7 1 WK LT
HRIRNS, =rpdodz, 6 77 ) WAGRINFT KR N
S, =d6dz . X 5y By 53530 A A Ak G o0 BT IR A
T ) A b, BUARAEEAT 25 () 29 T, b 1 PR A
BUEIAE I SIN T — 2 =4 A% s, (B4E 5T

FEFFA T EASIRIE 2D 5 R R R s il Rt
ITI SE BB L, AN SRS/ 22 Sy HAT By I 1)
AN TR BE 1K) 0 20 BRI, B S R mT LA
Iy AR YA R

S D AT ST 2D AR 17 AL w, AV i) T JEE
g . XFFORT IR LA B b R T F) 3 o 07 3420 R
TR ZE A% R HL, TR T AR R 2 H K
(4 e/ r? TUR B S AR P ) b3 A% 1) M1 1) B 8y
PRI HOE N

ic ”Q +2Z [ (1) + b ()| = = (Vo Qe+

1 ou ou, \* uy,

r r re
— — — | |Sr— Q
2Rez[( on )f+(8n )f] / Rer? ‘

®)

T
uchthc Q.+ % Z [ml} (”:f) +mk (ulz‘f)] =— (sz)/; Q. +

a a
2ReZl MZ uz }f 9)

X B EE R A2 (8) A (9) Y EAR & Fl « 4y
SR AT (2 40) RIS 2 (R4, Fhre
| N R N v eV U TR - S T

;— ¥ nyS p RO MG HIGIH LI R R, Vp, M
Vp. W53 5l 22 7~ s 86 B B AT n) Rl ) 23 5. QR
718 kg B G B AR R (FE A ) @ T ) S B O 1,
HE—ZMH%).

5 D R R e = (e, o) . IXHLIRAT
R 50k B 2 s 73 pk LA RCGE — 3D AR B
TR H L g = (ujc,ujc)%léfrﬁtiﬂ E1BY Y53

u. =u;+At(Vp)k (10)

M—mﬁﬁkHMFiﬁ%ﬁ”ﬁ%Wﬁk*
SR 8 0 A o ) o D 230 B, A 10
LTI L4380 P 76 T L e 20 B

Mg =TSy (11)

XL T 5 b R s SR AR R, e A A T
T2 G, AT G A% B G Hh Lo F) 3 3 4
BB BT b (e ). LUGE L FIAR 1 P
T b PR P TR 20 i A e R SR A L T I kA T RS 2
BN Z I 3. XS )ERA T e

Z op kHS —iZ;’ﬁ (12)
on 7 I~ At !



%7 W

SENIAE: FE T 2D RS IR R B0 Ak 1913

VUSRS k+ 1IN 21 T3 3, 42 1E [R5
B2, 453 3 ke+ 1 I J2 1R 9 R 578 Hh Lo R THT L 0 38 82

7Y AT TN Y5is=elib= 57| )
ukt =u.— Ar(Vp)kt! (13)
k+1
! sz-m(a—i)f Sy (14)

2 ) — R B AR B o T
O 0 S T 0 b TR 50 S D e
753 p. = ELUSL g s 4 L
S N e R
f nb—

Nhr A R nb 539 RN IEE A SR A BATRE A%
nb, duyn NG A S ATARIAHS nb 1L B,

3B AR AR T G P U P IBURL N ER T £
T RETTZ AN, 11 32 20 SRR 1 BE T 2 4 1
BRI, BB 7 75 0 I 4% 43 3 . TR
Iy T BRE T S R e, A AN K
2 TR 52, A 3 R,

4 N

( calculate mass flux mf ]

[
A/

( calculate predicted velocity . ]

( calculate intermediate velocity #, )
* update mass flux
( calculate & + 1 layer pressure pf*! ) and pressure

( calculate k+1 layer velocity uf*! )

whether reaches the
number of iterations

yes
end

K3 S e SR

Fig. 3 Flow chart of fluid equation calculation
AR A SCIN R 22 56, 31X HL IR AR B — ik
B H 3~5 CRITAT. S AMERT P UGS TR, —fiees
Xof s R JRE AR b Ak B R ORALE TSR R A
B T KA AR IR Navier-Stokes J5 &2 4b, A 3L
B SR AR B ] AR URL F) 2 (s 21 R X L AT
HAZRH Euler [f) % Bk AR, 41 F AP
my (U} - U})
At

o /

=pfg61k+1 m,dS +V,(pp—ps)g (15)

S e o \ D\ B
LR LI S DL BRI D500 ply = !

k+1 _ k

u ;
ﬁwyzh%jﬁ%”mm%%%mwﬁﬁﬁ
IB—i

FNRBCL T LW ib i EIEE . T R R ek
AT A R BORURLHE R U 25t T plpt Ml
SR H SRS HOTRE (8)~(14) 15 2 A L4451
TG 25 /N T AREARAEAT 2. 5% T 1B BT AR
O ib AL E TS EE 1L AT —/Nrh AT
W B4 E AT 2 1B oo, Bt =X (15),
WAL LR T SRIRAT B ke + 1IN J2 (00 0k 38 32 . 3k 1 o
Bk + LN JR B BIL T AT, GREESR AR T — I 2.
1.3 IBIAFREMHSIA

D1 oA A SR Y B O, T A I A 8320 5 1)
FINTFEG =B IREid fh —aRikid
HAF3) 1B MRS ST A, 58— R I B R B R 5
TR A QL SIZ 18 i A v 98 a0 i P42 1 7 R K At
5 5, 28 =0 R B KA it 15 RME 1E 1B RS 5
TelE B T RIRATHG 23 0l B WTIX =AM TR S B

S0 AT IB Hosr O B o 7R U
FEE R (B 1 b s3) AT/ 1A P 1T 2 ) it
JF, B

Oy Oy
e(x,y) = D(x,y) = @ip+ ﬁlibA“ a—y|ibAy+
1 Hzga 5 1 62g0 2
Eﬁ‘ib(m) * Ea_yz‘fbmy) + (1)

P BEY AR (xipyin) » Ax = x—xip F1AY =y —yip
W4k B2 B 876 eh 0 BB 4 10 & A 7 ) L6
BB R, SR A SO T
VAR AL AR 2 L HEAT 0, (L2 1B 4K 2
T T B 7 4 T A0 A T 5% .
%ZR%%iTﬁUQ¢%$%%ﬁ%ﬁ%w,
% . s R %f R 1B R L
B IX SR SN R AL, A SR 1B 50 ) E 4N
I 97 L B T T 78 SR A PRy
TR (R 501 78 BT S 5 s 5 . 3ot Jg /s — e
SRR TR, LU 38 (16) TP IO AE B R T R 3L
SR 2 R 2 TR A8 7 R R R B A
O, T A58 o A B B TR SRR y =
S GR[P(Ax. Ay~ o (Ax. AP KL M m 4514




1914 Vi 2

Eitd 2022 45 54 &

AR AL m AR, T [1+cos (%)]
RRIE BB K. Ho d,y = VA, + AyZ, s K 5
SHES 2 LB, R 48 7% 35 8 ) 2 o 1 J KA.

G128 30 G4 PR R DU BT, 3 R TR
R, VERS T LA SR [15]. 2 5S4 RS 1 Ak
3, AL IARAERG B R = I k.

b Y RERLIE R SIN, W 1 PR, Bk
2RIV AT, W) B O T2 10 i 2 3 OB R
TEk+ LI R — ik b

nfl/(niB) nIB
Appy !+ j; (A"b‘pflzl) nt IBZ_:} (A”Wﬁzl)w =5

)

HrP AR bR RS IRTT p A I IAS B TT, nfl/(nlB)
FnI B W)y 51 32 75 AH AT W9 A% B 0 AN B HE B BT
RS E UL S 1B WA FLOC I E. X LT (17) B oK
Bl 2D 10 5% A TV SRR 1) AR FRATT R AR 2R
1R EI 1B BT S S (k2 BLK
(U B UR VSR A S SN LM TR LN QA S LA TR
TR AU A

nflj(nlB) niB
Apgt e Y (AnWﬁZ')ﬂ =S D (Auely),, (19
fl=1 I1B=1

XL IB L ICHE  AReE I AL BB 2 XA .

H =20 B IF IB HoohfE B i 2 A,
BAVERT k+ 120765 S, B2 B Hocid g
ke IS J2 (), FAT 75 0t FE P AR — I /N e A
WL H E k+ 112, 200 1B A5 58 K.
1.4 2D BiENMIgR ARSI

X T Bl S 0] R, b T ORE A  T E Tl R
T A lf 5 8k 2 T 0 Bl R A R 25, T R
AT (0 10 2 ROl R [ B Adh AR G 328 Ak i 3
T LI T A A BE AR AT DR SR A kLIS B %
A8 R FH 038 T s A0 AR 2 36 J AR v PR o R AR, X
SRR AR Z ). M0 H A DY, 9 R B AR AR B b
MR YX— N, IIEA SO R T — 83 TR KU
FH 2D FIE N A AR, TR BT B I
Feng, F 2L BCE S AN S EBCRPAT. E
KINEEREL ey, IR € S NS RSS2 A2k, o
Ah TS SOEREPRS RSE. 54088 T R UER B S b
AT DR A 0 T2 B (B T AR E), FRATT
BRSO S I BN )2, BB ky NN E

hE - MINEEZRA NERE. Dk =3k =2,
N = 8 (RN 45 R 4 P,

4 g U 1A B A T RSO A
AN A A% 0 5 T P95 16 0 R R O T e A A —
SEMUA. 13X —BLS, ASCR ORI IE A B 15
T REINRE .

TLEA
HHHH,
11101
;

___—|immersed boundary

PP
KF2

Kl 4 2D FE N
Fig. 4 An2D AMR grid around immersed boundary

2 BUEEAWE

h T B AR AR ST H A AR IBM L A
M AT AR AR TR 2 0 gh /N ERGE L TR
Zedit~ Stokes YiL/NEKRITREIZ B DL /NER BT YAk
R s Ik 5 DU o gl 0 PR U 20 P BB FOL 6 5 .
2.1 FRLE/NERGERISIE

F 4 Wul>*) (R 56 i 5T LA & Johnsont!¢1 Fi
Tomboulides!®! BUHBAULT IR, 24T E Re = UssD/vs
ANT 210 I, 388 SR i — AN N ER BT TR BT
WMBNEIRFFRINFR. X Us, D, v 53 MERNIT Y
VIS R P B N ER E AR DL R AR 12 B B
B DRI AR S 43 S T 5 A 1, 10, 50, 100,
150, 200 &5 /SFPAN[A] 00, FFRF AR SCI B AT 45 2R
B NG R AT He A, 1 e TN g vt A A N 1] 5
FoR. B Ir) S K Ry 40D, ZNER HROC R BN R HY
PR E 25 25054 20D , /NER LG R & EAIEE S 20D
JLRA SN T30 F4 A v ik 1R FH 38 A ok il
FEM Uso, H FVBCE A 030 H 3 S 45 A, X Bkl
BE AR RRIA GG AT, DNVEE B Ay i 330 54,
BRI VB N LB Rl A Bt B AR
SCRH B A I TR P, ORAIE SR K IR R B 48 (CFL)
A 0.5.



SCBINIAE: ZET 2D PR RN BRI B ik

1915

® 7 M
U, side waﬁ'
\ immersed boundary / 20D
inlet axis /‘\( outlet
\
|
20D I 20D

5 /NERGER LTS HL
Fig. 5 Configuration for flow past a fixed sphere
TX L 18 SISO T 0L e e i W Ok 200 B
Panl?°1 [ EEZ K, — AP o R PE Sk W& 1
B,

F 1 T Re=200 48 I £ M I8 F

Table 1 Grid independence test at Re =200
Case D/Ax Cy L.
coarse mesh 160 0.768 1.435
fine mesh 320 0.770 1.430

T A x AW BN RSE, Ca= FZ/(épUgonDz)
P RE(F, R R BET), Ly FR7n/INER R St IRT
DX . 3 KL 40 10 A BEL g 2R B5ORH [ 3 DX i 5 O
XLt FRATT R TR ToX 6 6T - AR v i e 42 8% A AT 1.
W 88 00 PR B 4 R 2 TR TR A S B A2 1] 6
o, R BRI R B Re S 50, 100, 150,

1.0
~ 0.5
!,
0 — ‘
-1 0 1 2 3 4
z
1.0
~ 0.5
—
=N
-1 0 1 2 3 4

K6 AR HER LN L
Fig. 6 Streamline at different Re with IBM

200 WK A HXFFR IBM T AR BRI e g5 1, A
e[ R B NER . B TR AT AT LU 2P0 U
T, Bl TR TR AR 0 R X A A 1 .

Bl 7(a) MIE 7(b) R AL T HAG 5
()[R XA JE Ly LA JBH ) 2230 Cy 5 Johnson!!') FiI
Magnaudet!?”) [{] 25 BEEAT & E0) L. W4 K] 7(a) 7T
DU I : FRATTTH 55 1 [ DX A B A 7 1 200 50 Al
100 I8 51 N85 BRI R G B0F, /R 8RECh 150 F
200 It 55 Johnsont's &5 AL FF S ARLF . AR K 7(b)
AT UK I FeAT M A AR IBM SE TSR D R4
TEAIC R VBB 1 75 154 Johnson!'®! Al Magnaudet!®”)
PIFFEARGE. £5 FRTIR, ARSI IR Bl AU
X TSR AR N ERGETL T IR RR BN S AT RER . AR

1.8
16 [] axial IBM
’ (O Ref. [16]
14+ /\ Ref [27] Q
A
12+ g
< 1O}
0.8 | ﬁ
0.6 |
04 I3
0.2 1 1 1 1 1
40 80 120 160 200
Re
(a) AL IX K XS EE
(a) Comparison of the length of recirculation zone
[] axial IBM
m () Ref. [16]
/N Ref. [27]
10
v 4
1k Al @
1 10 100
Re
(b) B R Kokt

(b) Comparison of drag coefficient

Bl 7 /NERIPIR DX BRI BEL J R 0xT B
Fig. 7 Comparisons of the length of recirculation zone L,, and
drag coefficientC; of sphere



g

1916 i

£t 2022 45 54 &

2.2 EEEBSRWIE

B T /NERIX R RR R LA 45 8 2 b, [ 2 —
Tofr St R PR At R PR S ). Sk T S e b AR SC R B
X1 [ A JUART P 3 W, BT T TG o 280 1
X F 15 A 8 AR AT TR Y 1 DAL AR i Sk
[28-29] [MAAE I 5L X T MLk = D/H, = 10 (1[5
B, M EVEERe = U D/vy /N T 135 I, 1353 5) K
it IE i [ 2 R S TR AR AR AR Sl X L U,
D, Hy, vy 53 INR 38 51 Rt B L 1k [ i
P E AR R A Al 2R DL KA 1 I8 B
FPE. Ao M E T B RO 10, 20, 40, 60, 80,
100 Z575Fh o, 4 T 584 5 Sk [28] WFFTRT L,
BAVETFHER MR E RIS 2 M — 5135
PRI 8 . HE PR B R4 2.5D , HY O
[F 415D , MBS E 35 6 FR4h 6D .

S
U, side wall

\:>

.=0.10 immersed boundary /' 6D
inlet axis outlet
0.5D \

2.5D 15D

K8 R LTS5
Fig. 8 Configuration for flow past a circular disk
KHERFORFANRES /DR NERSE
TP BB —FF, AN RR. T R R AT W Ao
ANTF) 53 5 10 W R 3R AT H B, JH DASRAIE R A TE S,
e 2 s,

F 2 BEIEH Re=100 Mg T X MHYIE
Table 2  Grid independence test at Re = 100

Case D/Ax (o] Lye
coarse mesh 160 1.327 1.960
fine mesh 320 1.329 1.965

FRAE 2 2 v 1R BH ) 2R B L R B i X A B L,
ATV IRHH DA% R BB T R 45 IR 20 A 08 SR il 1% )
L, T DS SRR R AR 1 O BATT 34 R AR
FEEAT VA

K9, AT 5 th T R VA 10 F 100 Y
FiLOL T s, e Rng B, &
AT DLW b A H (Rl XK P8 2 B o 25
T N,

BRI Ah, BRATTIFRREXS b T 1545 R [ml e X K
Ly UL ) RECy, KRS S P 10(a) FIE] 10(b)

9 AFEEHR LN L

Fig. 9 Comparison of streamline at different Re
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Table 3 Physical and computational parameters

Case A B
St 27 152
Re 30 165
Uin/(ms™") 0.518 0.585
p/m 0.006 0.003
pp /(kg:m™) 7800 7800
pr/(kgm™) 965 935
v [(s'm™2) 1.0363x 107 1.0695x 1073
D/Ax 32 32
£al 0.5 0.5
£y 0.001 0.001
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