GQ+QKQiBQM 2i 0+QmH2K2Mi / Mb H2b ~mE
+QM}IMUDb
G2p M CB#miB

hQ +Bi2 i?Bb p2 bBQM,

G2p M CB#miBX GQ+QKQiBQM 2i d+QmH2K2Mi/ Mb H2b ~mB/2b +QKTH
IMBp2 bBid :"2MQ#H2 HT2b- kyRRX 6> Mi BbX LLh, kyRR:_1Luy9j X

> G A/, i2H@yyej8N3y
2iiTh,ffi2HX "+?Bp2b@Qmp2 i2bX7 fi2H@yyej¢
am#KBii2/ QM ke P+i kyRR

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X





























































































* vi,j+1/2,k
j ~ kP
Uitk ik Uipas i
"Vi,j-1/2,k
j-1

i+1




Vi 12k Viedj+12,k$
j o
i+1/2,j,k
Vij12k$ Vi+1,j-1/2,k'
-1

i+1







u/2

-~ U2







CFPDD

Initial position Initialisation of .
of particles parameters Initial flow
yes
n
c_alculate
ViScosity
yes ‘ﬂi@ %

calcula_te calculate calculate
advection term viscous terms forces

!

calculate temporary velocity
field - step | of the PM

calculate pressure field
step Il of the PM

Y
calculate new velocity Tielg
step Il of the PM

— measure stress
_ _ update positions  |on the plates
Print Velocity and of particles

pressure fields |—>|L+dt

























— IS S S S S S
40 P S S S S S .
e o e e o o o

50

40

= 30

20

10

e Nl e |

[ el el ol W W NN X > . TR T T e e e o
> > > > > » . W W~~~ —p—p
e L g A % B ..~
> —— — > > e e o 4 e e ———
>t = > > &> » A a2 e =
Xgo—»»m»»»»»‘s v r e > > ==
s = = = e & 1 v & > > —b—b—
[t —p = ~b 5 B A A& LR AR N G R e e
e~~~ aax T
e SN NNE NN el adadadnd
e~~~ wm w W A A R A A A 5 0 g i e

l T L L T

e e e e e el e e e e e e e e e e e e e e g g e e gt
—%Ad_%%d?nﬂ»’nﬂ‘—n%‘—N‘ﬁ&“‘ﬂﬁc‘\ﬂ‘\e*\**ﬂ
Saemeneacacataladadad el o g g g S VPGP PRI
namenencadatadad ool Ml d JE S O RN

e o G P T S VI O i o AT AT W W W ol o ]
_**ﬂNWv*‘Nﬁu‘\\nv“—M‘»—h"/h’dvu%‘_k*ﬂ
-’**ﬁhwv*‘“w¢V‘\Nﬂ”v*ddvnﬂ‘a’”ﬁ*d’kﬁd

e T Ty T T e T

20 30 40

RS S T S S LT
\\\\\\\\\\\\\\\k«ﬁhhek««w//:i///////////
AXRANRARNKRX \\\K\&kk«««@«ee(k/(//:iiiii/JIJ
tAr R AR xx R ahaiab R Y YN o
74442k xx K\‘\\ﬂ.««««q—«-«-(—(rrl!l(!“f‘:ﬁ‘{_
SRR N R S SN k\wt¢¢¢<o¢¢o««¢t:xx!#V#W§¥¥¥¥
Prarst st s »rvv<<<<<4<<<<~“x»vvvvi¥¥¥i¥
VAR s s»pv<<<<<<<<<<<AA»vvvwhii\\\\\:
PV AZAAA S 44 AMR Y €44 L4 €T T TTC LY Y GO N NN N N
Vx s aA 274 44 A4 ALY Y Y E Sy R R R At 4 G Y N Y N NS
VP AAAAA A DA e T A I A S R N N NN
VroaAaa A A R N B B A N N T Y NN
O ] L T T U A A A S NN
Vroramxaaaa AA A A Ay 77 T 2N s a w N N M N N N NN~y
e S A A ] T I S O Y NN NN NN N N W N S S
> > v 772 2 4 XX XRKRYN T

| > > > r 7224 4 NOROR NS I

VAN NN NN SN
A T e |
AN N NN S S ]

e P
| > >>> > 77 44
T v N i T T i i i S e |
> >7 74 AN WS e
Foss—s s> s > 7 P e
Fos—s s s s > > > N I e et
fos— s s > 5 2 a2 ce=N R = R AR,
Fom—S = waaa N T T T

e~~~ x 2 IR RN A A O

PSS S wwa

NN R N Nt e e e s s s st 2 ra1 v 7 rrsaaanasssesrarl
NRR NSttt c s 44 <v A447 5725 500a0a0ansvweasl?
)
”

.
yohoa o4 <
v v vV a4
v LN T A
PSS ™S S N % w oy PR IR T I T
PSS NN YN 4 vy iv#vi***V<<A444<11ﬂﬂﬂﬁﬂﬂﬁ////
RONON NN N Y vy Y Y Y Y YYDV L A< s A AMb A A A AAAATT T
AR ERERE T T 2 N N N N N N A Al
NN NV Yy B T2 LT N N N N A
NY VY Vv fﬁ;‘,...¢<‘¢‘\x-n~~«Akifffff/
BRERRAARE /K,y,,rreo«*“\\‘Kkkkhkffffff
by b b v v vy SRR R S S e T TR TR TR SR T A o
Vi bbb ///xrrk«««««\\\\::::i\\\\@\'
////rrkee«««k\\\
55555555 //////Kk(««&«&\:::::\i\ F_|10%);
——
IR Sttt DS PEPRTRRE N NN NN
0

20 30 40 50
z






60

50

20

10

1.006

| | 3 | | | | m | | | | m | |
< N ] (o0 © <= < ™~ = oo} © « <F [ e 0 ©
o o o [} [} ()]
8 & 8 & & &8 38 8 & & & &8 8 8 s 3
— — o o o - — i o o o — — — o o
alnssaid alnssaid ainssaid

0.991'b






T T T
- o2
2= 4
a0
0 2
| =T < o
§ S| v
S8
< E
- c 35 -
< Z
12 e
- —_ <
o
- (ep]
| o
N
| o
—
4 . : _ °
[Te)
S = o =} e
o o
7A



111111111 fﬂﬂﬁf
- §\‘\.\.\.\\\xllr.£:ﬁ/¢/uﬁ..//”/ﬁ/7fﬂﬁf

‘/‘/
e RN
.\“\13!?";’/‘%?[ I P N S
ASSSSSSS Sl TE T T e NN S|

=272 e xS
NS Sttt | \s\.\.\..ﬂ“».\\\\ A < < < 5 RS R R

be—airsr s v 2 J e 2 2 ¢ < < v oD

Fae—a o v » »
e o « »
FEEAPER 'S E PSSR N — bt e 2 & P4UAass>>>> > g phev e

s A v A e ee————— —t——— % v
T ——————]| —~t— % % %

Y i ari e Y% X &

P P — — = FSNSNRN R AL fhag > v or g ¥ i a ]

N T e T PR RN AR P e e
PN e e eseas B PSR R R R RN R e s
== 5 14/4/4/4/4/4/4///4/4/41‘1TA\»\..\>\ o
R st <)
0[] e o TEFErrrreeea o
rrrrrrr e reeee || [] P SIS B
- - e -2 o N DR s = ——— — = -
rrrrr v == o] o e o T e ee b
i = B e D e e e —_Jlc
11111111 PR RS S ST A\ﬂn\n‘n‘b!n\ﬂn“\-“\‘llblvydﬁ/fffffff
BESSEEs sSSP SO [ TSRS S S S S
Ferr ek SIS EEEEEEEETRCCT eSS
R A RN SRS T S i I A vl
=y AN A NI S ——— NS /AR AR .
Tt ) b T NN 22w w 8f+ vV V3274 vy AR e e
—e—i—e RN N~ ————r T ¥ MR Nttt Fe—z—a—ec o »~ W R ]
e e o W le—x—c—ea &« »f F ¥ 2 2 5 > > > > > 7 4 v § == |
le————— « - — <« 4« 4 V> > > >>> 5 g4 F e e —
———— — - - e *— - < F 4 7 > > > > > > > > > > A 4 oo -ttt
[ -~ o e ~ww A A r>r>r>r>rranN e PE—
.FIZI““MNM **\Mqﬂ'\\.wv\v*vllvlvtf o rae—— e W % M a7y y > > > PP
= TSNy I o s ee——— PN XN RN A r a7 > 5 > 2 a0 v,/ 2 s
%HHMNNN//;*‘»‘\&v;,*x i L./“”M.HNNM/ <<<<<<<<<<< i —]
=== N7 P = = NP RRRRN AR R ==
NN N NN ~ e .
DTSN ST s B PRt R RSN i eee—]
LR RXXY = = e I e e == o
SSSSSSSS NSt ———— 555D R e e S
rrrrrrrrr = —— st R o == o
rrrrrrrrrrrrrr A e~ e O
rrrrrr e 1l PP S e = I
e e e e et cae T TEeerTTTeee c [l [ eee - T e re— o
PR —— > [ . —— = “n
— - < H = — o







40

= 30

20

b oo o v v vt
ks a4 4 4 a s st
e+ e v e v vy et
e eewwww X
q—«—««-ﬂ-‘.\\\\
ettt — N N NN -
Lt~

N \\\\s—u—»—y—»—»
\\\“»-»-»-»-b
‘q“#bbb’
’,vvvvvvv—u
4P b s aa e
I{,,:pt««««-«-
PR E L b b ab b abe

o« (e
PR K N o

T

PUP TR e

L —— —0 — s

40

< 30

20

-
-
—
-
-

20 30 40
4

1 T --l- vv'rvrrTr
¥ v wr 0w MMM DANAXYYY YUY YP P PE P E b L
YYww®w®rrrErrDMMMMNMSYYYVYY PP r bk sk k&4
LI N R I 2R 2 2 R R NN S S R S
FYYYY SRR s Ny ppppp s s s os s 4
i R I
‘vvv‘\\\R\RNh‘<,"",,,,“AAAA
vvvvt\\\\\\\\V<,"“,,,,.“444
“‘“““\\\\““"Kf//"“‘““
"““‘\\\\\\\4-'1//{’,”“AA‘A
Lot e v v v w xR RNNANS YRR
S A R ///,,p‘444<4
<<vvv“'~\\ /‘(’.A4444
<<<v‘v!\\\ {““““
quvvvvi.‘ “)‘-"““
b2 a4 a a4 st JeY YV YN
7711111" *tlAAAlbbl
777111"’ N Rw s A
7771111)'/ i\\“‘Att>
b v v v v w w x 22/ \\\\\““»;
L e v v v wa m A A ]S S
rvvv1'””””’o‘\\\\\\\\“nAa
rvvv11’11””1'.“\\\\“““A‘t
b v v v v 0« & &2 2 A A A £ g4 ¢ 5 NN NN NN N R LA A
b v v v ¢« v o & ""'1».\1..\\‘1!!“AA
F—1111'14"11111>iqq‘..\\lllAAi—‘
F 7 7 v ¢ ¢ ¢ ¢ € € €& € 4 4 4 > 4 4§ 4 ¢ @ @ 4 Q& & 4 a4 aa
F 7 7 7 v € € € € € 4 4 4 4 4 > 4 4 4 4 @@ 44 a4 a4 aa
F 7 7 9 o 4 4 € € 4 4 4 4 4 4 > 9 ¥ 4 € 4 4 4 a4 4 4 a4 aaa
F 7 7 7 1 91 14 4 4 4 4 4 4 4 4 > 9 ¥ ¥ ¥ 4 4 QO 4 4 4 44

DI M [

20 30 40

N



40

S

—————

T T B e e s s e
—r> ¥ W e AL e e i ]

= 30

A e o =

et~ s > LR R A e e d

i YA A 41 ¥ T ¥

P & & & 4 4 a4 4 ¢ ¥ A 4 4 « v v v eveuw

—Y Yy vy v v vv vy A A A A A A A AN

a A A A2 2By A MY F¥FVYY VY VS
- & 4w - w a4 a\y A/ v Y TR e . - -

A €@ ¢ * = = -

20

40

< 30

20

20 30 40
Y4

T T
- ‘J‘Y"““!I‘AA‘LLLLL]AA < 4
- ¥ Y Y Y Y VY Y Y Y YT < 4 A A A A A A A A AL <« 4
< ¥ ¥V VY VY VYV V¥ < 4 A A AL A A A A A A - 4
- L2020 20 I B B A T B I I R R D < 4
— AR I T B B B T T T T T e S S S S S S S S ) -—q
LR I T A T T T I I I e N Y Y 2 2 Y 2 ) < 4
<Q“t\\\\\‘.¢‘-’””4—mt¢04 <

<¢wﬁ‘.\\\\\’~¢-”,,,"".¢.4

Y otﬂ-ﬁ&‘s\‘\\‘w.,”’"—t—e¢¢o -
PEREREE S SR e gl 4= = = * % 9

e - - % v

A &4 & - -
A 4 & & ¥ = - % %V V¥

% % WY V¥V W

T
D T T T S N )
vy 94 4 4 4 4 4 4
4

VAN YAAYYY VYV YVYP VPP E LT YD M b A A A A 4 4 44
NN Y YN Y Y Y Y YYPPEA x> 4 4 4 4 4 4 4 4
P Y P OYOYYVPY YWY QAL A> a4 d4ddddrrrr

AR E S

Y r > s L T T

vYY Yy A A A A A
Al 4 44 a4 aa - > > > > > w ¥ 4 4« 9 4 4 4
a 4 A A A v - - > ¥ ¥ VvV VY L4
a NN - > > vy vy 14
SN T A —— > > > ¥ L4
- > T e ~—— e > > > =
b o> »0»»#41///%\\\\\*0»» >
P> - AN NN mm e s s s >
P> LR S S SR A AR ARl Ml i S S O N >
F > [ R AR AR AR AR AR AR AR A SN N S S "G Gy S S S >
—> [ 2 A A AE AE K 2K 2R 2 S I SN S G S NN —
P> [N AN AR A AR AR AN AN AN A N N NN NI >
b Y ¥V VYV VYV VY VY >Y> > AA A A AAAALALDES >
P> Y ¥ VYV VY Y YV Y Y y> > A A A A A A A ar s >
A v[vvvvvvvvir»;axx;aa;rs; >

L 1
20 30 40
z



»»QM““« bbbebAAAHbrrVH«'iii“Aitihiiii
»*sVar” b &4 4 4 4 4 4 444 4aaqadaar>ry vy Y VTIVIIYTYTTT T
%“V.r b A 4 4 4 A4 A 4 A 4 4 4 A A & > ¥y VUV VI I VYV VYV TV VYT
N\invn r b 5 2 &4 4 4 4 A % 2 4 % A A APV VYT A A T T VYV VY FPY
v N\\lvuur Jm P—> 5 & & A A % %4 W U W WWRS SOV ANA T TV Yy r—
ﬁw \“\\\\'lt”/ (7 b > 5 2 6 6 % % A A NN RNR PP T NI AN YAy >
w‘\\\\\\\.'.'f/” vf b > > 0 6 % 2 s a v NN MNNS AT I ey > >
t ‘\\\\\\Q\V“I’/»//r P > % 0 o o 2 s v awae—e A AT T o>
ﬁ‘%\\“\-\e\vlci,v/.r/»/s/'" AR N R o 2nananeneatatatadidh JE S SN E
i ‘\\\q\ //// r* - -7 v v > > o =~y el S N N N
\ o // (r F v v v o v >0 —> e > s & & & A a
//””"”7 P2 2 2N NE JUF QU i uer - - e A & A 4 a4 4
194 7 7 vV ¥ NNy e L BN S N |
A ///r( o 44444 9 a0~ SR BRI R R
A \ v\ ( N | A 4 4 4 444 vy vy vy yv oy v—i
‘l/ AP R E YR W 2 s rr P PP YY
‘// LI B B A R ] « & & A 2 bbb
))a/// \ \ LR B B AR R R - - & @ 4 4 & & b
T Y9S- Tt = - ¢ ¢ 4 4 4 &
““l””// = “\“\\‘ E TAAA‘A.A.*A\H\%M’AIA:QQOAAA»
‘l //’Aflls\s\b\ \\& [ R IR T I S SN ek T R R B
‘l///’lltlb\b\ \\\‘g € 4 44 4 e =m="NRNRNRN RN T
,.////ft.\\\\\\‘& PEPEEAE R RPED UL S UL WL N SR O
A //llth\\\\\gg 4 4 4 4 & & kwwwww e tHTERRR T YT I VYT
/MltAl\““\ ““ Lm_ < 24 4 4 24 4 2 # # &4 2 2 2 4 4+ FFHEERXT TP VVY VYT e
liA\ 4 4 A A A A & 2 2 2 A A A 4 <« ¥V FFETE WY VY VYV TV
a’vAv“\& 1 4 4 4 A A A A A A A A AL 4L €« TTVYVYVVYVVYVVYYYYEYY
“'vAv‘“& 4 4 4 A A A A A A A b A L 4 €< T T Y YY¥Y¥VYYYVY¥YY V¥V
annHvﬁ«* rr»rqr»»r._.rrsAHA411H444HH1111
o o o o o o
< ™ N < ™ N
X X

40

20










6C

— Analytical results
@—® Numerical results

50

30

20

10

0.2
0.1






50H

40—

10




90

| T | T | T T ///
" |— bR=16 ]
—- b/R=1.4 . |
60 ... pr=12
| e Bartok & Mason o |
30+ 7 —
= ya .
30+ v y —
60 // —
ook L 1| | I IR NRU IR N
825 02 015 01 005 0 005 01 015 02 02

t/T



N

12












































































































































































































































































