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ARTICLE INFORMATION ABSTRACT

Original Research Paper A new method is proposed for implementing the no-slip/no-penetration conditions at the irregular
Received 16 August 2017 immersed boundaries on the vorticity-streamfunction formulation of the incompressible viscous fluid
Accepted 16 September 2017 flow. Time integration is performed using a semi-implicit method such that at each time step the
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vorticity-streamfunction equations are changed to a Helmholtz and a Poisson’s equation. Some singular

source terms are added to the right hand sides of these equations, in the solid region, such that the

Keywords: . L. . e . . .

.nc{,";pressib.e fluid flow desired boundary conditions can be satisfied. The singular source terms are found, using the inverse
Vorticity-Stream function formulation problems method, such that the desired boundary conditions of the vorticity-streamfunction equations
Immersed Rigid Body are satisfied. Finally, given these source terms, the Helmholtz and Poisson’s equations are solved on a

Singular Source Terms

Method of Inverse Problems Cartesian grid, using the fast Poisson (and Helmholtz) solvers. Since the fast Poisson’s (and Helmholtz)

solvers are employed, the method is high performance, with the computational effort of O(NlogN); and
it is also flexible because it can be applied easily to the complex geometries. The method is applied in
simulation of the fluid flow around a square solid obstacle, placed in a channel, and the agreement of
the results with the other benchmark results is shown.

B Seo cVolee a4y wel> axl o 5 aiiis (4l slo,iie 0,8 dodo -1
2l gtz SVl pur S pu bl SIS s ) digdiee Jlw bz iledie Gl ey g D 5 S0 Bg, o
Pl eSS 59,0 @l Bosb 5l Sl 5 wslr (g ol Cdz (Gl asgerme S S Ubs, o 1] ws slray Sa¥l sleat g
del> Yslae 0 5 del> jye Casglie yid Jlw OYolae j0 a5 05d 0 5 S gk gl S¥olee Hloa Jlw 4l j0 a5 Wisd oo Jo SYolre

Please cite this article using: s lod o3l 113 ©)le 5l i cpl @ glayf (gl
F. Sabetghadam, A. Shajari Ghasemkheili, Using the Method of Inverse Problems in Implementing the Solid Immersed Boundaries on Vorticity-Streamfunction Formulation of the
Incompressible Viscous Fluid Flow, Modares Mechanical Engineering, Vol. 17, No. 10, pp. 397-404, 2017 (in Persian)


http://mjmec.ir/
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_1
https://dorl.net/dor/20.1001.1.10275940.1396.17.10.51.9
https://mme.modares.ac.ir/article-15-10417-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-22 ]

[ DOR: 20.1001.1.10275940.1396.17.10.51.9 ]

b panld (5 b Al duc 9 3Bal 09 3apd

TH 23 5153 Jlwws Ol b=l O9awYee pb &g Sola & pime L) o Jlasl 23 ugSae Jaluwo yig, I oSkl

T ez e S5y 2 ) Sy e (Olyr U n oSl gelsy
rolie Tal cilog g puiinns (59, S0l 5l ooliial b [14] K55 a5’ o
S b 9 03,5 )y adgl slayuiio Ll Vol j0 ) 950 &
s (S9y5 Ubgy ek 2lslb JU! slee 4y oSl SVolae 5l (28,5

slo)) cyz doiz Aoz laie 4 5,0 b Slaiie ol j0 a5 conl od,
Sshie s i pae Lyt
poe Giee S50 bulypd Jlesl o oz g, pol> dlie o
Al oz Bl pse¥serd 5o SIS ad 4 358 pad) i)
Alis SO Glginy 5 yrne oG byd Jlasl (g, cpl o 0l daly>
plnl ceddas Ojgods Sley oS LRI Casloads oays ) ueSxe
F 31 éﬁ..gs.ul; 9 ooly axs |) 6)5))" 6)“3‘[‘ 03gd5ne a5 Cewloads
S bl a8 (oo Gl SFge 28 @ ] wal> e (Slen 15 Sl
Jlesl Gloj silwainnsS 5| (26 pmlys 5 speele SVolas 4y GugSae
iy, 5l eolaiwl Sl ¢ 5,5 aSis 5l oolaiwl 4y 4z gy b gl oo
)13 097y Ty 458 hood a2 spale 5 gl DYl o gy
e shls by, Egemme ;o) Casload s, oleasly 8, YL cely a5
Lo (95850 Dgmms gy (589, 45 Sel (NIOBN) iy I (Slslone
slavais a4 g, Jlel j0 Jhogame il alym onys a5 4eles
o9y gous g oob, eV 83 92 sla i o @lie adlsl o
9 (GIREe 4 oy 0 Llae opl e Ol dales @l golprin
g d> ey Ol IS sl o plsn 4 sk g oo asdlS
To 9 399 oy wile) W)ls 292y i S o pe (B hne
ol Jlosl o925 S i 55 odleiiiny 9y o3 S sl I (b
@ oleidiny 9y 6 i ) 5o caled po ailead (e 58 e e
0l Jlosl (gmye mile Su L U 5)0 Lz (S SedDS aliee S

iloads dulie (yudize plo glaosls b g =33 C.'Lu

o b Vsl -2
b b S 5 0 Sl 4ol ol T plice 50 0 Axals 1 S5 e
5o Wloals &8lg 2 9,0 40 a5 [ plaisl (slojye L) 0 LMY wl> 450
sloosliiul (lp Qg = DU iy (rizen 05be 43S L
S se L yx (o

0 &b 50 23 pabeSTs Jlw o sang ol Sloy Dl
WD ygod W olgl Selns LB o wilgs o

{at(u +J(,) =Re™'?w 0y x(0,T]

wX, t=0) =wy(X) X e 1)
Jlosl Vi aolee a4y ol (55,0 Ll Vgl oSl bgyie 058 Joo
Oty sl 3P by &l b g wiss

V2hr(X) = —w(X) X €y
V() =Yy
Ye(I3) = s (2)

sas Re ( JlKe CusBse Jlop X = (X1, %2) 558 SYolae o .05 Gawo
S JEsl wsSTs J(w,9) = (029010 — 0,P0,0) 5 oby> sdsn,

! Inverse problem
2 Fast Fourier transform (FFT)
3 Closure

10 opless 17 0951396 5o (o) Sulle Swiie

FB oS Gy, alibio i)l ) Jlew ol 5l (85U Slag s i
eSS Sep 09l o plazl Gl ) ces Gl plezl 4 Jlesl
5 Culpin oo 4 oddzhs OVYolae gaw 30,5 Jro Sl a5 053 o0
buog bas 58 iy, 08 el OYolue dsgee ol Sly 1
Jlosl B ¥l 5 5o oS pshay 0 ool Sl G ples 5 opiialS
[2] wsb o plas ! o

el o 4 Wil 5L pas s ala sy ez sy illnil 4 axgi b
(o gl Sl 5l oslil 56l o) sl Vb plowsly Geizeen
Elgl o35 el Aok B az gl 0)50 Loy ala g, el
Ol po e slaganaias (s gl wloaal sgzs Lol (soie Lo
5,5 axxlpe [5 L 5 [4] d3] azlye 0 g oo Loists,

Gy anegere 5 (Ko (Al anS oy laghy, wes o
e ey cnl 5o 6] ws bl ligags Lawg a5 Coul paiis (S0
FUSTLUTTIRONE SRS 35— IS UIUY VIS SRR PERR NG ISt oy ¥ - ppeees
g ool S slacie s JOE I e 5 0l 65N e
530 50 (71 S 5 I 0sio0 0,91 958 &5 e 550 (55, els3s Ceo pos
by oy 4 S S Gt 9 JLa3 oy ln (e L) e
2 bes g Sogee Alss 93 4 5y i Wl g, 50 in)S Jlosl el
ad oSl Ggulsy Aoles jo ] (goges ke o5 oud 4525 550 )
S obzmes s (3H pas byd g 0gh Lol Sshipas byl b 358 o0 0l
S0y s 3l ogd e slo )l &S > ojlail SYslae 0 dezge Cx i) &b
55 o)Ll silme Jobw 5 00y Jobo Slahs) & Olgiee atws (nl sl
pae Ll pd et slo)l ) o9 U parde I peiies oslitul (y9u a5
141 w3l g0 (Srogey oLo)) e 53 Gi33) pae 5 S5

gl slapuiio 03 (sl Tl 3 pae 50 Slahs; (Fu)l o |l
2 SomaYed wa ladle ;o adl arwgi (S giul gl Yol
e sl cadsl glo yiie 0,8 50 [12-8] was ,ly @y 4 5 2lsb Al
@S 0,5 azgr Wb Lol gl g Jlesl S¥oles 4y jlid alax 3,k 5| el
g el 4l @ Jhw 4l jl jgee 53) delz 50 (Solaor )3 0)lg0n Vol
Er ol cel & ol (Snwgnl Gl jled o ((Sen b
2 oS sladolie LG 5 [13] ws sales S ad e 4 Olgr o] Ko
el goue glade o ol Loyl oS s (esid (5550 by STyl jLad
omb sl el 25 b poles 5 6L Slles 05 b el
Sk 3l e el bz b Qlib gV p 0 (S [14]
hls eizmen g ((Swgnl g LIS a5 095 o0 )13 (b2 @b dlolee
WS oo g s Joske | ol goae o o8 col alig o 550 Lalps
2 i glaglenly 5 5VL oS Glag 5 4 oliws sl N6 1A
P8 Sl S5 @ Y e e Sl Jodne (2l b p slaggeee
@b polie ;3 )b ol ((Krwsnl (298 15 26 Al 2 SlaggeYee
oot b Siwgl ool Ll ol valss ol sl 5ye (Sles o
18] sz 28, LB josles

s 5l ess b sl 7] S 5 I g, 58U 1 eolial L
ol L 1) (553 pae (53,0 Julyd ol & (o by Jlosl 5 2056 i
3ol b 55 0, 18] el 00503 Lol ol 2 glim sl (oY 50,8 5l
RU e ol @ moai- 0 98an () So &I SYolae 5l S s
e 55 553 g bz ol ol g, ol 53 9] el sl
SYolee ;o olel el dlox SO (50,5 3lg b s 9 00 o wal>

398


file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_2
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_3
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_5
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_4
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_6
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_7
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_4
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_13
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_14
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_8
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_7
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_8
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_9
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_14
https://dorl.net/dor/20.1001.1.10275940.1396.17.10.51.9
https://mme.modares.ac.ir/article-15-10417-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-22 ]

[ DOR: 20.1001.1.10275940.1396.17.10.51.9 ]

b panld (5 b Al duc 9 3Bal 09 3apd

TH 23 5153 Jlws Ol @b- Il O9awYee pb &g Sola & pime L) o Jlasl 23 ugSae Jsluwo yhg, I oSl

b walys Jol> 5 spele Asles (3) Uoles (19,5 <ije b

Vza)n+1 _ ﬁwn+1 — f(wn’wn) (4)
5l e be 5w f o @l g B = (68)1Re (] jo a5
f = Re-J(@"¢") - o™ (®)

el oaloslo ey yo a5

dobe 5l Pl Al Glsi e 1) emlsy doles & ol
Gre o Jo sl B el ST S s 3 B= 0L seels
= BB sy O 51 (2) 5 (1) o¥oles 53 0 el sseale aloles
b gy slogye Jlael 5 o¥olan cpl U ool allie slyiin aiius
el agSan Jilse g, 5l ol

o S0 plgins Fgpals dlolee 4 @ hius o) Jlosl -2-3

P90
iy o (550 bl pd b geels Aslee 1 S0 iy jlas bl
Vzuf_BUfo XE.Qf
uf(r) =Ur
us () = Us (6)

Lo Jlel ol aoli sae SO Gl 0 a5 wadi e a8 S i o
it sl is, 5l dolee cnl Jo 4 up(l) = Us G ya0e Glogs; e
2 e slagss, )l eolitul ol alie slig [15] cudl i oISl
aSSlis [16] el 4SS anio sboabes 5l solitul b wsSae Jilaw
Jod BB 80 )ls 5 gy (chgy 4 e (S8l iz W0 eeales
GRS

Z € Q—| 59 S h(Z) Jste doizr ab 0,5 a8lal b gy ol yo
Sl s ed oo 00l By > aly IS 4 up(X) Clg> 2 £
4S5 5k 092 elys u(Y) Jlsws up (X)
72u(Y) — Bu(Y) = f(X) + h(Z) ~ (1)
o JLo.Cl % (5) aoleo L;Laéjja Jo)...a dod Ml?@ JL‘> G
s Papels dolae og (S 4 axg bogghate o anil
WS sls )l |, Ur (g5 0 by Ug a5 jskay w0 pll  u = 1y + 1

{Vzuo(y) = Bup(Y) = f(X) YEn

uo(l) = Ur 8

h(Z) dair oz (0,5 8Ll 33,k 5l 525 Ug (3 y3ms 550 by
e e o Joe DY oles 4

{Vzﬁ(Y) = h(Z) Z €0

ar) =0 9)

u égl.? Slade a5 Sgud oo CyadS slaes a h(Z) Jseme @L’f OT 0 as
Glee iz & il oo S o) 1, Us g0 byS I 50 59,5 2
ol Ty a5 g

P (1) alies Tl (usSias alis (g¥asd @y (o sl
Fopede Slae )3 Al 1 aliess ol jo 0sd 0 bos JIS
o1 waltws (g5 bl b cenlite) b oas aslis Gp(X,Z)
1ils pules
200 = [ 6406.2) A(2) 42 = u(X) = u(X) (10)

0]

1, (10) Wobs olge Jb ool SIS0l e Z o] o oS

el X o s sl 15 (28,5 5l 50 55 (usSon ge¥gn b Gloiny

0

Fig. 1 A solid body is placed in a fluid flow. The solid domain Qg with
its boundary I occupies a part of the solution domain 2 with its
boundary I'. Therefore, the fluid domain is defined as

0, =0- 0 +1).

T b0 o anels 5l s Jow oz o 43,5 18 auls e 1 S0
&gy Jhw 4l i 5 oy cewloads JLil T 5,0 L Qg del> 4zl lawgs
ydign s Q= 0= (2 + 1Y)

el (21, 22) 4 (@, ) sl

Olhe (5395 4 355 (0 @l (Sora¥sed i g8 b ) (S
5 ol 5 a5 ceols 1] cal T sose > 5l ol slace o
g walyr ol (Slaged (185 50 wieils Koo slaggease b
110 g jme 550 slagstg, sl Logeas

388 Oge¥sep 3 Jw Ol Jo a Ty sl e Jleel ol
Bows By jyo Jo ;o allie a5 W)l S92y (o5ie slagls,
a5 sl e gl (Ligy izl IS e Slpiia 1y (1)-(2) oYolee
A dalgs o Lal LT 4 som sl iz jo

Solgiiny 95 -3
2 b (1) (Sl aoles (1)-(2) Jos5 o¥olre olKtws go0e J> 5o
1 by 5 olyins (2) syae s 4Sln 5 95 (5,5 0,55 ol
Sl S ot S5 5o Jlo (18] w13, (1) (65 USRS e
Jleel w0)ls 0g2g il aw goue Jo 4 G yiiie o ST Jlesl
& i ase el [11] ey 6 LR & G piis slas e
Py Py rol Al o gl Spgoa 99,0 by [15] (pulsy aloles

Sbaslgs 4oy o aslsl jo a5 Casloas eolaul

NEISTPSTIRENC IR
SSRGSl golaly g YL Sley slacds 4 olawws oy
sobte (.l wles pll  geddes by, Sl eslaul b Slej
D9 oo A loj 10 13 O y504 (1) oles
w1 — o
—; @ Y™) = ReTH(P2a)" ®)
L (sl ilwainnS 0g Feddes 4 azxgi b 558 dolee o
Oz Caload 00y coyamntl Sl pl5 0 dLY Slee
Aolre 3,k 5l 3985 pae bys o] o a5 ol duls> sloj e b agzlge
Jlosl (1) dsbes po el sozg Jedoy Go5d pas Ly 5 (2) s
als5u ! gl 4 53l (omsSTs Alez o9 e oy Led i oo
Gl (G s o SuSS 5l colatwl 4y Az gl b Cids j0 o9
A algs plosl 558 &S S (g9, g Sl

2 Well posed

399

* Upwinding

10 ojlosis 17 0551396 (55 (I3 SHlle (S


file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_11
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_10
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_13
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_15
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_16
https://dorl.net/dor/20.1001.1.10275940.1396.17.10.51.9
https://mme.modares.ac.ir/article-15-10417-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-22 ]

[ DOR: 20.1001.1.10275940.1396.17.10.51.9 ]

b panld (5 b Al duc 9 3Bal 09 3apd

TH 23 5153 Jlwws Ol b=l O9awYee pb &g Sola & pime L) o Jlasl 23 ugSae Jaluwo yig, I oSkl

Oy el oolazwl JB Losiue 35 (2) aoleo =) ol égb' S
Uolae ;0 02 5 (1) Goapm dolas )3 o0 §yiis slag e byd i
ol s melyE bl iy o a5 wsSiles Wlead Jlae! (2) soeaa
S0 Sy p o pas g Sei pas byl 9o o slo | el ) Curogas

RN PESRWES

(Ggl9) Forels @y K> -3-3
olles (6) Wobes Jo )3 Gy 5y0 slagis; (rolne (2555 5l
5 o0 iyl CgiSy a5 b plate atels Sy (g5, 2 sl (il g oe
A sl Gole) stele @ M Sl eslanal b (Solo 4 1Y
GBI el seals g sl Sl 625G el S BB (B =0
ooy i 5 ks (sbais il plonl wond Sl o], jeSatir
o atng med 5 A7) g ye Jln (1) Sjlocn p3 oSl 1y (18l
D59y bl 2 G seelS 05 S5 (6) Aol > (sl pol> SIS 0
by o) Canlond sols anwg [18] Silgs g oyl caubmos s oS 5
5 Glyer (S 0> & Plus 1) ez e S0 b L2y bl 0 &5
25 el 0 Ul |y Sl O(NI0gN) asye I Gl 536 L
0,5 dod>
Sy gl Aol b o) V2u+ Bu = f 5spels alobes lazl -1
Db e 00y Ay 98 slad 4 L), S o (=0 Il
LI 5o Jlw by Julod cBan Sl 4 azg b ol 15 50
poe Los JUS ol s Vb cloolsss gl ojlgan sl oos:
0 Xy bl ,o ol Vgl A calonds a8 L s il
3lanyss slad ay alolee JUEU) sl Ll g conlh 00 298 (sLad
algs ool ioled SINFFT L aS) cwgivw g 41,99 Jhous
axxlye [18] g po 0 jiis @ledbl (gl .coslons ooliul (b
YW
5 Xy = Cte. a5t L o gl 408 (glisd ay azily Jlas! olas -2
Sigoh Gam S sgale able o LSS R 05e
oS ols walgs Xy by jo d2y/dx? — (k% — B)Ty, = i

e ol e
ﬁk = [SlnFFT]k(u)
Gx = [SinFFT],(g)
oy sbwly o ol ol pilez A e 00,88 (giluailS L

polie o Jo b oS ad sales Jol> (g kadan SYolee oliws
ol sy s Ty
il o Gy W 598 osSao o S1U(X) polie ol ;0 -3
45 )5 55 O(NIogN) asiye 5l Glowlons 430 398 Slles JS
@ Glgee yien Ol lp w4 bls slas N o] o

)5 axzlye g2y

Jlwo gy @ @ptie GG bydb Jlasl guuges -4-3
P
Hsgeale SYolae & 5t slogie byd Jlosl s (s o azil 1l
gl 5 glapls Jolis (2) (gulsy 5 (6)
Sl ) oolatwl b ug(X) polie cpwss sl (8) doles o0 J> -1
(N10gN) ai o 5l Gl (236 L 5spale g yus

10 opless 17 0951396 5o (o) Sulle Swiie

[ 6x 1.2 h(@) a2 = (U - uo(r) a1
0
Aol S Gh(FS,Z) Jl a0y polee b iy po

ol gove > b cloasl Casnr b Jsaze @b et sl SIS
US S5y 5t sy s, Sl 5l oolinal L (7) alsbes A(X) 523 5 dsles
IEl dsles > (6) alis > 15 13 55yl > LB Q &dls

Sgd e w3l ol Bl a4 aslsl o a5 el (11)

S5l Aol goae Jo -1-2-3
di =gl 0 &5 mpSie b 01, G(Ad) phate 800 2 S illas
claliol, jo bl olaw o Jsb iy 4 Np gL 5 ool Li/N;— 1
2 &ly bl diws g0 a4 gl a0 bl o =12
b oo 5l 5 (So5ed 50 bawgs o5 Wgd o SGS& O 5 Q5 sloal
b 59y 2[5 (Sazed 0 18] (Bain g (L3 Gla)ls wsilon wlons
(o 1,2 JSC2) 95800 095 sy G pad Ly o0 50 s §
Iv={ri€Glyi€0s& Ball(y,d)n 0y # 0} (12)
PRl =dy = d pxy ESleS Sllre &Sl ol )5 o
(11) ISl Uolee gooe JS5 a5 &peo iy led b ol ond
o )ged
N
D G hIDE? = Usr) — (), j =1, N (13)

i=1
US4y das O oles oS S 4y e a5 0D dalg>

[Auxml[hly = [b]y i (14)
- h(yd,i=1..M Aot oo Aoz laie M 5j9lp Cga

ld 398 Akl ) 050

A;i = Gu(v)v:) ij=1..M
h; = h(y;) j=1.M
b; = Us(y]-) - uo()/j) j=1.M (15)

Sy (7) Holee ey Coons M(Z) &b 280 4 (14) oKwss J> L
Lod ool Jo JoB S sla g, 5l solaral b alts 13 5 0T o
N Jlde o a5 cnl (go0e e bl slows cains Lo M o5 oS 4z
D98 0 wgwe (SgS lwn dae aSl bl ol gy
Ogolyy aolre s f =0 Sl gl gy e 4 el Sl
>

pya

\
’
[ -

/*Az-—

Fig. 2 Definition of the numerical boundaries in a uniform grid (i.e.,
dx = dy = d).

SISy AL Sy 50 goae el alall Sy iy a3 2 S0
@dx=dy=d =)

400


file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_15
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_18
file:///C:/Users/Desert%20Rose/dropbox/MME/Mehr%2096/2210/Enew%20172210P.docx%23_ENREF_18
https://dorl.net/dor/20.1001.1.10275940.1396.17.10.51.9
https://mme.modares.ac.ir/article-15-10417-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-22 ]

[ DOR: 20.1001.1.10275940.1396.17.10.51.9 ]

b panld (5 b Al duc 9 3Bal 09 3apd

TH 23 5153 Jlws Ol @b- Il O9awYee pb &g Sola & pime L) o Jlasl 23 ugSae Jsluwo yhg, I oSl

IBC g, Jlac! al o 35 Jalis il olS 2 5500 oy aSiir
Jo DS Gl ;551 2 MelS (358 oyl &S 09l azgi 09 Galgs
A oy, ol 5l eolanul b 1A 113] el Gehie by ali- ol DYl
SS9y 2 ool VO dLa:A.;.Alo LS‘)J. as 1) S9>g0 d—La:..xf u‘s—\LsA éab
plezl s> Jlw olz Jelod ln oilasdl aswgs 5,50 glaasis

ECwT S50 Sl yh -5
5 b @or% 5 0909 sbaiye Ol 5o w8 13 o ez odle
L azg b aigh Jleel S¥olas 4 b 55 JUIS cdo lac)lps uizen
Coloads 3,95 10 SawdS (sl 50 & ygoas LT b g Solos
JUIS slao lgp -1
(191 555 abal; 51 o)l (59, 2 2ol 30 byd Jloe! sl
ool solawl

_ 3(¢b - lpl) 1 (16)

Cr=Tgr T
2550 S35 50 08 Gulsl e Ty 50 Sl b il O o &S
@ el glasye 595 2 Ol @b polie ool Jlow &by 21
el oas 423§ by o Py, = Cte. &0 4 355 pas b s o
(5999 50 2
polae [ el onls (2,8 0ad oold G JuBg (699,9 0 o
S obral @i brd g (639)9 S Ly Slitie 5l L
oS 93 nl B Bb 635y e Jdgn 65U
Sebes Jol>
Ta Sire by -3
Lrs ol 25 e 0 b bbb Seslos gl ol
el 0 ool lowle (5350

¢ a¢
99 9% _ 17
U5 0 (17)

o lonT s (2l kg Sl @) B 0)90 coaS D T 3 &5

ol T gl o Cae s Jladie o i Up 5 o)L, sl jo

W6
sloawain a4 o] Jleel a5 395 oo 003 0l ]yl ygeVge,d 4 2K L
pae slob i Jlasl cds Lol Jlow Lol g8 co ploul (Sols 4y oauzmy
s (Sleed 3 ey i Lo Glojen Djgod g B9d5 pae g 54
U slaca i (b )l (g |y e o8l Saddgs Gl Blo oS 095 e
i 500 (g3ae lacy & 5 la obiks
B e Bl S s b Oz el s (Mol e b
e cpl (o 1) 4 JS0) Casloas goas Jo (JUIS Gy ad )F
Oygods byl a5 col  Slasloee OVl Saliys S Pl 31 S
Cawlodds gy ey slael 51 (I 55 lies oogame gl (0,20 5 goue
] o yiwd 0 ol duolie gl e sleools 13 4 [21,20,18,3]
oz b aS 0 arg caslosnl 1 Joaz jo altes owiin Slasie

Jseze polie Geeni sly ol do 5 (14) (s olSiws JSas -2
S 0S azg M? asie )l Gloslne ane LR asia OMex
A bl olasy 3l o)lgen (goae 0 bl olass 2oy N D> M
e
03lizul L (7) alsles > 5 g80e 5,0 blis ;3 B polie il -3
(N10gN) 450 3l (lusloes atyjo b 5spele o S |
Loyt o Jlow &b o u(X) polie 5l up(X) polie o liS01> -4
o8 b anie o), ol s
Vsl Jo Al g0 bels Gsb olles wgd e ouys aSilix
al>ye Sy g (NlogN) aiye 5l aloanie 6l (Oowls) seele
2R Ogise 14 5 Cenl (NlogN) > M? asye il slame b Slides
P (e g g0 e (NIOGN) L S jo Sldes ate a5 o8
el oy pe b3S Rl o Liod 058 o0 wgime @y Sl (35,
Sl s osdse 2yl b S s (15) Akl po culyd uple il
el oy o5 2 50 b culys G pile & Cnl S 50 b bilee
D¢
IBColye L1, 358 slal> e Jlaz piysfl som slaoolionl sl
Dols puplys gl T @ g 00,8 (63800

2R Jbw Ob 2 Jo (I w0991 -4
55 Jlae (g, 5l §piee slacssre byt Jlos! o psSUl sls b
Jo Blhae 1) Jlw ol loanes (5 02,0800 oo 0951 (IBC)
19,5 4> 55 O jg00 3
335 s Pr e Lt 50 6 i Sl p5 s -1
BB Y™ > s s IBC o2p,s80 51 oolical b 1) ilons
Sore Lalps Jold o550 Ll dom a5 08 az g el drnloe
lowds Jlosl a4y 3 sis (55,0 Ll p 5 5 S
Sl plsl 6,5 LRGN ey 0 Glgiee (4) dolee J> L Jl> -2
Sox &b Gk I Gl o 58 550 Laulyh oS 0S4y
P 1 ol o8 5 o5pe by 5 o0 Jlosl conly Cons
g so Jlosl @ 4 IBC o )55l 5251

n

[0
A
Vy =-a" IBC
V2o - fo™ = f(y" 0" ) IBC
a)n+1

Fig. 3 In each time step a Poisson’s equation and Helmholtz equation
are solved in which the immersed boundary conditions are imposed
using the inverse problem method (i.e., the IBC algorithm).
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Fig. 6 Vorticity distribution near the square obstacle for different
Reynolds numbers: (A) Re=10, (B) Re=40, (C) Re=60, (D) Re=200.
The vorticity iso-lines of levels +40, +20, +10, +5, 0 are shown.
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Fig. 7 Non-dimensional circulation length Lc versus Reynolds number.
Comparison of the results of the proposed algorithm with the results of
Ref. [20]
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Fig. 4 Square obstacle placed in a channel. The dimensions are
provided in Tab. 1. Since the obstacle boundaries are coinciding with
the computational grids, the satisfaction of the no-slip/no-penetration
and the conservation of mass can be evaluated without confronting the
approximations of the interpolations.
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Fig. 5 The problem has solved on Cartesian grids with different
resolutions, from (64 x 256) to (256 x 1024). In the present figure,
as an example, the (128 x 512) grid is shown in the vicinity of the
square obstacle.
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Table 1 The geometric dimensions of the problem of Fig.4. The
dimensions are chosen such that 1/8 blockage ratio is obtained.
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Table 2 Grid independency of the solution is shown via study of the
non-dimensionalized circulation length at Re = 40.

Grid resolution 64 128 256 Eqg. (18)

Lc/d 2.0 2.09 2.1 2.151

05F
ok
| | | | |
s
C
+F —
HEe
osf -
—_ A
3
g
Z WA
05k
kb
| | - | |
e

Fig. 8 The velocity components at the solid boundary, along it, for the
flow with Re = 40.
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