


i

s ‘:f"-l:é i
Sl (wigo sousuld

S5 S — OY¥lw Sl 209 5

S g0 > (1410 JUU 40 (4100 (Sgm mé Jlw U >
o 3 g A5 — ygabrof § g0 gy b

SO (5 g0l (ynol 2gudld

RISIIN

Sl gwodoxo 59

2y glivo 3wt

SR (o $59

SF50 4> )0 451 L 550 Al

IFAY o

<



39 2l axivo ot

Sl (wigo sousuld

dolie gai

S5 S — Ol Sl 209 5

SPS &0l ool SBT (5550 Ay

395 993 b S 260 e 51510 JU 50 (5512 Higw b Jlw (b2 2ulgis Cod

8,518 i pds 0,90

o3 99 A5l — 5 gabo b

slaw! 39bino il slaw! Losd! y wwil!
;ob;b r:l.? 9 r:l.? L;o|9.sl.'> r:l.s 9 r:l.s
S Gpmme 1S SleS (rdome jgudy
slao! oSS Oz o bod slaw! 3919 wwilu!

L;ob.,b [ol.s 9 [ol.s

pade 5k e S0

L;o‘g.sb r:l.s 9 ral.s
SS9 ol yd joudyy

L;o‘g.sb r:l.s 9 ral.s
S ke o0l (&5 ols e jgudy yy

;o|yb r:l; 9 r:l;
Ol yoalls redasme 2SO

;o|yb r:l; 9 r:l;
$33)9 Sgame S




,fw

D o & : D »” /: \ o
wlnd s § '/ﬁ."/‘)///“ d(f/’i’/fdf/d f/frw,cuz/dﬂ‘” zr/“f/)bu
{. s
A ,//,m..ﬂ;wﬂ//f

O 7
.Ulcfd/‘}),tubﬁ,{ur’v"i;)‘{



(19309 g Sid

- - . L . / // / . R —~, b ow n"
ST slarl i f Ba gk sl P due Sen gine T s o
M ¢ . . & ." /}'//, 4“""» /:' N . P
)i/(;'/iu//ﬂﬂ/(p/ﬁgj“‘f“fdﬂ/u’/b,b/) 0 !w.%bb,d//d’/b///!b.atu’f/ﬂ.{)

7

. N R / . A / // > . /: R “ et .
:,wg‘r(ﬂ,/buucji)/’urub/ﬁzt;’/)/IJ(/} .Ul '/JVE/'/L(’"U'(/M
o & . &y /~ " . / ! "

/)U’!:/b/’)c)? KUUL{);U(&J!J‘/;'/LJ}{'U’ UJI{‘J}/)J sl zdu/}’)/uu’b [

lord Al e
o, & Yy N A o & / s o» e bl N
;‘«V’/!u’!‘f/ﬁuiu/y"}fﬁﬁﬁm ’/U/Cf’ o0 suo s\ S sl (7 s (ST
. (!Z/ LYl zuCJH'j/b/

& . &y S A . o . 7 J
S ) (?/i 4)/')/5%') zvﬁ/a)"})u/}’/}’}/uuw f U’fu"z%}fd({'//l J;’/l:/cd{:
- - . et R &) ! '/ V N g ! i /'(
/C}}"u"daw/w)(b‘)//)(?/! zgfgb/og’) zL«a"}/"ﬁ./b?o)/’))dim)lC’}/nch/’}/):/
_ 3 - ) gy 8 P
I [ L{’//J%/})f//&)/)u(@/l m&muf/,% zwi/‘u/,&v’oﬁ))yb/



98> (531051 g 4ol ! 3t

Wb ALy el AAVASYD  oamiils o)l 4 Seld (gl ol Sl
Ol azl dlw) (pl o gy Gl &5 led oo wwl (6,8 ahio jo Sl

awl osd W3 1y T @ w0 o] 5550 Zubs 31 solisuw! &g 4o 9 ol il

ol E9090 iz | LU (55519 9 Slinlo)T clalllan gl I i o (golo g anlS
NUIIW TSV W2 SU I LV KR PR3 EL I OV

YYAY olo poss



Lﬁ'“)e oo..S:“ >

L (AB-NLBM) (S0, eiidsr aSed - j9abol 50 (oS 5 by, S pol adllas o

Oyglre 5o (Hewipd Oyl JUl 5 by (glwand Glp slal> jesiz 6950 Jlosl 0,65
w5l JS] g jlaoe ol IB-NLBM coul sabosls dxuwss 5 oo 5 culi (gl
0,509, S olsieds lgise ) by, cpl aslylo 1) sanmn slaawain o e sleo b plusl
bla 5 ol 55kl sloe,S bawgs Jlow aials ()] jo a5 285 S50 )0 ez p Gelatond (laSls
AT oliin (S5 hyy WNgdee ool (Lis o3I SY blE lawg jgabet w0 s,
o Gy e Sl 98 Sl 1) Gesider ALl 5 jgabse e slahg) 84 ez sbe
ly %9y (ol egd audpe S8 b (e O jg0a 4 j5Sny dnlne 5 (9308 poltins (Giludnd (Sm
eyt DYlew jea> )0 jgabsd pluzl Joll slapl > o)z Gl clie glan S lsisay
0,5 o bl obml sl jenins g oyle lawly slapi oSl glgl pol> )15 50 wled oo (Byne
—9abse e Jyere slaghy) b amalie jo el 43S 8 adlas 9550 6315 5 5okl sl
Sl a8 Casloals Bl 50 jlaslids p o 0929 5l o0U (SLol (6955 pol sy 5o (opesil gy 4l
o Jloel 0)o8 sy 0 S 4 (65908 (Haipe Vw3 ES > SEds siledue
9 Aidu oo dgutn |y o akels (gilwainins e SIS Lol iy, j0 el eolaiul slal> eais
2 Fpe g ool plysfIl Sy izren WS o0 L5k 90 adpe S0 LIy Sl gl DY ole
-0y ol jo cdulisae ale gl jetes 5 @)L (pesils Al - jsabod re by, by
Wged aliue (paiz b anglie Goyb et wl)) g, (Jeyd Sl oud (Brae e e
Syl JE g Gl JUS S (e Jhw by ol alRilel 5 oae (Lo
7l 5 Lo SVl (55,0 SlyS boiw 5 Dglitte cwain oS3 b cub gl e (55, 5 Sl
S 90 a4 Gl |y pol Al o 0szse glagg sty sl oapw, LIl 4 deses

Al Hgabge G gy (ilwaie 9 arwg sl 48,5 alxl ladllas (V) 0ged (GOpund



O sl a5 (2l (V) 5 yesie 9 Zull gl Slod b slo)d slapyl > )0 (S9e s (ro3is
Lol oads il Ldes o S e sl jpam 0 (Sl (g e DYl L8, 5500 50 L
Gilwands glp oyl awly o oSl (Baizd (] 50 0ald plnil Glodnslie g o) p 4 axg
Giludoe (gl 90 adje gl Hlazr jeadss lawly 10,080l g Colb loyre Djglme jo by
borye abronnsy Jb odsl ln ol JB 50 igd o sleiiny S e Slagse Joldh ladnais
99 bghuw 4y bgyyo Jiluwo 1o (DKT) Solols § SoesS oSiidyo caiile O3 o GiiS o0 53 4
s oo Olid bl el ol pwyp (Bp BB, 5 S S (Hesipe DYl 0 0yd wr
2e sadlie (pl poogdle 0ad o SinS Gloj Gl el Jlw Ly 38, ol &5
e g e SVl b Sl Sloj o3l Job o (o8 38, SYLw gl 0)d Co sy
-0 Ol e mhaw slo boyd bgdw alivs J)l> giluand 5l ols mls ol wglate
a byrye Sloslrs sl 1) Josd bé glallas ol mhans slod 0aiiS ool o5 45 amo
(S (o Heiler ASed — jeabsl re by, S oo Sbml (Hly Sl Slapies
“0Lsz 5 e oled sladore wiile Wlie (087 Bl g3leoe 6l WIS oo 95
S50 ot mlio b g (Siglom Glalaze 10 S9z g0 Ldpd 58 5 Losee (g pé sloyd slo

S8 158 oolazul

gl olols

Oyl JESl oS pote e o g Sl (o> eider Al g, jeabge e b,

el



Ay 31 g s Yo Cund

1. A. Amiri Delouei, M. Nazari, M. H. Kayhani, S. Succi, “Non-Newtonian
unconfined flow and heat transfer over a heated cylinder using the direct-
forcing immersed boundary-thermal lattice Boltzmann method ”, PHYSICAL
REVIEW E 89, 053312, 2014. (IF=2.313, H-index=137).

2. A. Amiri Delouei, M. Nazari, M. H. Kayhani, S. Succi, “Immersed Boundary
— Thermal Lattice Boltzmann Methods for Non-Newtonian Flows over a
Heated Cylinder: A Comparative Study”, Communication in Computational
Physics, Accepted.

- o)'l.w olbsles C)L’ L.;ﬁf)li.g" s‘_,’.al.g‘..S O dosro ‘C;).BJ ) “555.‘& ‘5).3.o| U"’°‘
Oz ibdoe Sz Geile Al o jeabse e (S5 Ghey o« Jlew
Lo,Lh 9 bojlw Silso gy ooke alxo « " jailiw (59, 5l (g e Jlw

(S92

aSeh —y9abos jre Ghg,y (SleS redesme (6l e (SO (5 ol (ol
s 1 (Sespe Jlw o)l Jlal o)l Glibee @, L (Sl et
(o R3) S ool S (b gy — (oode @yl

b zye j9abse 5re (b9 ol perme (Gl deze (SIS (5ol (el
dlginl So 63y » He et Jbw by Gileand jslaie 4 glabadi ez iy
olpl Sl cwaige Medlps AVl ules eSS g S ‘"ngﬁb

APAY e ) )5 s ol emianlss iaio olKisls (ISME2013)

—y98boge S0 (S 5 g, «8 A ome ((SUeS pmdesie (SIS (6 ol (ol
= Foird J Ol ilednd poliie 4 Az (5950 Jlosl b ety 40
&lee ;3 CFD o )5 (o (ulasS ey om0 9 (Mo ghaite oo b alginl (s,

AYAY Cuigd,l (ol pl (ol s canio g ple olKislo ¢ oo liowis

3yt oz bogis (3l " (SIS (6 ol (ol g (e ¢SS (e
o Gialan Goags I plo )T (peiilsr a5l - j5absd e By, et L o
o oK1 (Sl g 00S2ils (ICHMT2014) oyl o> o )l Jlics!

ATAY LT el eolioms



P Js! Jad -\
Y S e Gloy e 4 by o o gy glail -V
D e e J5tbosg 5a gy 1 1-)

B i pooge dlolae (sl Heaboo 50 g, —V-1-1-)
e J9abogl jre g, )0 gy Jlesl slayhg, lgsl -V-1-1-)
A s (§55:5 Jlosl b jsabse 550 (B9, )0 Lawls (slapm ;55 glgil -Y-1-1-)

VY oo 5] Aolea sl 5kt 50 Lbg, ~F-1-10)

R eyl 4Kl — gdbogé 30 by, V)
VA oo g 5ol > sy pasler ASwd — ygdbogé e Lbg, <)) Y-)

VA e Lospa e sbaol,z sl e ids 4ol - j9abge 550 (o9, -V-)-Y-)

Y ouls 0ald drwgl (gode g, -V-)
YY oo ol by, calre 5 o je —F-)
1 yeadboes 0 g, —V-F-)
FF e e J5absd 5ye g, sblze —1-1-F-)

YF oo eeeee e J94bos e Lbg, wolne ~Y-V-F-)

YD) wooeereeeeeeesee e eyder 45w by, Y-\
YD ooeeeeeeeeeseeeee e eyider A5wd g, sblpe —V-Y-F-)

Y8 oo eesee e oyl ASad s, culas ~Y-Y_F-)

| SRR B85S (6 591e5 g wa slaas> —0-)
N oo 15 —5-)
K £9d Juad =Y
N dodde - V-V



T oo rdgr dloles -Y-Y
TO it e rder doles (g5l ds -V-Y-Y
By o rder Al ghg, -Y-Y-Y
Y So ad e Jlw gl il aSil Y olae -Y-Y-Y
1 1 Sl erde aSl SYolee -F-Y
o B (6551 ae) (950 Dol jpam 10 (S512) (rerder 4l OYolas -O-Y
O, > yo SG (55D o Jlesl b (51,2) el a5t alolas =) -0-Y
e lal> poniz (655D 90 Jlesl b (5 ))>) ooy 4 alolas —Y-0-Y
U pgus uad -Y
B e dodde —V-Y
A S o idg aSl dolrs (gl puiins (59,0 S Jlasl alayl, -Y-Y
OF o Sl erde aSl doles gl paiins (6550 JE> Jloe! alayl ) -¥-Y
AT AT Luly glaps oSl glgl -F-Y
B i 39end Jawly o oS-V -F-Y
OA i, ey lawly poy oS-V -V -F-Y
i o jeuid Jawly 12 o3I -V -F-Y

2 F ol lawly oo -V-F-Y
PF y9aboge je by, 0 &S > SYolee —O-Y
i S 0,lg0/0,3-0,3 5,95 p (6 lwdls —F-Y
R T ool Jad -
B dedio —)-F
K ol iy pai Ay o sl el V-
Y ol sae dwles (gl 0ol gV g0,8 -V -V-F



YO <ol lopls jaulow (65, 51 LLL o L (85 e )b y> (g5lwand -V-F

0 oo Gll gy -V-Y-F
N T oo —V-Y-F
VA vttt JUS s (555 Jlw ol 1YY
Y LLU 5 LL Sl o jaidew SG 59, 5l dguomel (Sgw Jlow (b2 -V-T-T-F

A Sewolizg o oo ol b cw, o -V-Y-F
Y e ol Glopls jaudew (59, 3l bows 8 390 e Jlw (L2 (glwans -F-F
N (T Cono -\ -F-F
A Sl el gy -V-F-F
W iz glaghio mhaw b jadew (59, 51 Ol JESH g b > (w2 —0-F
P E SRR PV

) ) Seolinag,ane sle el )l anolie -Y-0-F

AT N ol b il anslie -Y-0-f

Coll slag e 59, 5l @)l JEl g by ssleand jo lawly slag ;oS glgil anslas -#-F

N e sl ol b annlas —V-#-¥
YoV Seoling o sbo sl by anslas -Y-#-¥

T ol bl anslie Y-

L A T PR & S daos -V-¥

T /2N oy Jad -0
) A dodde - V-0
LI PO PPTPPPRRPRIN o0l Ui a5 dm o (sle el L 5-2-
VY s Lopd (5905 e Jlow )0 dol> pu &5 > (g5l V-0

D P SNERGT SR B VA

VY e 98 Jlow jo Glopld 0,8 & bgaw -V-1-Y-0

J



L1 9 Jlw j3 0,3 90 bgaw -V-1-Y-0

YYD i, 9yt Jlw ;0 o pld 0,8 SO bgaw -Y-Y-0

YYD Sgdse aladsme U 0 0,0 bgdw -V-Y-V-0

VYA 3ga5wel JUIS S 5 0,3 bgaw -V-Y-Y-0

L 0|5 39> Sl 31 -V-Y-Y-0

L 9w e Jlw ;0 0,3 90 bogdus -V-Y-0

VYA abhozo SO o o ply 0,3 wix st -F-Y-0

YVEY gl o yo alides JEIL duls plus! &5 > anslae -0-Y-0
VEF bgdw alivss 10 Lawly slapiy ;oS! lgil annlin -V-0-Y-0

YFA boded e g e Jlow ;0 Al g &S > (g3l -F-0
VFQ ettt sttt s o =) -F-0

VE g Jlw (gol> adhams SO 5o (lopls 0,8 SO bgaw - V-V-F-0

TA) SR 9 Jlw ol Culs o JUE G 0 Slopls 0,0 G bgaw -Y-1-Y-0
TS st J ;3 ol s (slas L el e o8 > ~Y-F-0

VO s oo a4y dily a jeSn g Ol 31 gy o -V-F-0

T2 st S ;3 e gl sles b sulr g <5 > —¥-F-0

YEY oottt & oS dmas —0-0

R 2 N s Juaad =&
LY EXwra> —\-F

L TP san| sla,ls ol Slolriy -Y-F

L lwgn -V
L R PP b -A



JE Cuw 468

| )sibas)fwj)bbyfo&uw \‘\JS...J
W o 4t jgabse 50 (hgy 4 by pe Sled V-) JSCS
£ e D2Q9 Jae sl b 6l 5 5,55 Jolye & gy ye Seilot VY JS

Jlesl b LBE (g, () ;5 0,8 JBs i &b 59y 9500 1 (>195 Ome ammli Y-V IS5
B [#Y] Glals> yoai> 59,0 Jlosl b LBE g, () slal> o s (590

Jlesl b (poitdy aSil jgaboe 50 ho) (sln oolitul 9590 Lawly (slap oS0l glgil VY S

ol drmlre slacie o JUESI (W) (298 J&e 9 Se s JobS 0 by SSled Y-Y S5

e Gy, S JBSH(©) 5 s515Y sloe S 55, & ksl lre,S 5l 550 Jles! 51 L3

OA o 29 S gl leo,S a4y HILSY slee 5 (s, 5l ends
B eeveeeeveeeeeeeeeeee e iy yonisd Ly oo s bgyse e Y=Y IS
PV o2 g banly o5l 4 by e ol F-1 JSC8
L S ks Lasly w5 s bogs e Ul e O-F S
BY e ol by, 4 bgs e Sailat #-Y IS
PO vt abgyye J7S lapa 5 Oloj b uiite J 505 el 90 VT JSCS
VO o sl jaidews G (59, 3l ogammal Jlow (L2 & bgye (5550 Ll g i) -F IS0

@ jWai, oue caw 5 lubL ol 5 LS VT 6l s B Slade gSTas Jloges Y=Y IS

N4 u.o]..ly45.......:—)94.]09;)).4ws)jgwwﬁy&uwj)bo&wiwb
09, () 3 Jyeme oy ALl by, (W) lp J> Sy o8 con p s oo Y-F IS
YY oo Vo salgin, sae g /OVEY Liolal loy j0 ey aSiids — gabogé ;1

L8, sleasls ol JUS jo (Sedpe Jlw b 4 bepe cepn Jdg, F-F S



Foire Jlw Ol (W 4 bgrje o)l Lawly o )95 5l eslisal b (2 bolas 0-F JSCs

M=V bp ped (Hod et Sl 0lsx @ 5 Foed S 0L (@) =2 V) (3 523,

H9m e o 0l (W) @ bgro joeins Lawly o o8l Sl eslial b b > bghas 7-F JSCs

M=V (b ped (Hgwd Jlw 0byz @ 5 (Foed S Qb (@) =2V (25 33,

OVl sly Sloy a8 @ s Ty iy (0) 5 Loy pd (@) glizie yoe sy V-F JSCo
~ o9abot jpe G29)) (N=VY) (B etid (gl 9 N=21V) LDy 35, (Howimé ((Hosl
/\\/ ........................................................................................... (u)Lw uﬂ)-‘-lﬁ-’ AS...w

Vs gl oy A ay o Ty iy (0) 3 by cupo () gline @l s A-F IS0

— 9abot jpe G09)) (N=VY) (oD meded (gt 9 N=21V) (LDp 35, (Howins ((Hos
/\\/ ........................................................................................... (u)Lw uﬂ)-‘-lﬁ-’ AS...w

Sod = H9abo jre B9)) (N=VY) (Sp s (adpe 9 (N=2/V) oy &5, (Sowipé
A e ()9..\.0.’& LJ‘A)"J}’
Al julan ) slael (o Sl 8wy L8, ald s p als )F Job Ol s VT S
Ve B3, (Faind 5 $Had Vb Gl joilew mhaw (69, )LAS o po @y V)T SO
G, Gl asls o juan, sae (@) 4 cad lawgie Gl oo Ol VY-F IS

i) e Gl olael o Sl (Seinee L8, aSlh (Q) 9 Gl Sl (e e

S, Glasls o jaen, sae (@) 4 cad bhugio Gl copo Olss VWYW-F S

o, ) il jalgn, slael o Jlg e e L8, axls (©) 9 il Jlg (S s

N=AY (z) Rep=f+ N=V/- () Rep=fe N=2/¥ (@) slp bops bghs VF-F S
'\& ................... .RemZA’ £n:\/\~ (5) 9 Rep|=A’ sn:\/’ (O) sRep|:/\’ en:’/v (O) sRep|:f’

() 5 L Sl s (W) Sy e auglyd 4y Camd 03l il sas @l pis VO-F S



Ciliden Sgmi i 18, sloasli sl soihw o (55, e bl sae Sl ks VP2 S
QA 1o eeeseeeees e Rey,=40

cdle 5o (@) Slg Joe calpd 4 Cons () 59356 0558 ame sl Olpeis VY- S
Q0 ettt ettt ettt ettt ettt ettt et et et et et et et nen e LLL el o (0 5 LL

ke 59y 5L Sl S5t Sl Olsr ln T e @ boye Gloy Slis VASF S
@ 5 S Jbw (@) (shr &) (Foine Jbw () Glp Gl slaghis mhaw b ool

\’T ............................................................................... LSMJ)'?W(S;"F)"-&JL?‘”
Vof v, ;D.Lm)g.o.‘bé .]a.w‘j L‘;La’r“"")ﬂ‘ L‘;‘)" 4..3) )tS.’ @)9” @‘9” ).aolﬁ.o Va-f JS.w

s Sl G0 sl (©) 5 (Sewolodg o ()50 sl (W) 4 by o polie V--F IS
VP, Ve salain; one 50 55665 jentns bauly slapsy )68l (6lp (e e (L8, Ll 4
U, slagazli o oglle cds @ o) @lp 5L 090 Sloy slaplS slaas VV-F S

T T L5 g omins auly (lapy o1 glgil 5l oolicial b Galizes iSges e

it laaSs o)l o mli ]Sk 4 e (6l 00 Bro Sloslre aiie YY-F S
VoV et o)l 5 5eeiss Lauly slapiy, 55 lgil 5l eslizl L

Soslainl L LL slesl o o Slg e pé L8, asld canm p ailo 5 Job polae YY-F S
VoA s Foosalan, 00e (©) 9 Ve julai, sae (&) o calis lavly slaps o3

5 oslitnl b Sy Sespé i, atli e p (lawgie) L cuye polie YF-F S
970 ey vas () Fr jugn; oae (©) Ve jalsn, sae (W) sl bt awly slag 56X

L LLL slapl> ln Sl (Sesine S8, aPlh s Jlogiul sae palie TO-Y S04
VYo s A jalan, 0ae (©) 9 7+ jalain, sae (&) o calire lauly (slapi ;631 5l oolaul

LQLQM)ﬂ‘ )‘ oolazwl l" g_s"‘ﬁ" L_s""ﬁ-‘-’)-‘-‘: )Lﬁ) ua_’>Lm o> g cdwl sue )JDLO.Q ye-¥ J&u)
sae (3) g £+ g, dae (z) Fr jalsn, dae (0) Yo et sae () slp il Laulg

o e 5 $He et Bedy) SVl Gl Gl bops la sl 5 b,z @y YY-Y SO
MY U)Lw 9 )5.».2.);) b.w‘j QSLmrg.u)}fJ‘ )| oolaziw! L: wl.: )A.J.»..w S99y )‘



YY) alaasts 40 0,3 bgtw 4 bgiye (650 L]yl g dwaie V-0 S

gy v8e (@) (Job co e () e Jsb Slais () @ by pe Sloj az b V-0 IS0

WY 9w Jhw ol adadome (49,0 0,0 SO bgduw jo JWl Liwis 655 (9) g
VY &w)éo)éﬁo‘b?&wmJay]AG)JAJaJ‘ﬂBMMY’—aJS...J
VYE e 508 Sl 55 053 35 Jsb oS0 (0) 5 (e oS () -F-0 S
FES stz 551 (@) «(Job e (0) (Job (B (W) @ gy o Sloj azsn B 0-0 S5
WE s, s S 9 (S sy B8y DVlew bz sl alpesd Jsn ) dae () 4

UYLA.A.AJ 5o F2 (u)j Fl (g_QJ‘) 9|)‘ L) 0 o o 69)*’ U)LC L) bsa).o G’LA) u‘).u.:.: -0 Ji..q

VY A ‘Sw).:‘-gm5‘5..:9~“5w).a&»3)
YA i, dgazali JUIS 10 0,0 bgaw 4y by (550 bl g dsain -V-0 S

U Sow )| slael Lg‘).» @‘y ‘509...))...9 )tlé) QDL»A IWE ¥ 0)5 G e g &l o2 A-OSCs
\Yl’ ............................................................................................ L_Ql;.?'bo ML)W

T T, e ML)W ww)l slae!
WY 0,3 Slpgly e (©) 9 soye G5 (WD) 4 bgy o Sloj dzdn B V-0 S

L/D slocaus slp calizes (Sgu e 8, (adls b dw o o> Sy Sl 11-0 S0

ey ey OVl gol JUIS Sy o (glopls 0,8 50 by 4 byyye Sslads VY-8 S

Y 05 LeS sl 1o L s g (g

0908 boie sl s (poie (e (2) 9 Jsb (e (W) 4 by Gloy i VY0 S
Y N=VND 5 N=Y/Y) by o 3 B3 M=+ 13 5 N=eJAD) by 33, =¥l

Sl 8, slaatly sl SonsS 9 S )s slaossy 4 bagrye 9,8 oy VF-0 S

(@) NVIY) Ly by (W) Sl ool alaims Sy, (glopgls 0,8 VY ogus, VO-0 S5

VE e Al slagley ;o N=+/A) by puded (7) 9 (Soe0



alivs )0 Slgi g0 e [, e ld s (g0 ABlprend juai ) dae Ol posi VF-0 S
sae alises polie sl 2lie (2) 5 oy () sl pls () alaie mhaws IS0 L 0,3 S bgis

o 5 S5 gt 8, Latlh iy g0 b Ly s Sl VV-0 IS
dae calisis ﬁoLﬁ.o LS‘):’ ;JM"" @) 9 = (@) s&‘Oﬁ‘é () éJa.a.a C.’a‘aJi..:bo)og_i:JoW

co s () slaglaio gl b 6,3 (5 oS > 0 olo) e 008 oy e ek VA-D IS
VIO L (A=Y = +) (oS e 5 (5 esy By SVl 00 (e (@) 9 (rpe () o]
SlF (S 8, 2l e p (o> Abpuend jalgi; due Sl annlie V-0 S

6‘9.,‘ Lg‘).: GAL.A (C) 9 (= (u) ng‘o).:L) (g_QJ‘) é’a.u C.’a..u Ji“‘ L: o)é s_i: Jaj.au.a alss )Q
N )9"’”& L:M‘g f“"")?ﬂ‘ liSee

3 Sy e J; arlh cas p gom Gl o Ly oo Ol s aglie Vom0 IS
M&‘y‘ G‘JJGALA(C)BLSSJJA (u) ng‘o).:L) (J|)@@J&wboﬁ&bwm
LT /2 )5,.04& ‘E.w‘g Wﬂ)ﬁﬂ‘

g G Sy (@) 9 u> Vg, v e by oy (W) Sl YV-0 S

VOV ... e Jlw 59,0 Ledad g E15 0 4 0,3 SO bgiw diis ;0 2z 0 julai ;) Soe s

JUS SO g0 0y bsds alivs )0 o lo) i 0)d o e s YY-O S

0,0 S bt a0 g yme L8 asldh 4 Cad gu julsn, sae Ol YY-0 S
YOV S5 gy OYLw (49,0 Eld g Lo 0 puw Sloplo
aliie o g e L8, a4 Cond (goo > o hawgie cdol sue Ol sy YT-0 S

VOM o, S9 SFau e OVl 49,0 EId g Lo 0 pu Slopld 0,0 SO bgauw

1 e ettt Proi=y .-



ytin 40 j55ung b odigds 3.8, SYlaw lp o awgio Cdul sae Ol s wo o YV-0 IS
9Prp|=\~°);§.l;;>’m‘5:59,,.3),¢.é HL3, sl a0 Lol Jats 459Ny cdl> 4 Cas Lo b
8 OO OSSO (Arp=\ -

ytin 40 j95ng b odigd 3.8, Yl lp o lawgio Cdwl sae Ol s wsyo YA-O IS

\?Y ...................................................................................................... (Prp|=\’

OVl (49,0 e s slod b 0,0 SO bgaw alivs gl p am o slos sle,guls VA0 S
AR @B slagyley 0 N=VY) S8y mded (2) 9 (59 (@) (N=+/3) oy 3.3, ()
bt aie ;o g e L8, adlh @ Cos awglo Cdl sae Sl Oy Vo0 S0
(@) «N=+/3) ooy 58, (&) Yl 5)0 jrie 9 Sl maw loo b oy Glopls 0,8

) OSSP NV 5w (2) 3 S5



Jolu Cuw pgd

30 0%, )" oolazl b C")‘)’ JLQ-’J LSJL“’W LPFas O ol r:l?;i‘ LgLs'b)lf dslao V=) J?‘)‘?
Y ‘5’)|)>uﬁijds,—)5=ua}c

V& vt oy Slalllae b L o> (gl el by dalia V- oo
A oo iy Slalllae b LU > (sl el )l dlie Y-F o
LLU 5 REpY ) UL olyz slacdl 55 Ly iy 5l a5t ol b ¥-F Jpoor
AV o, (5bd (o yls a5 j9abogd 5 p0 (hg)) chlidee (gui e (ol 5 (REpI=Y - )

locdls o jgabst ;e 55, sl Jlie g by copd p s bl 4 o3l 3T - Jgax
aSeh jgabsd e is,) alie giieé ole> s (REp=Y++) LLL 5 (Rep=V+) LG oL~

AY Slopls jgabod ;e 59, 48,5 1,3 G35V bl oy iomie dlols 3L 0-F Jyuo
s Rep=V e 30 i slas 5 by coyo p (NF) 5,5 Jleel clads slaws 56 #-F Jgos
AY L glabis ez 5 slebai 99 5o bauly slapi o) (6l albidee (owi d 13, Glaa>Llo
SYlw glyp alisee jalsn ;) slael 5l 4 (LLE Ll > slp) Jbgiwl sae polie V-F g
A S ePRD g (o0 BBy (S g el o S g

Oty Sllllae b ()1 LLL 5 bb (g Jlow 0l 50 bawgio Sl sie anslie AF oo

LL ol sladls o hugie clul sac 5 by cuys p 4 oyl ,5b A-F Jouo
R YA SRR S Jlws sl Proi=+ VY 5o (R€p=A+) LLL 5 (REp=F+)
9l (g OYlw glp iz jugn; olael sl 4 lawgie cdul polie Ve-F Joo
2 SR PSS e g (o (BB
alive o, 51 Jol> polio b gubizs opl 5l odel Cowd @) lug co po polie awslio VV-F Jgax

) Foosalan, s0e 0 e Jlow gl 8



5 5l Jol> polie b gudizs cpl 5l sow] Caws @ cdul sae polie duslio VY-F oo

) <IVY Jly sae o e Jlew sl S il

(o p B8y DYl olp (Seluog ol (550 sl g (dawgin) b oo polie VW-F Joux

Vol o g (smpe Coll jaikew (59, 5l dgamal Bl 2 0 (LD S 5 (S

LLL by 5o (o0 meded 5 (e (sin Ged) SVl sl gl soe polie VF-F Jour
T 1 s&ﬂg@;ﬁwb)wds))‘(Re=A’)

VoV e g (smpe SOl jadkew (59, SILLL 9 L bapyb > 0 by e

Sloghio mhaw sl Alpi =) e v v 50 Ly coyd 2 SHLSY 5 6okl 4 o3l 136 V-0 Jgor

0)5 s_i> ,bj.a...q Jluws a ‘L:'BJJ.A ;.al.,om ‘L:....:‘s le.ibrb.u)}i” 6‘).: )Lu Q)ﬁ.,o LJ"’)‘J)" L)L°) Y-0 Js..)..‘>
157 O 5t e § s e sy by SVl 9,0 wiliee (slaalaie s |
10Y L alie ool 5 Gaios (ol ) oo 00, I s e (sl yiol )y (gl Joles yolie ¥-0 Jgo

slacl glp Alpr =V e+ o lawgie cdul sae  631,5Y 5 s kgl a5s ojlwil 56 -0 Joom



o yLaid g NE Cuw 168

O o gi

Ar, w8l gl e )| Sus

C A s o

Co by o2

CL g o yd

C, b ps

C, g S o

D Gloplo o3 b jaulew lad
D, G55 £ ypeils pgd ult
D lad s

fi 0,0 I 295 &b

E &sldld (551

.9 08 Sz ol i
fi' 0,95 2 3l o 0)S @y &b
fi” B 9 Jlesl 5l e 0y @598 &
= T 2o Sz

ﬁi S 2,5 29 S
g; 0,8 &35 @iy &b

(eq)

i 0,8 Al ol wje &b



oF

4

gi
Gr

pl

H.B.E.

5 2 3 0 N -

=z

3,55 3l o 0y8 S5 s &b
B @5 Jlesl 5 053 (655l i U
FUETPUPNS S0 . LGRS
slasls alols

Sealizd 5,008 (6550 glas
il s alaims £lis |
el

5556 s

Sl colae oy

i b

Sl Joe j0 6,85l axli
£z

SlP He s L8, a3ls
5L bl slas

Lgle cdub sue

o cdli vae

Qb pess Jly o0

B 6P S8

WS ) 55 S
B Sl b

0, glads

alpresnd jolo ) Soe

b



x|

Slg pids

G555 £ 5l
ok
Gl sles

Qo sl

olg=ds slos

b sleo

Sl i sl
e o

0,3 5 yo Ly

olgzds sy

ET P e

Gl s alaizme S50
9 slacal

O o

S

Sl 98w po

oz bl oy o

>R T

el 5B ()1 5

SHSY b (e (goee Jsb

Loo s



AaniAy L) 5 ol slo °)§U""J"‘"55

oT Sk el
0X,0Y St alols glacals
4 Sy gSasgjo Ly

WS Sy gSrg o S paw

Ny

P Sl 65l

Lgf Jlw 56 asalo

7 Seelns e )

v Seilotw )

H pyiiege ;L Hguil

yo &=

& 395y A5 5l

G ax3ld (5g )'ls’:—l wliw!
7, (Seolidgyion Glol oo
7, Sl ool ol

0 )5

¢ Slys sbds &b

d Slopls & oo
0 lagly e s

0O 3,95 5 590



b Y Slowd g

col 3,55

e skl

€q SJobss

n G

neq ol e
noF o Jlosl g
nok &5 Jlasl oo
Bowei ) Slxed g

b B30

f Jlw

S el

W o)‘%é



Jol Jub

PR VP



S g0 5 ) 0 49 b g g0 Jo s igy ENg —1-)

L) g Joe (V) end oad @3l il 8,855, d (555G (glo,d larl > S 3,50 4o

Siloted Joo (1) 5 (o3l SV¥-o5ksl Joo 1) Tamns lod Jow (1) (s ylisksrbsl Jow
S s g Joe S oty el 5 08 5 Sl 5 08 Jsl G35, 5 DNS) s so0e
P9y 3 el el U el S ) g Ly G ps og patiie sl il &S g e a5
oS o S¥olae bawgs ] CS > 45 09d o 4B S L5 0 gy ek S g0 0)d 0 pgd
P B9y )0 D9bes (s pyiiege Adlie bawg 13 Jlew SIS > 09 oo oy 5HISY
loritn salz gz 8,2 a5 o )0 39800 pateine S gl gl SVolas Lags Jlws lotes
o el ©)a8 [l L 0l ge drnle jglre Jhow b 23S0y 5l sadaule 5955
Sojye Jolds Bl oy slp Jogme 9 50 sloghs) lseds pudins (g5luand slal,
Wlgs oo gy (rl Hoine loyd lir S ol Con lp load 7hkae cdumy S e
-0 e 5950 Jloe! gy IV ()02 5 52 adlllas Billas il oo 4035 n e olgieds
o)l el ales (glwand 1) dul> gz 3935 Judo a0 sadoloyl s e Gl ST eled il
by " Swisd 53, b ool b gl Sl Glula wlyice 3,505, £55 cnl 45 ol
JHIs D3 08 1 il e o 4 e oS Wbl oy 552 4 532 O ygot | (i
laol loyd ol > sly puiinss o0 (gilwans 0505 wales  Sab,e 9 g Jlw
Sy gt (pl 0 Az BB sl i, QT Slom g 28,5 el [v] OHSer 5 92 lawsgs

! The continuum model

2 Eulerian—Eulerian model

® Discrete particle model

* Eulerian—Lagrangian model
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* Non-body conformal method

> Force density

1 Structured body-conformal grids
7 Unstructured body-conformal grids
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19 Feed-back forcing method
2 Direct-forcing method

! Hook’s law

22 Lumped-forcing LBE
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% Diffuse interface scheme
% |nterior

2 Exterior
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%8 Implicit diffuse schemes
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2 Explicit diffuse schemes
%0 Multi-direct forcing
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3 Neumann boundary condition
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%2 Dense fluid-particle systems
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% Navier-Stokes

3 Computational fluid dynamics
% Lattice Boltzmann method

% Bounce-back



B Jyane slagiy, 1o 45 1, Noame e wnld JSie eyilyy aSed 39, 4z 5]
Goy Sblwg pdai (6,50 OISk 5l e Lol sl 00,57 > 0 )lo 0929 dgumme px> g Sgdoe
(380 (Supd e wled olp gy bla ol olowi 4 3l w0,d aaw o eud dwle
gy 4z S s 0 [OVEY] 5p e ) mly jalsm; 2ae Cosgazme 5 pud 4 pud o2 )5S
Lol xS o oaliial sloyd slagh > (ilwands slp ol (3,5 4l SO 51 ey S
Do Slagbyy 4 ad Sl | T 45 el Jlow Glae > 055 4 ditly lizeed (5550 bl
WS 0 S e
oo 4Gl by g seabee jpe by lp €Sul P AL S e Cpogas
Sigled (Byre el )55 oS5 o9, o plsrear |y Gogy 99 0l ggeme B cls (T |y likoes
o3y A jgabost pe by, o5 Wiy Sliime oyl LFY] jalsbi 5 S (r-) S
- b9y Sy yaste Sleogas 35T g, cpl a5 sxiily lo byl .aisges eoliil |, (IB-LBM)
9y b 3l ssabst Sy sgzy gl ey po cwsllo |y ey aSd g j5abse e gl
43,5 5 o VU (e Sl b iyl ©y90a 003 lagpe ol 53 oS wie Jlael Tl
wols el Jslae eyl Sl slagig, b slaalio adllae G o] Grizren 090 00
lmdal> 50 b 3,55 5 sl «ode 4 Sy gl 5l as (Ve V=1 Y] Gl S Jle olgreay)
a1y o Sllog eily aSiim jgabgl e by, a5 wsls las Loyl (wles,S solazul
WSt jeabgs jpe by e jop 095 Sl 0ed e sdaline (epiley ALl Jolate slaty,
oy Jlael b jgaboge 5p0 g,y ad @Bly 5o [FY] jalilies 5 Sib by oats &l)) rasilys
Sl @ ol oos > sy 0T o a8 ool [YA] Sy 5 (oY Lags o bpme 1053l

lslee 5 Kb GLBT andl .l ond ool ajtlyy aSes ¥olis | Sl gl E¥olas

% Re-meshing
% penalty method



ok 6ileand 6ly 5 peiimes 59505 Jlosl b (roidyy a5 j9abogé e (B, o [0Y]
oy wiile ol Gl ol s 4 g3ls 00 i gy ol 5l eolaiul bassls &SIl (gle s
oSt pabod S gy o g [VoA] GLlen g g ol 0gzy 5L gy 0 s
oyl gy 5o wailesls &l 230 slagl 2 (silwands 6l poiiage Jobs ol (ol o3
dmslos o550 blE )5 JBs Jlail @je5 &lss sl poivege Jobs ol Golol 2 (295 ©)bs
<o Lol ais,S oolazwl alfais QMLJ Oley b poyde aSils g, L@QT aS 4> 51 0gd 0
seier b L 3515 (5550 bl S by ol yo Grimen Ll 00 0 Sk s b,
So DT e 5 Koy 0ss 65 sle (s 5l B asl n IS 4l (55, 5okl bl |
3 omizmen Lol wiles S oolitul jpe Sjglme 0 i, Kb b opeiilyy A —j9abgé 5ye g,
S a4z 2 1y U gl g B b wilesy oy ailfuiz (alel Gloj b ey 4t )b
Gl oeds aSn —jsabsé e oS5 by o N Gles 5 gew aaas gl
ol slp bl ilosls (S S yoxie dal> sloye g Jlw G oIS w0y (55le s
Ailes S eolaiul W0 Soo3 Al )0 Fhy o Ghe b eiider 4l by 5l 09 by, 2o
S e g ol i gloawaie b ig; onl ol gpdy@les ol 5l Sk dlis ol mls
Soobyr St sly eyl 8b —jgabgl Sye (bg, Sl [0A] Sen 5 Gmgge el
Jolis Dgliia Laly (o 59501 90 5 Loyl el 00 57 soliial cul jatkew S5 (59, 51 (Sloogs 9 LLL
—o9bse jye gy Sowsles S esliiul jolaie cnl sl Wrgys (hpke 9 peiiawe 595 Jloe!
53 el ot )l IVAVAL 52 5 95 bawsi ()bl (550 Laalpt @udas b jobss ol aSid
S0 bulyd Jlosl b oS 090 o (28 a3 lisl jall G plgieas 5550 9508 S L] b,
aigS ylod Lol tayled Loyl 380 O jgoas |y 3 pae byl cnl (ol 9 00,5 o i y553) pac
20 e yle 20l Oldes golows (Ol)d eS8 > o 4 el sl Lo Bains g gy aS

logas oob) Sllee ol dbion | (Glalns 3L slaanza oS anl L3 3550 o plS

\§



Y] &5 5 Ko 0g walys 15085 Lo gaman laggjluans 5 oL ol slass sl
lod,S (gilwannd oyley Al j9absd 5pe iy, Sl eslaiul b1y Gl az s o Jlw (L2
G D > Wlgie s ey aSed —jgabst Gre oS5 gy a5 wihols ol b
o9y 5o INT] 555 50 i (gilaat 1y 0T 51 (G806 095 Gl g B azm e S5 > 4 b
g delr laylisle o S n Jold Bl (ow)p Slp b oy a0d - jgabse e
o clapls sl T, s i 6l e s, cpl 45 Whes S leol o] iles,S @l s
s9absé sy gy So b1y ey aSs Gog, INVEL ggmlnl 5 (Sojem ams e plis 5
lojye (So035 50 FESeSy Copr ma598 S 3l jskate nl gl o] ailos ST S 5 5V 4y
kst 50 Slaig; b dlio 13 1) (S 5GE @S by, (nl &5 waiias Lol ailes S ol
Sre Sy o [N0] 53 g5 ams e @) YU slasilsn, s Logas Jsens (eyly 4
Lsly 00,680 5l oyl alos ;87 Ll (slojd (slagl 2 (silwands slp eiiler Al —jgabosé
ool )3 550 (595 @dly 5L bla 5 Jlw gkl sloe S oo L3 65185 sl 5eekio
Wiy See |y Jo gylaul gogum U el atiilss (9500 oy, e (pl bl 4y az g5 b ailos S
Slr oeider & by, 50 Gialel loj s 092 (ogas 10 gl aalllas S rizres Lo
S > Giledad ppas ;o S adlae (paiz alesls el (> )l 5l Gleebl Jga>
INY -] il o )] iy a5 = 5abosé 5 po g 3l eolictal b (95 30 508 (slaJsedS
Jolo Blae 5 NYVA ] umans sladuain sl rastly 450t — j9absé 550 by, (mizred
—9aboge e g, el aiBly anwgs 3 VYONVYY] Ldyclas! glag e g Jlow cro S ey
OB Slon e 9 bl &8 > aile Canbs j0 35290 DU > (siluancd Slp e iis A0S
eyas ;o yuie dallle gl ol oo 03 G [VE] ok cS > g DYYANYE] Clis
&=l @ Oliee Bidee Ploe 9 oo )l 50 (poisy Sl j5abogd §ye by, 3l edinns oliin

2,8 anxlie s [YoF-1 FY 4]



Hg8 i Sl > Sl (09 4w — Hgabgé 50 gy — 11T
G 35 55 Ll s)ls g7y (B SVlw SlSe (ogas s g0l Slidisd Liolas
NS pesSs Olyisy oS ol ol il glaasais 55, Slalllae ol I sloaes
EVlhw by 4 b 69,5 lhawas ol Lo,is a5 cal Jbo o ol 0sd oo axslis
(Sloyd (gt lagl 2 diile) Conl S fegSiung S > 5l Dgliie (aio )d (Hgwi el
5 & 6550 Fordly i Lulpd b S5t sloglyz o i s 5 ko5 ool ol
SVl 55 loyd lapl > lp peiiee o0 (iluand 3,500, b addllae wiz aldl s e
DAVNOYYEXTY] s FD g ALE clais, 45 dgame o5 Casl o plonil iSgui pué
4 io Wl oo a5 Cewl (LB p A Sl (oml (g b SVl i j9Siang (g SV S
57 695 bl 2 el S by, a5 Gl ST DNAYARY] 005 > i, o (g5lbL s
Ol Sl e ©)j900) 93 4o CE L) e A £ a5 Canl ol el gl (i
m0y0 laplyz Jo s sk 4 (Sig ool DAONPE] siles aalns (Sps8sg Slo e o
U154 Wog S gl V58] (a5 gi)lmgl S o Sl oS gyt Va1 o]

N .. 5 o e e e . e ES S
sl plad - Gle (e e lagh xS po ) eiier 40

bopd 8 SBOL 2 S5 o9 45t - 394l g5 § 30 igy —Y—1-T

spax o Loge 5 ol Glp Geds aSdjgabed S oSS g, 5l eslatl

V] e 5 Ss w0yl )13 5 adsl Jolre 15 5 009 Ly jhows Symie b 5 ol sloj e

plaxl (5, 5l @l Jl g by gilwand Gl Gyl e aSl _jgaboge e b, SO

% VViscometric
0 power-law
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*! Double population approach
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PROGRAM IB_NLBM

Set initial geometrical parameters ! (Like: Initial positions, Radius, Physical width of channel,
and ...)

Set initial geometrical and physical parameters ! (Like: Initial positions, Radius, Physical width
of channel, density of particles, wall temperature, Immersed boundary temperature, gravity
acceleration, non_Newtonian Behaviour index of power_law model, generalized Prandtl
number, generalized Archimedes number, generalized Grashof number and ...)

YA



Set initial numerical parameters ! (like: Lattice velocity, Relaxation time for momentum and
energy equations, time step of LBM, Lattice space, Number of Eulerian nodes in vertical and
horizontal directions (n, m), number of Lagrangian points (n_Lagrangian), and ...)

Calculation of LBM parameters ! (Like: Lattice viscosity, diffusivity , gravity, expansion
coefficient

I* Start of Main Loop*

WHILE (the particle reach to the bottom of box)

I First forcing step for buoyancy force
DO j=1,m
DOi=1,n
Calculating of Buoyancy force
Update the velocity domain
END DO
END DO

I First forcing step (By Sharp or Diffuse interface scheme)

Call Subroutine: Diffuse Interface Scheme (or Call Subroutine: Sharp Interface Scheme)

I Collision Step
DO j=1, m
DOi=1,n
Calculating of particle density distribution function (f;)
Calculating of energy density distribution function (g;)
END DO
END DO

I Second Forcing Step
DOj=1,m
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DOi=1,n
Calculating of discrete external force distribution function (F;)
Calculating of discrete energy source function (Q;)
Updating of particle density distribution function
Updating of energy density distribution function
END DO
END DO

I Streaming Step
Streaming the f; functions regarding to the discrete velocities’ direction

Streaming the g; functions regarding to the discrete velocities’ direction

I Hydrodynamic and thermal boundary conditions
Applying the no-slip boundary conditions

Applying the constant temperature on boundary conditions

I Density, velocity and temperature
DO j=1, m
DOi=1,n
Calculating of lattice density by summing the f; functions
Calculating of temperature by using energy density distribution functions
Calculating of velocity by using particle density distribution function
END DO
END DO

I Non-Newtonian consideration
DO j=1, m
DO i=1,n
Calculating of strain rate at each Eulerian node
Calculating of power-law viscosity
Calculating of local relaxation time for momentum equation
Calculating of local relaxation time for energy equation
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END DO
END DO

I Collisions of particle-wall and particle-particle

IF (the distance of particle’s centre and box’s wall is less than radius + threshold length) THEN
Calculation of particle-wall force based on Lenard-Jones potential

END IF

IF (the distance of particle’s centres is less than 2xradius + threshold length) THEN
Calculation of particle-particle force based on Lenard-Jones potential

END IF

I Translation, rotation, and temperature for the next time step
Calculation of the translation velocity of particle’s centre
Calculation of the angular velocity of particle’s centre
Update the position of particle’s centre
DO boun_counter=1, (n_Lagrangian)

Update the velocity of Lagrangian points

Update the position of Lagrangian points
END DO
END WHILE
I* End of Main Loop*
END PROGRAM IB_NLBM
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SUBROUTINE Diffuse Interface Scheme
I Calculating of unforced velocity on boundary points
DO boun_counter=1, n_Lagrangian
DO i=i0-R-A, i0+R+A ! A is depend on number of forcing points
DO j=j0-R-A, jO+R+A
Calculating the discrete delta Function (Des_Del_Fun)
Distributing velocity from Eulerian to Lagrangian nodes.

Distributing temperature from Eulerian to Lagrangian nodes.
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END DO
END DO
END DO

! Boundary Force Evaluation on Lagrangian points
DO boun_counter=1, n_Lagrangian
Calculation of boundary Force density
Calculation of energy source density

END DO

I Force distribution on Eulerian Nodes
DO boun_counter=1, n_Lagrangian
DO i=i0-R-A, i0+R+A ! A is depend on number of forcing points
DO j=j0-R-A, jO+R+A
Distributing boundary Force density from Lagrangian to Eulerian nodes
Distributing energy source density from Lagrangian to Eulerian nodes
END DO
END DO
END DO

I Update (Forcing) of velocity and Temperature on Eulerian nodes
DO i=i0-R-A, i0+R+A ! A is depend on number of forcing points
DO j=j0-R-3, jO+R+3
Update the velocity domain
Update the temperature domain
END DO
END DO

END SUBROUTINE Diffuse Interface Scheme
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SUBROUTINE Sharp Interface Scheme
DOi=1,n
DO j=1, m
IF (node (i,j) is inside of immersed body and near the boundary) THEN
Determining the number of neighbouring nodes which can be used for interpolation
Finding the distances required for interpolation
END IF
END DO
END DO

I Determining the velocity and temperature on Eulerian nodes in a way that the no-slip and
thermal boundary conditions are satisfied.

IF (the neighbouring nodes are only two nodes) THEN
Apply a linear interpolation for determining the velocity on Eulerian nodes
Apply a linear interpolation for determining the temperature on Eulerian nodes
ELSE IF (the neighbouring nodes are three nodes) THEN
Apply a bilinear interpolation for determining the velocity on Eulerian nodes
Apply a bilinear interpolation for determining the temperature on Eulerian nodes
END IF

I Boundary force density and energy source density
DOi=1,n
DO j=1, m
Determining the boundary force density on Eulerian nodes
Determining the energy source density on Eulerian nodes
END DO
END DO

END SUBROUTINE Sharp Interface Scheme
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Abstract

In this study, a hybrid immersed boundary-non-Newtonian lattice Boltzmann method (IB-
NLBM) is developed to simulate the flow and heat transfer in presence of stationary and
moving boundaries. IB-NLBM is capable of modelling the heat transfer of bodies having
complex geometries and posing variable surface temperature. This method can be considered
as a non-body conformal approach which the fluid domain and immersed boundary are
presented by fixed Eulerian nodes and Lagrangian points, respectively. The proposed hybrid
method can effectively take the advantages of both immersed boundary and lattice
Boltzmann methods. Two important properties of the presented method, direct numerical
simulation and local calculation of viscosity with second order accuracy, make this method
an appropriate choice for simulation of non-Newtonian fluid flow including the moving
boundaries. In the presented work, different types of sharp and diffuse interface are studied
in order to link both Eulerian and Lagrangian nodes. Compared to the common IB-LBMs,
the presented study also considers the external force causing from the accelerated mass
which is a necessary factor for realistic modelling of movement in non-Newtonian fluids.
The split-forcing algorithm used in this method reduces the negative effect of discretization
of the solution domain and leads to a second order recovery of Navier-Stokes equations.
Furthermore, a simple technique based on sharp and diffuse IB-LBM is introduced for
calculation of Nusselt number in non-isothermal particulate flows. The accuracy of the
proposed method is proved comparing it with several examples of analytical, numerical and
experimental benchmarks in the literature including non-Newtonian fluid flow in the
channel, the fluid flow and heat transfer over the fixed boundaries of different geometries,
and fall of the particles in the isothermal and non-isothermal fluids. Novelties of this thesis
can be generally fallen into two main categories: Firstly, development and optimization of
Immersed Boundary — non-Newtonian lattice Boltzmann method in particulate flows with
constant and variable surface temperature. Secondly, the results obtained for the first time
concerning the behaviour of non-Newtonian fluids in presence of non-isothermal moving
boundaries. Based on the comparisons conducted in this study, the sharp interface algorithm
is appropriate to simulate the flow in the vicinity of the fixed boundaries. Moreover, four-
point diffuse interface algorithm is suitable for modelling the geometries including the
moving boundaries. In the present work, phenomenon involving the interaction between
particles such as, Drafting, Kissing, and Tumbling (DKT) in problems related to the
sedimentation of two particles or more in shear-thinning and shear-thickening non-
Newtonian fluids is investigated for the first time. The results indicate that the shear-thinning
properties of the fluid increases Kissing time. Additionally, the transverse component of the
particle velocity for the shear-thinning fluids during the Tumbling period is different from
Newtonian and shear-thickening fluids. The results of the thermal simulation problem of
particle sedimentation with variable surface temperature reveal that the assumption of
constant surface temperature creates unacceptable errors for simulation of real thermal
systems. The proposed IB-NLBM can be appropriately utilized for simulation of different
applied problems such as direct contact heat exchanger and the isothermal or non-isothermal
non-Newtonian particulate flow in biological environments or chemical industries.

Keywords

Immersed boundary method, Lattice Boltzmann method, Non-Newtonian fluid, Moving
boundary, Convection heat transfer



