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Atherosclerosis is responsible for almost 35% of annual deaths in developed countries. The
disease could be due to an artery blockage by the interaction of an externally second phase (air
bubbles, medicine-carrying capsules) with a particle that is entered into the bloodstream. The
effect of some of the important affecting parameters on the blockage time of a microchannel due
to the impact of a particle collision with and a moving second phase is investigated using the
lattice Boltzmann method and with programming Fortran 90. The authors tried to mimic the
physic of the flow of a small artery by generating the same geometry and changing geometrical
and physical parameters. In the present research, Lee and Lin Lattice Boltzmann multi-phase
model is used beside the immersed boundary method. It is investigated that the small changes
in Capillary flow have no meaningful effect on the interaction of the second phase and particle.
But, the ratio of particle size to the channel width affects the blockage time in the microchannel.
In fact, the blockage time will increase by an increase in the size of the particle. The initial size
of the second phase to particle size ratio has the highest effect on the blockage time.

Keywords Lattice Boltzmann Method; Immersed Boundary Method; Lee and Lin Method; Two-
Phase Flow-Particle Interaction

CITATION LINKS

[1] Food emulsions and foams: stabilization by particles [2] The effects of inorganic solid
particles on water and crude oil emulsion stability [3] Inkjet printing as a deposition and
patterning tool for polymers and inorganic particles [4] The role of particles in stabilising
foams and emulsions [5] Factors controlling the stability of colloid-stabilized emulsions: 1.
An experimental investigation [6] From bijels to Pickering emulsions: A lattice Boltzmann
study [7] Application of nanoparticles for chemical enhanced oil recovery [8] Managing
particles and improving air quality in NSW [9] The Lattice Boltzmann method as a general
framework for blood flow modelling and simulations [10] Direct numerical simulations of
particle sedimentation with heat transfer using the Lattice Boltzmann method [11] A new
predictive model for fragmenting and non-fragmenting binary droplet collisions [12] Phase
transfer in a collision between a droplet and solid spheres [13] Collision behaviour of a
smaller particle into a larger stationary droplet [14| Investigations on the impact of a drop
onto a small spherical target [15] Lattice-Boltzmann modeling of collisions between
droplets and particles [16] Diffuse interface modeling of three-phase contact line dynamics
on curved boundaries: A lattice Boltzmann model for large density and viscosity ratios [17]
A numerical study on droplet-particle collision dynamics [18] An immersed boundary-
lattice Boltzmann method for single-and multi-component fluid flows [19] Simulation of
interaction between a freely moving solid particle and a freely moving liquid droplet by
lattice Boltzmann method [20] Lattice Boltzmann method for fluid flows [21] Dissipative
and dispersive behaviors of lattice-based models for hydrodynamics [22] A stable
discretization of the lattice Boltzmann equation for simulation of incompressible two-phase
flows at high density ratio [23] Lattice Boltzmann simulations of liquid-gas and binary fluid
systems [24] Particulate flow simulation via a boundary condition-enforced immersed
boundary-lattice Boltzmann scheme [25] A fast numerical method for solving the three-
dimensional Stokes’ equations in the presence of suspended particles [26] Calculation of
two-phase Navier-Stokes flows using phase-field modeling [27] Displacement of a two-
dimensional immiscible droplet in a channel [28] A lattice Boltzmann model for multiphase
flows with large density ratio [29] Investigation of the flow around transverse cylinders
[30] Numerical simulation of two-dimensional flows over a circular cylinder using the
immersed boundary method [31] Geometrically mediated breakup of drops in microfluidic
devices [32] Droplet dynamics passing through obstructions in confined microchannel flow

Copyright© 2019, TMU Press. This open-access article is published under the terms of the Creative Commons Attribution:onCommercial
4.0 International License which permits Share (copy and redistribute the material in any medium or format) and Adapt (remix, transform,
and build upon the material) under the Attribution-NonCommercial terms.


https://www.sciencedirect.com/science/article/pii/S1359029409001010
https://pubs.acs.org/doi/abs/10.1021/ie010927n
https://pubs.rsc.org/en/content/articlelanding/2008/sm/b711984d/unauth#!divAbstract
https://www.sciencedirect.com/science/article/pii/S0001868607001224
https://www.sciencedirect.com/science/article/abs/pii/S0021979783711823
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.83.046707
http://ijogst.put.ac.ir/article_57640.html
https://www.epa.nsw.gov.au/-/media/epa/corporate-site/resources/air/epamngprtclsimprovairqualnswoct2014.pdf
https://link.springer.com/chapter/10.1007/978-1-4614-4376-6_10
https://www.sciencedirect.com/science/article/abs/pii/S0017931016318130
https://www.sciencedirect.com/science/article/abs/pii/S0301932207000419
https://digitalcommons.njit.edu/cgi/viewcontent.cgi?article=1338&context=theses
https://www.sciencedirect.com/science/article/pii/S0921883114002702
https://aip.scitation.org/doi/abs/10.1063/1.2716065
https://www.sciencedirect.com/science/article/abs/pii/S0927775712008539
https://www.sciencedirect.com/science/article/pii/S0021999117300414
https://www.sciencedirect.com/science/article/pii/S0142727X16303101
https://www.sciencedirect.com/science/article/pii/S0021999115006907
https://www.sciencedirect.com/science/article/abs/pii/S0017931017356351
https://www.annualreviews.org/doi/abs/10.1146/annurev.fluid.30.1.329
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.61.2712
https://www.sciencedirect.com/science/article/pii/S0021999104004929
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.54.5041
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.476.8834&rep=rep1&type=pdf
https://www.sciencedirect.com/science/article/pii/0021999188900034
https://www.sciencedirect.com/science/article/pii/S0021999199963325
https://bit.ly/2RxnMFY
https://www.sciencedirect.com/science/article/pii/S002199910600088X
https://link.springer.com/article/10.1007/BF01681556
https://www.sciencedirect.com/science/article/pii/S0021999103002146
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.92.054503
https://link.springer.com/article/10.1007/s10404-010-0636-x
http://www.SId.ir

ey Waysas| g Gilws| ¢aaly YYY

a5 llluce Jluo o b (59, Ll Selins 5 @)
)5L> digad dL\.A J7less 9 uT U9"""‘J9“°' BANE) S ul)) Py Y=L
O%' ))ULY &g aily Ll Ltz:ul_tp dlwd O.—?' )’l L5)§%3 Ny
oddS 3 9> ol 4 boye Glun JPluwe 4 lagly> g9
Jsle i lo b 9o I laols Ygasno 45 (ol 39850
5 Gb shzl plo b T (iSeny 5 s ol o555
sl ) ege SIS 0je> 9> plyz 2 MOl egias
S ke b3 4 glgie (oegias dlge gl dlaz a8 5o
0 Dy udid e Gasb 3l g l9m (S3gll 31 )3 &5 55 oLl
logac) ail S8 LB gjlail 4y @y el dxilbis .aigd o
) 55 (635 ol sloedl 4 wlyie (yiegySuo¥/0 I yiSagS
Sl oS ol dzg3 Sl Bliled o> bz g il jl 5 oy
sloyeaS 3 Wl po g Sy I BP0 9> e LS,
Sy a5 1w g9y i) Wlgise Slaudl el eanl didbdsiwgs
sladsuaS b lso glacle k) g5 oz )3 39250 093 58
led 3955 3l (2l Lide g o 5 5loyd b (513 s>
Ul]&gl.n ’&LA 9 [1010)5 ’0)5 (5LQ’|°“"M b dwolbo 3 ‘)’9)4\' aly
03 b &ile )3 sbapiunu (oga> 3 (5y1aS Hhuwy wliubxs
0yha8 05131 o coyhad ey Hil 121 5l 418 g0 55
SBysiy Jsb > aile glall 1y Los BT 5 sals e 4
Joyd &S L asidive sy ol 53305 HLE wyy 390 0yhd 6,3
sogdhe S0 Iy (hals w93y ey (Ll L gilo Glall
So b duqlie 3 3SHe 4 e YeEn So S Ad patde o
9 Lo d9de gile yuday Glall cuw Syl 25 ye3p
oSl okl S b S8 welz 03 Sy ez I IBIlSan
23 SRS (5953 45 2iih azgie g 0313 S g0 |y S
2 b Rlegill MghKan 5 5T ol LS wls S
sl cetys e Sh8 b ohd SG g o) So yeBs pegas
HB osh g 0,3 a8 oS 39y (alauy dsl 1 S ol Geis
sl 039y odline (P8 RIS _\.uT)s Al )Y g duslio
o9 3ae wle sy g9y (slayiably B i 8Ty ST
3550 3935 Seiaw 2y 033 4y o3k a8 o 9 (5,018 dae
dzgio g Aol HLS ap g 03 Sy bl Sy g S 4
9 B Y0 03 [ 4 Gl (5530 3gEp S Lad
y GEShS o 51 )3 stk G L oghal G 395 162y
S b ygBp 50 skl dF Aidawy 4zl ol 4 g 035 (Gilwdnd
@ygo 534S G 53 s ol 4 Uyl Joled ccwgaa jaiduw
e xbw I g ol wwsh ophd Guluw xaw U)gg}g)fg.j
-390

J3935 @hh gl 955 un 4 Wb o usi IVl
[XURY oy el 5D ._\L(_'>|>),3 Bl sol> w3 g u,xi.u.u
03] Ll 4 JIBE cwsSly Gxbw oSty g 3B s
Gz Nz b SO gy S o @ IBpSas 5 S Slosis
oaxtler 45 (g, 5l oslil b jgdbst 50 S L ol iiSamy 5

WA sidusl ¥ oyladd Yo 0,9

2 Jig,Sue JolS sl gloj (533 sy
Sl oslawl b 0pd S b (5593 plyr (HiSany
ooty S g,

PhD jilws! ¢yl

ol «UlS (o LalS o8l «SuilSa uwtiga 015l wsYlaaw g iyl 09,5
PhD * iz Lsysas)

ol cUlS (o LilS o8l «SuilSa uwtige 015l wsYlaww g iyl 09,5

03:5>

aidliaswgi (sloyeiS 15 dildlo yuo 9 Syo 5l BY0 3905 ol S, slawdl
uu_))f o L_:f)>)-**’ Ui 50 S 3 (695 (ke Lilgise Ml el Ll
s> ladsunS b lsn glacle wile) plyz 53 39290 093 518 S0 wes
23U gols dlis )3 alad 3ep oyls 25 Lise @ ¢ 45 (5loyd b (g0
S o 0 &5 BB S JolS shaidl gloj 2 g sleyiably crasieee 5l o5
sy 3 o3l L wiS e 3,95 Glol 6 J31s w5y Jlo 53 g3 516 b 053
sl @S 8 Gy 330 Qe b 4 Gunsitalin b g epilsy aSd
b g waie lryially pusd g alde dwiie Ayl L U odd 2w
(s 38 i) S5 5y s 3l Ko 4 4 s e
bgs o g0js5 @5 93 b cpajilyy aSid (340 gy S il 48l oy 3sd
30 gy JUS 53 woad hee (89 pliz Sy ilwand e o s
55 6 MlS sae SasS s 45 Ab et S e odlitul jgabgd
o3l o Lol 5_\)|3.§UAJ 0 g 09 56 ol isSamy 8y 4z B
b dly ;5 g 4wsliS il JUIS JolS sladl lej » Slgie JUIS ose 4 05
515 sl 051031 s 55 Tay Gl 55 JalS slaadl ol o o510l gl
139550 JUS" JolS” slasl loj s 53 ol 030 5l 03 ojlail 4 093
ol

ooz LSe35 o Uhsy wgdbe Sy Ubgy il b g, Amelgals
3 b (s3l890

WAYNYA sedlyys o)l
WANENA Gy gyl

ar_rahmati@kashanu.ac.ir :Jgius sdiugs

dodds -)
dolds & 0> SIS 9y e b Bz laglyz 5
olojar jobdy ol g Jw lajls b Jlw alie lajlé
osle 5 alittee (slayls Jobds ol Ko ol oyl it
5 &le Sy wile calizee dlge b Ul 5 ale Sy wiile liie
& 55893 slaplyz 5l age dws bl gilo 93 b Jluly SO
ol @l jeas woad aslsy oly yieS YU Sus ede @
el (5595 plyz S dB1 )3 S st b cilo pluzl
der §l Giline alio 63 s B sleeiugw
s cas Qb Migjloggudgal
5 Bllie gluo sl 5 Gdall gilio 131 Sug sl
5 Sy sl 2550 b8 eslal 390 Bl eards )ty ilio
b )18y 5l Gl Sy iy (Sl sl oal il

e Sl usige byl sele doliale


http://www.SId.ir

YE¥ Lo3 Qb (5189 pliyr piaSamys 53 JUSg5Sua JalS slawil gloj (330 (ayy

f,(x+e.btt+8t) —f,(x,t) =
fo 24 fo—fod 5t
_ az_Ta _ az_Ta + =~ (eq —
xt)
[0 pcZ—p 0j(@—x 9 p]

cz

(x+eqOt,t+6t)

F ( ) +%(eai - (\'“)
(€49)

u;)

[0lpcs poj (<p K 05 p]

u;) T (w)

(x+eqOt,t+6t)

Ja(x+ eyt t +8t) — g, (x,t) =
_ 9494 _ 9a—9&
2t () 2T l(x+e,8tt+68t)

St (eqi—u)d;pct
e IO W (O) |
(€29]

2 c?

St (eqi—u)d;pc
S L=t 0P T, (u) = T (O))] +
s (x+eq8t,t+8t)
st
> (€ai =
[18:(81pdrp)-
u;)

2
CS

(¥)

Kaj(aipajp)] Fa(u) +

(€29)]
St
2 (eai -

w) [’Cai(akpakp)c_z’caj(aipajp)] T, (w)
s (x+eqSt,t+8t)
P 5 s P SpsSwgShe caepw U ((F) 5 () @¥slzo p
&l55 fol 5 Gal omzean am3Ge ol |y Galeasd Juwiliy
g dolo 1) cygody g 039y IS RajgS

gz = g [_ + p(emul (etxletx] Cs 1])“ u])] (())
fo' = wep [1 + 2y —(e“ie“j_ci o u'] )
cs 2cg
il s oS
cei—C28: )W W
T (W) = wep [1 + S +—(e°“e°"zz§ ”)“‘“'] (v)

ol Jlwo Saelindgyaue jlid p
slcaaS glgige whd 1597 gilgd slaplos duwl=e L
Z))9T Cawddy |) p)st 9 U ey P k:]‘_i> k_i.ugg.mg)ftn

P = Lafa )
8t a (dp 0dp
P = Z €aBo T 0)(1 (0Xka) N @)
_iﬁﬁ]
0X]' (0Xi 0X]'
8t dpc?
P=Sa8uat Uiy )

dsloe dhuwgdy 9 Ghs jobdy T Caaxd ploj &5 a0 (558
Bl bysye aibss hus > ISz 4 (1)
1=Cy-1-0rt, )
L B0 9 gile slajld Caaki slagle) adyidy Ty g Ty &5
52y plwe cxmsglas €= (p— pP)/ (PP — p3)
Gob il ) Seladaw digjgSung jlade plgie cadys grl 4wl
3943 dulze Vv = TCZ 8t dhyl,
94bge jyo gy Jlecl -Y-Y
wd ) Glyy ek plgieds plgige ) sedbee jre by,
pluzl 9 el GliSamy gilwdnd gl el Gie glaghy,
SilSo (g3l sl ool 53 090 ol 2He3,S i 53 wolz

Modares Mechanical Engineering

osliiwl 395 uwyy > o9 ol gy 3l udize oyl ..\3'43_'>|))3
od9adedld )3 Gew dhun Heilnl Sl u_xs)fg_iaf bLog 03
Ailaals Jlw g j9dbse cluzl 5pe )3 (i) pae by JolS
&lo 0)hd SO 5 Syxie 1alz 0,3 Sy glao 93 2 g Ll
Jyo 52554 b g crapidey a5 g, 3l oxlisil U Iy Syzite
ovll | alize gl ey 95 9 03903 Gilwdind o2 9 oo
LAdgad dlgiddig 393 ol

wio y yige slaytebly paiees I B w0 ole dlie )
Jo 53 093 56 b o3 SO o > & JUIS S JolS slaaas! oo
Sads gy 5l osliil b S oe Sgdy el B U3 w8
W8S 518 (o 996 VD8 ol U Guasitelin b g oejile
L_;Ltz:)_ml)b),\.x_v_‘ 9 wlie dwiin Mol LG cul o (52w Ll
J) ))W|M@|wubm‘:§))ﬁ9cwm
23 0lgie GainS ol @l 1 a9 (g jlwannd il glasl See5
S5 Jalse g o2 Jolge bouwgs LS, slaudl 53.85 (uiy
02l 6l RealS Blgie ol pegdle w9 1T ol 2
Sl b pasts laoKinlel whgad i >hb ) Elo
8l i 9 g gl 4

©3de gy Y
3B ol ilwand sl owds J Bhgy VY
sleoluz Jo Gl SipgSiwgie wdlioy So rejdsr S Gy,
oo 53 @by &aisl @lgd @l po QL L oS el Juw
028 U RIS o oo dtunS 45 o (595 B9 9 Lt
b oepilsr el dbleo (Sadibglae @Shi Jl8pe Jw 9
redgh 5 Sb 4 plgice

fulx +e,6t,t +6t) = f,(x, t) + Q(a) )
S ey g 9 o o5 0L (B @je8 @ fi il )5 &5
G2 slogy jeam 13 (@) Yoy bl Liede plis )
2900 by Cygod

q

e ()

(ea (Y)
u) + ] (upVy + Fp)ot

» @y e Gy Gy sl We wyle (V) dbleo o
3o el Juo @ il Jlude o5 st esder 4Sud by,
§I enbe ol polio D2Q9 Jio (sl 3l Stun olitul
olid |y sy gy s ploj T s il S8 gz e
42350

< 2595 & 93 b peyde aSud (338 gy S 3l pSl> u
ol 8y20 (551893 plyz S (silwand ln B (S bawgs
Gl sl st U o Jae gl 3 S eslaiwl el
093 &5 @l g 3550 S oslitul 3,50 Sy ojluil g L
ooitley St dsleo Sjluse patidie ) slizl I SG e o 53
el yj eygody &1j95 &lsT ol 3l S e

Volume 20, Issue 3, March 2020


http://www.SId.ir

ey Waysas| g lws| (aly YFF

69 Jlw odelcnday ey (58l pae (g0 by Ll (sl
Sl gleSa e plas ) olgny ey b b (gipe dhdl Sy

U_;ol_‘) o5 )’l
Yij 2 Suk (Xé,t)Di]-Asl D;jAxAy
of Greaile S 4 by
AX =B (Yv)
PAY
81 81, o Oy 5?1 5?2 Sism
831 822 O |85 85, - 2m (YA)
8mi Omz - Bmn 8.21 8.22 S?;m
Ug 811 812 81n uj
B = U123 6?1 6:22 S?n u; (va)
U{;n 8mi Omz = Omn up
X = {6u}, 6us, ..., sult}’ (¥)

Glbl s Bl gybsl blas 7 $51,5Y blas slagi M Lusily

blii 40 1y of olgin seiunw 53 SUE b b titun jpo

23S drle (M) daly Goob 51y 9508 JBz 9 313 ol (55bs]
Fp, = 2p 8u/6t (™)

i -V

SQ 3 8l 093 JB gl LiSemy U ad Gaw gl )5 )
ol 3 2l 2 Jelgs (3l wilsie oS ile gl
sl oS & 03 o g 1l gyl ol sladgunS wile (19>
Hge il 033 la oy 95 plyz J51s 4 lga (Sagll Jil 5
355 518 Gy

sladie zuliel ghy vl de SO a9y oSk Ol
yols oy 53 &S el (551893 by )3 eoldiwl 350 (533¢
5h8 bixe 3516 53 (g9l Ol SO Ll oads oslatwl ('JT 5l 50
ais,S 51 5 ajpe eled sy Sdgay (S50 by g b 03l
938 g (s33e 2ol I saalewwddy Hlid YS!\ Hlagad 53 . ainb
33 &S jgb lan Lailends o) v bzl blie 5y GwdyY
raw bzl g lid GWS e dayly el padin Hlagas
oyt B S 5 (T IS 5 P71)San 5 LTS siken
A Gahio jui Y gl 2l g 039y Sh>

odds o3y lid V Sy Gl izl Sdleds (5 p9a8
bwg 33 45 (Gloyd a9 038 wSy> ol 518 J&Is 53 093 18 Ll
Al Jsb 5 D s 55 5 S0 393 o o313 5 JUIS
JBS (e comipan Sisdion 55 55 53 Ly il s 6
3959 3 8ly J8la> (gl .l oais 031y (Lid WL (5 ygue
o135 Ungesyp el 6W L iy o Jsb JUIS o255 5
Sl Jfue golis FeoxVeo dlayl (3903 LiS iy ;> oS
S > a_\l_u a1 Ml @ (w5l 39 Lmlgs
u9A)T 390 YYox\Vo g Fooxoo [FAoxAo (WfoxFo Calize slaul b

WA sidusl ¥ oyladd Yo 0,9

o el dolsl )3 Lol cads by il U518 095 ol 3 S,
294092 50 by Jlact (sl 251 00t 55 505 (slaplyz
il 5 JSa @ (V) 9 (1) wYslee copeiey aSuis (g )

gao0
fulx + 48t t + 8t) — fo(x,t) =
- % (£ (x,t) — fu(x, )] + F, 6t (V)
Fa:w_g 1-— (eg—w)+
(e Cs ( 2‘[) [ (WJ)

aséu)] (:“rp Vo + Fy)

c

sl plgie prige

pu =X eafa +%(/‘rpvrﬂ +F,)ét ()

@ enle el pasido VF dblse I 45 jgb plan
g 4188 wlis ayes @l 5l Ll 5l S0 45 390 S oo
35350 (F = (Y + Fy)) 53 I 43,803 o 9
s9dbot pe 9> 4y Fyy o 261 Spidie mhw (ga5 4 HyVy,
4 olgie ) e cylie cawd dw ol Agde 031y o

Dgal e yj eoVales JSb

1
U, = ;Zaeafa )
1
U, = z,u(pvq,dt (%)
S5, = indt %

Al canddy i dsles I S ey g ol 5
u=u,+u,+4, (\A)
090 I8 st @ 3l ey Uy (IS iy U (A) dilmo y
b (59525 5| ke iy Up 9absé jyo s9d> (IS
oliad y pijsd pae (gipe by gl ey ol 8y g Syt

eyl olgice pelwl pal » a0

u=u"+4, (\3)
&5
Ut =u, +u, (Yo)

&5 31 oslisal b glsin by (Bup) okl Bl (59, 8y e
9] cwoddy ST (glis

8,(x,t) =f ouh (X}, t)6(x — X})ds ™)
r

owesS (D) J5yS diwgay @3j95 5 (M) Whlee y3 8(x — X5)
27 5g8 50 035

1
D(xij _tha) :ﬁd(xij_Xé)d(Yij_YLla) (*Y)

_((/DI1 + cos(m|r]|/2)], Ir] < 2
()= {o, >z

ey ) eygedy plgise b (V) dslee orlby
8, (%, t) = Nymq_m Sub (X}, 0D (25 —
X5)As
el s (¢p0 dhaii 95 o pleS Jgb (VE) dslso ;3 As
S gl 5 S 4y (1) dbslee plgie ogiS]
u(xi]-, t) = u*(xi]-, t) + du(xi]-, t) (vo)

(V)

e Sl usige byl sele doliale


http://www.SId.ir

YO oSG G s5les pliyr ptiSemy 53 JUlS9;Sua JalS sl loj (s34e (o

oS grizen el G s le Wl plegesd
S (5,50 S5 Ued JaSia G5 egd 6 (5yladl elizl
3 &S ol 0)d iy 53 030 4l syl gad oylil ol leise
3 enlz STl oamlice JB t* =¥/ )3 L8l> s 350
5 it/ a5 4zl Alan (oS oS 9890 4 i JaS
bpe Gl S L leells wad eladl BllghlSen
51 3alyS IS 35

2t g (Ca =o/00cFV) osalcwnddy gl j LaS (lawlio
o391 ¥ S 55 Ca =o/e) (sl B2 en  SGil> oliole]l
93 )0 093 3B L) edie cdalin 45 b plas cwl oud
sy 53 o0 4l Sy 390 93 48 53 g 039 i wdl>
g0 ezl o3

¥=2.00

t+=2.25

s Tl alis b €a=0.00043 (53l sae alis i duglie (¥ JSa
52 Sam

(Ca) NS sae 31 uyyy ¥

JUE ol shawadl loj 9 @3udlSe 0 of 530 &5 (g ey crudsl
sde 93 sly ol (WIS sae 3550 8 Gy ge
loads e3ly ol ¥ UK 5 calizs (g,MlS

Modares Mechanical Engineering

sl JolS Sl ST oy sl oS 1 asdin 3 S
ey b ai8liasngi alS gz bl wcal ju2l 5T a5 93
9% w2yl o ilaiS Jlael 29,5 5 6399 13 U 0uSibio

ol oad 418 S AT 3 VY Lyl 58

0.006
Analytical Solution

0.005 § % LEM results
0.004 F
S 0.003 F
0.002 p
0.001 p

0 s A A s A

0 001 002 003 004 005 0.06

1/R
hw (slizil Cuns 4y 0yh8 S 2415 g S50 jlis Ol (Y Hlagas

> 0D W

oo 290 o Silads jaas (1 JSb

Slae 543 y9dbge jyo gy Jlasl 4y bgyyo alis Giwliiel (sl
9 Sl 20 b it juibuo SO (595 edddle (sluy
ol oads duglie V Jgaz 3 Bl San o foluw o 2955/
sl KzsS pls lae L3NS
s gbyz bbb g dwsn ol 55 5L aey gy slacl
caud g (D/W) JUIS (ye 4 )3 s s ((Ca) (6,38
Rl 2o e (L/D) o3 jh8 4y pgs 56 adsl Jsb
Bybe Ay ) Wyl

Ca = Il1U/0' (YY)
i S8 93 b 1S 0 g Jol U i) py

Sate i S (695 b copd wnlie (Y Joaz

by G oy
Vve 29139y 9 5L
V¥V 1301 S g fploaw
N Yol S

d2le 350 wygo (S ol 0350 1 (5950 il 53
33 93 3B Ll camlie JB Y IS 13 3955 05l alize
S om A8 A |y slosuzay JS 0l 03 I joue e
Ui 93 y35 jl e 5 030 12T 0y bauwgs 093 518 (inlaz «uled
oo wnl 3 JUS JolS Sl b olyass 45 0,3 1 oadalaul

Volume 20, Issue 3, March 2020


http://www.SId.ir

ey Waysas| g Gilws| ¢aaly YV

Slawdl ploj g JUIS (5e 1 03 il ol gls (opiivne dlly
€ cwl Gige ghy ol (Y Jsaz) cwl lydeSs JUS Jols
sn yiVgh Sl ey wilgie oS, S5 iS5 @l jpas
29 0dd g ol 43 39290 095 il b (liSery ploj 5
a2les Gialidl [ o 5l Gab slagslan s ()lse San shs 4

s

DiW=0.25 D/W=0.50 D/W=0.75

=225

‘]

L/D =V/e g Ca =o/e0of0d ¢ JUIS (iye s 0)3 ojlail cowad ,u3li (O S5

=1
=

slocauws sy JolS sl aails 5 £9,d s loj wnlie (Y Joaz

D/W iliseo
D/W

VO o/0 o/¥0 o oles

v vy v/E £

YA ¥/ ¥/ ol

YA o/ A o/Y M|

O baye @S ) K0 el wglas Sy 4wl dawl
ol o 5 3903 syl JUIS oye 4 o3 o5l alizee (cloccanus
095 38 (5,Le3l shizl JuSits olSel iS5 (slacand 53 45
odalice £ S )3 glgie b casBly ol S Ge lay Glalidl
3929 45 35 olS5 dlue 4y e (ol 31 Glgioe o) (. 59ad
Ol 53 39250 093 (Sl Sl 4 i Wlgie iS5 @
GloS) sl Guild azuii )3 5 0ad ISzgS shal 4 o
Am3a GlalS |y (Shdpw 4Seb )3 39250 cundpnly SEsS
glo whhd by lon ol aziliz Wi oldl & b ples
Sod ) Hgaz 4 diy Ngd JSAS 092 oz 3 o
G b 32 sl Sep caw wlyie Shalw b (Sydw
slajls JSis engo )3 45 cal (53906 95 ol S Nigd Sye
B Ll ojlail B sl (gugad lyty Shbpme 4Saud )3 093
Lilgiy i )3 9 oddh SiSZsS Sh0 IS8T 4 Gy
03U b I ealed )3 ) )3 dal b g o (Syalue < 3y

gz ol

WA sidusl ¥ oyladd Yo 0,9

Ca=0.00045

Ca=0.00065

/0 e iz Jolo J1aS5 oloj 9 pjailSe 2 (5MlS dae 306 (F JSb
L/D =\ g D/W

s SsS lyd nl (pdia ¥ S5 51 45 b plas
oo a5 olej 5 0505 51 ersichlE (550 (5 SlS
OB g0 Glol yiehly 5@y Gun @l N e Blize
Sl 43l g £o,d 555 oley (JUIS JolS sl oy ims
Sy @B by of00ofl) g of00oFD (6 MlS dac g3 43 JolS
cdls )y sladl plo &S wd Jakie 9 d)S S aellae 390
PSS (Ml sae 5l ity Sl s S5 (6Nl sue
ol

(D/W) U (dse a1 043 ojlutil s 531 (puapys -¥-¥

30 JUIST JolS sl olaj 5 @58l50  of 51 457 (6,505 el
o2 el JUS (ose 4 6d gjluil cowd s LS
48,8 i )5 (/YO /O /YO) D/W Galizio cowd 4w (yghio
Gl Glite glacdls (gledud 4 baye gl e
e L londs odygT O JSo 5 eadolxil am gu slagle
5 aytehly 9 ;03 bl (solad (3920l 4 4295 b &5 ol
PS5 lacand @l 09351 5 0)3 13 )3 ojlall s L
g 3T 3395 D/W

2 03 b g3 58 39y tF =YV ey gloy 4 S G
Looyiis 093 318 D/W =o/Y0 (sl cannl 51T Jl> 55 D/W =o/¥0)
85 suayon 5 43 s (F JS8) sl oaibitgg |y 03 5 oot
Lol JUs 4 |y (s yidan JolS sl ploj 385 e3luil o)
O i sl Caw 0y cuwdppaly Bl 4 azgi dal Leubls
A oy (65955 (o

Sd edle 93 1 3595 D/W =0/Y0 (sl JolS slawdl elasil olos
ez (0 JS8) 338lm GLEST i3 (6,595 D/W opus
ol Logs) 335550 03 &5 3 (5 pSamii plias cusbls |
cdbo sy i Y13 shasds |y (sside JalS Slaw
2 Job5 sl daails g g9yd di gloj 3 (55538 alho
o JUIS Lo 4 53 ol cows Gilite glacdls dge
S e plis gl wlead 03T ¥ Joaz 3 mlis o widS

e Sl usige byl sele doliale


http://www.SId.ir

YRV Lo SG G siles pliyr taSemp 53 JUlSg,Sua JalS sl loj (s34e (o

51 adgl o5lal az s oS aidl g 09 5B suledl el LS
gy lgd yidon 10 oawd Sl elisl slasd sl )ka))J ©93

SosSdnpi -F

G shal GiiSany » & Qlede griShhks 5 S
My Gobpt o Ghuzme Jalge Sl )5 & (o5 plyz 53 ol
0San 93 b shzl by S0uSH b aisdie aplud!
e Gy i B0 b 1) JolS sl ol 39294 cal
ohady assg Blge Dlgie by ol Sz - cuol oligS loj
G gl ool 53 4l 39d Sye 4 yaie o b Bl sl
Bl 53 el ) sl ple e S o ayl il
i ) S sl Jlasol ey e pee stably xiz il
Loy oepder b gyl odlitwl b lapiaSeny iz
wetuie ol 43,5 518 (i)l 390 Yo 8 b5 4 (ugidelin
8y 51 54295 BB 30 (WL dae SagS st & b
230 oS el Sl g HIS el 03 5 093 518 ple EiSemy
SaS) )3 per GBS e 5 BB s GLSU @l
olsied [y ¥R 3e lgiad wsdipad pwlusl lias S8
0 03 031l Lol .S Ja3 53 gz ol 53 IS (6 ey
13 g Bl i JUS ol slawdl gl Slgiie JUIS (e
55 Tay Gl 3 el Sl lej oy o5l Gialidl b sl
093 318 gl 51l cond (85 )8 ann 390 oS (5,503 yiehly
JolS 8l o 53 (oaliiens 53 L aedio 45 0393 033 o511
516 eliml slams i L ol 45 suaye i 4y gdly 53 3yl JULS
Sl glo s 53 caanl VL jl (gl 4y 0aigdyly @9
el Y393 JUIS ol

el 0285 gl S tengd by (6390 13338 9 S

23 lio ol ol &5 Kigde fgsie oS Niungi (US| apagli
el 035 Ul (5,ad dlzne

5l dlie eyl 1 iy @dlie oy 95 b gblia (Blai
Glol Simghy «(Jsl oxungi) Hlus! ol 1B diungi pgu
(%0°) Glol Sty (093 oxiumgd) ez Liyras! 1(%0¢)
el 015 gl S engd bawgi (5390 1l @ilie

&lie

1- Dickinson E. Food emulsions and foams: stabilization
by particles. Current Opinion in Colloid & Interface
Science. 2010;15(1-2):40-49.

2- Sullivan AP, Kilpatrick PK. The effects of inorganic solid
particles on water and crude oil emulsion stability.
Industrial & Engineering Chemistry Research.
2002;41(14):3389-3404.

3- Tekin E, Smith PJ, Schubert US. Inkjet printing as a
deposition and patterning tool for polymers and inorganic
particles. Soft Matter. 2008;4(4):703-713.

Modares Mechanical Engineering

t¥=2.75

t*=3.00

, B
. 1©)

L/D =V/o g Cazo/oaos® [D/W =o/V0 ;3 (g )\l elizl i (5 JS

(L/D) o053 olasl s P93 516 adgl ojlasl e 58U (avy 0 V-V
03 031l 4y g3 518 4l o1l s «uyr 90 yially ST
)')5 GL})’)' g0 L/D =Y/ 9 \/e )'..\.CLA 93 &)92.;.4 [BEE Ll
o3ls Ginled VS 3 wdls gy ool b badipe goli .ailaisS

L lodds

D/W =o/0 5 Ca =o/s0o50 w3 ojll 41 093 315 4yl o1l s 31 (¥ JSio

Lld g9y ) gl @y 93 18 audgl ojluil s GEal8l b
iy 4 45 (SIS oplgl (Y JS0) a1dlise 3l jing g
cawd sl aple pled )3 3895 0350 442l 3929 95 (50
s5b pled puizen el 0,3 o3l 4 093 5 adsl Jsb 35,5
Sl Gloy wae o9 58 adgl o5l (a3l b odg e HUal 45
o b oo G135 03 b o iSamps il JUIS Jals
OMinlngs 45 M pasine (398 wdle 93 395y 05l @8
[y JULS JolS sl yloj eepd ojlail 4y 095 318 audgl ojlail s
[ St Cdlge Wlgise oliae ol 3l ales ioliél %o U
ol g J31s 5 alie Gl Sy Ko slawdl eygo
oS L oamline ol Ly 53 (ol pogde aily 4l ol jamdy

4y e Blsice 35 /YO 15 JUIS Gae a6 s Gl

Volume 20, Issue 3, March 2020


http://www.SId.ir

ey Waysas| g il yaaly YA

18- Li Z, Favier ], D'Ortona U, Poncet S. An immersed
boundary-lattice Boltzmann method for single-and multi-
component fluid flows. Journal of Computational Physics.
2016;304:424-440.

19- Yang B, Chen Sh. Simulation of interaction between a
freely moving solid particle and a freely moving liquid
droplet by lattice Boltzmann method. International
Journal of Heat and Mass Transfer. 2018;127(Part B):474-
484.

20- Chen Sh, Doolen GD. Lattice Boltzmann method for
fluid flows. Annual Review of Fluid Mechanics.
1998;30(1):329-364.

21- Qian YH, Chen SY. Dissipative and dispersive
behaviors of lattice-based models for hydrodynamics.
Physical Review E. 2000;61(3):2712-2716.

22- Lee T, Lin CL. A stable discretization of the lattice
Boltzmann equation for simulation of incompressible
two-phase flows at high density ratio. Journal of
Computational Physics. 2005;206(1):16-47.

23- Swift MR, Orlandini E, Osborn WR, Yeomans JM.
Lattice Boltzmann simulations of liquid-gas and
binary  fluid  systems. Physical Review E.
1996;54(5):5041-5052.

24- Wu ], Shu C. Particulate flow simulation via a
boundary condition-enforced immersed boundary-lattice
Boltzmann scheme. Communications in Computational
Physics. 2010;7(4):793-812.

25- Fogelson AL, Peskin CS. A fast numerical method for
solving the three-dimensional Stokes' equations in the
presence of suspended particles. Journal of
Computational Physics. 1988;79(1):50-69.

26- Jacqgmin D. Calculation of two-phase Navier-Stokes
flows wusing phase-field modeling. Journal of
Computational Physics. 1999;155(1):96-127.

27- Kang Q, Zhang D, Chen Sh. Displacement of a two-
dimensional immiscible droplet in a channel. Physics of
Fluids. 2002;14(9):3203-3214.

28- Zheng HW, Shu C, Chew YT. A lattice Boltzmann model
for multiphase flows with large density ratio. Journal of
Computational Physics. 2006;218(1):353-371.

29- Sucker D, Brauer H. Investigation of the flow around
transverse cylinders. Warme-und Stoffiibertragung.
1975;8(3):149-158. [German]

30- Lima E Silva AL, Silveira-Neto A, Damasceno ]JJ.
Numerical simulation of two-dimensional flows over a
circular cylinder using the immersed boundary method.
Journal of Computational Physics. 2003;189(2):351-370.
31- Link DR, Anna SL, Weitz DA, Stone HA. Geometrically
mediated breakup of drops in microfluidic devices.
Physical Review Letters. 2004;92(5):054503.

32- Chung Ch, Lee M, Char K, Ahn KH, Lee S]. Droplet
dynamics passing through obstructions in confined
microchannel flow. Microfluidics and Nanofluidics.
2010;9(6):1151-1163.

WA sidusl ¥ oyladd Yo 0,9

4- Hunter TN, Pugh R], Franks GV, Jameson GJ. The role of
particles in stabilising foams and emulsions. Advances in
Colloid and Interface Science. 2008;137(2):57-81.

5- Tambe DE, Sharma MM. Factors controlling the
stability of colloid-stabilized emulsions: 1. An
experimental investigation. Journal of Colloid and
Interface Science. 1993;157(1):244-253.

6- Jansen F, Harting ]. From bijels to Pickering emulsions:
A lattice Boltzmann study. Physical Review E.
2011;83(4):046707.

7- Rashidi A, Solaimany Nazar A, Radnia H. Application of
nanoparticles for chemical enhanced oil recovery. Iranian
Journal of Oil & Gas Science and Technology. 2018;7(1):1-
19.

8- New South Wales Environment Protection Authority.
Managing particles and improving air quality in NSW.
Chatswood: Environment Protection Authority; 2013.

9- Melchionna S, Pontrelli G, Bernaschi M, Bisson M,
Halliday I, Spencer TJ, et al. The Lattice Boltzmann method
as a general framework for blood flow modelling and
simulations. In: Collins MW, Koenig CS, editors. Micro and
nano flow systems for bioanalysis. New York: Springer;
2013. pp. 153-170.

10- Yang B, Chen Sh, Liu K. Direct numerical simulations
of particle sedimentation with heat transfer using the
Lattice Boltzmann method. International Journal of Heat
and Mass Transfer. 2017;104:419-437.

11- Munnannur A, Reitz RD. A new predictive model for
fragmenting and non-fragmenting binary droplet
collisions. International Journal of Multiphase Flow.
2007;33(8):873-896.

12- Shen Z. Phase transfer in a collision between a droplet
and solid spheres [Dissertation]. Newark: New Jersey
Institute of Technology; 2008.

13- Mitra S, Doroodchi E, Pareek V, Joshi |B, Evans GM.
Collision behaviour of a smaller particle into a larger
stationary droplet. Advanced Powder Technology.
2015;26(1):280-295.

14- Bakshi Sh, Roisman IV, Tropea C. Investigations on the
impact of a drop onto a small spherical target. Physics of
Fluids. 2007;19(3):032102.

15- Gac JM, Gradon L. Lattice-Boltzmann modeling of
collisions between droplets and particles. Colloids and
Surfaces A: Physicochemical and Engineering Aspects.
2014;441:831-836.

16- Fakhari A, Bolster D. Diffuse interface modeling of
three-phase contact line dynamics on curved boundaries:
A lattice Boltzmann model for large density and viscosity
ratios. Journal of Computational Physics. 2017;334:620-
638.

17- Malgarinos I, Nikolopoulos N, Gavaises M. A numerical
study on droplet-particle collision  dynamics.
International Journal of Heat and Fluid Flow.
2016;61(Part B):499-509.

e Sl usige byl sele doliale


http://www.SId.ir

