132-122 (yauo 08 o plasb 18 093 1397 YT (e Spilke e alze

uu&}).‘ uolc asliale ?’ l' —_______
0 Sl (wigo S
=i T
mme.modares.ac.ir J ﬂ-:-::/ Iy

Jw byl (s Jlw 2blr 53 7 ) (Sl SolbE Goue (Giludu
ool (Sl dano 50 oo lg w19k g

P390 99030 E DS e sane L5 S Fuaa

29,005 3gl5 ais oliil (Sl wdipe (55 sty =1

39,8l0 29 ald  nio oSl WSSl wiige ol -2

39,mld 09 pald  as olSl (Sl wtige il =3
mnorouzi(@shahroodut.ac.ir 3619995161 316 oy Ggsie 0gpals &

saS> alie OleYbl

5 e i y e gy S 4 S WSty S g o S s 3 5 s s 4 e G 5 FE g
1396 (age 20 s23l 3

1397 3,98 25 s

1397 cutgus) 21 seglo 3 &)

by all a4 DB e a4 Jae ol cl oad elizul (gylle dolae s 4 yiie —Culy Jae )l Cul 00l asly Sanl e
Jol el ool sl ad S lai Gl Sjae g 4 e SSaal Ll 0 SaYiSins Sl SVl g SadcSu )l

iz Lo (500,088 pgd dl 3 . 03 oduel (2l Kanl dls ol bl o S oles Syp0 4 pdye e 3 (5pdhgE b 2l
Ssate anl ( Ranl g opl bl A s gt 35 ke > 0 (S0 gl il 3 5 b a1 ) GRS gl
Jol el 3 a8 3505 dlande )5 e 291 wmlgn ogols 03l o bS] Jobo sl cmcie widile (olaygnlS Lold gl .ol o0d saal S gy Jbos
0djb sl g b3 Jgbo tal coge yall ol (a3l Jlo ol bucudl salgs b 2280l sl gy gl 06 Kenl 4 Fe—caly Jua

ol 9 ceiomad 28,5 Wl 15 b oo i 4y oS 3o gy Sl 5 Kanl a3 e b 4Kl 3 a3 algS gl LS
SAgdSo il casld s 9 pmen 35l s 1) ogyls adjl el g bS] Jeb bl cSeali ax Sl clls

el 58 Sgaen (iSen b a1 56 ol by o 5 4y i3 g 5 anlgE b 45 5NLG e ge SiYIgSing Jlw

Numerical simulation of viscous fingering instability in displacement of
Newtonian fluid by White-Metzner viscoelastic fluid in heterogeneous media

Hosna Shokri, Mohammad Hasan Kayhani, Mahmood Norouzi*'

Mechanical Engineering Department, Shahrood University of Technology, Shahrood, Tran.
*P.0. B. 316, 361 9995161,Shahrood, Iran, mnorouzi@shahroodut.ac.ir

ARTICLE INFORMATION ABSTRACT
Original Research Paper In this study, the fingering instability in displacement of Newtonian fluid by viscoelastic fluid through
Received 09 February 2018 heterogeneous media is investigated using spectral method and Hartley transforms. The White- Metzner
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x : model has been used as the constitutive equation. This model can be presented the shear- thinning and
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elastic behaviors of viscoelastic fluid very well. The heterogeneity of the media is considered in two
different types. In the first case, the permeability of medium exponentially decreases in the transverse

Keywords: : % : A : =

Fingering instability section. This case is named decreasing heterogeneity. In the second case, the permeability of the
Viscoelastic fluid medium will initially be increasing and it reaches to its maximum at the middle of the cross-section and
White-Metzner model then decreases. This type of heterogeneity is called parabolic heterogeneity. The results are included

Heterogeneous media concentration contours, mixing length and sweep efficiency. It can be seen that in the first case, the

degree of heterogeneity has little effect on the structure of fingers. However, increasing in this
parameter leads to decrease in mixing length and increase in sweep efficiency. But, in the latter case,
with the change in the degree of heterogeneity, the finger structure will be strongly affected. In addition,
in this case, increasing the degree of heterogeneity will increase the mixing length and reduce the sweep
efficiency. Also, in both cases, the flow becomes more unstable by the shear thinning property of
viscoelastic fluid. Although it seems this effect is less in medium with parabolic heterogeneity.
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Fig. 3 The permeability variation in the medium with decreasing
heterogeneity

eblS Sl b damae jo g pliudeds Sl peis 3 S

126



Ol e 9 (55 | Sl

502l S bymo )3 3o aly i YigSiung i Bags st Ul R 33 T3 LS 51540 $30E G by

.1
r=100

=200

1"=500

(a)a =0.1

i"=600

c'

(b)a =08

Fig. 4 Concentration contours in the medium with decreasing heterogeneity(a) @ = 0.1 and (b) « = 0.8 (n = 0.8,De = 0.5and R = 2.5)
(R=254De=05m=08)a=08()sa=01(a) 2ol5 Kbl lams o clale slo)guls 4 JS&

900 T T T T T - T v
====n=0.6
BUOF vovsenen=(). 7

- = = n=0.8
X
0 — 0.9

600
500
400
300
200

100

100 200 300 400 500 HU0 700 00
e

Fig. 6 The mixing length profiles in tﬁe medium with decreasing
heterogeneity for different values of n (& = 0.5, De = 0.5 and
R=25)

N Gkt polie o talf oSeal b o o LMoS Job glo v 650G
(R=25 sDe= 0.5 .a=05)

127

100 200 300 400 500 600 T00 800
-
Fig. 5 The mixing length profiles in the medium with decreasing
heterogeneity for different values of @ (n = 0.8, De = 0.5and R =
2.5)
o alises polie jo cfalS Seali b dases o bS] obs gla 22w § SO
(R=25;De=05mn=0.8)

08 o louis 18 0,93 1397 T (P Sule Swiye



ObKan 9 65 s

OFadl lblacte )3 yijke— Sily Sl VigTuusy Juwm Joungd Hidss Juw il )z Gl G LG $I e G ilwdand

Sl ol b e ols Jlw bug (e Sl obnlr )0 )l
ol eals iules 9 JS5 o (alies polis 5l De=0.54n=08
9428 55 IS8 Lo 2280l jera |y ol T Sosplazyl p5 zalls ol ol
Mo 5l o 228l (5,8 UKS b .ablpo Blo Loy Jlw 90 oles aw
4z, YL polie )0 45 5ed o sumlie ab anlys Azl g)l> osjl

Mgy

L L L L L M n n

100 200 300 400 500 600 700 800
I!
Fig. 10 The sweep efficiency profiles in the medium with decreasing
heterogeneity for different values of n (@ = 0.5, De = 0.5 and R =
2.5)

@btz polis jo 2alf Kealil lazs jo ogyl> oojb slo e 10 IS0
(R=25:De=05.0a=05)n

—De=0.5
= = De=L.5
e De=3.0
=-=-De=4.5

100 200 300 400 500 600 700 800

rt
Fig. 11 The sweep efficiency profiles in the medium with decreasing
heterogeneity for different values of De (@ = 0.5,n =09 andR =
2.5)

2olie )0 2l cKaal b b )3 g9l 025k gl smie 115G
(R=253n=09.a= 0.5)De'~..'d.-.-su

1.15 T T T T T T T T T

—a=0.01
o == =005
———

0.9k
=250 =200 -150 -100 -50 0 50 100 150 200 250

v

Fig. 12 The permeability variation in the medium with parabolic
heterogeneity

Syt enli b oz 10 (g pdydeai Olyess 12 S

08 o plesis 18 0,95 1397 ybLT (e Suilo s

oSl Jlw oUlg ol ole oo QT S5 S Zewn el b
sad &1 oy, 5l asllhe ol o sz | sdigllnle v ol
& el ot oolizal agl> 033k dlos (sl [22] e g e b
2 el 0551 255 b gl byl clale a5 Slae,5 sloss a5 o j9e 0yl
033 Wigd oo maend  glwlzs las cpl 15 55390 slro,S JS slaws

900 T T T T T T T T
—De=0.5

80T = = pe=1.5

700 e Des30 P
——p e

600
500
400
300
200

100

100 200 300 400 500 600 700 800

o

Fig. 7 The mixing length profiles in the medium with decreasing
heterogeneity for different values of De (@ = 0.5,n =09 andR =
2.5)

calises polie jo otalf Keali b bos o bYEs] Job sl 2o T 500
(R=254n=09.a=05)De

1000 T T T T T T T T T

800

600

400

200

200 400 600 8OO 1000 1200 1400 1600 1800

'nl
Fig. 8 The mixing length profiles in the medium with decreasing
heterogeneity for different values of R (@ = 0.5, n = 0.8 and
De = 0.5)
cilises polis jo Jlals oKeal b lases jo LS Job ola e 8 JSUG
(De=053n=0.8a=05R

0.9

0.8

Tegy

0.7

0.6

0.5

100 200 300 400 500 600 700 800

Fig. 9 The sweep efficiency profiles in the medium with decreasing
heterogeneity for different values of @ (n = 0.8, De = 0.5and R =
2.5)

o alises polis o talf Real b lases o ogl> 035l glo 22 9 S0
(R=254De=05n=08)

128



OlCad 9 (55 (s 052l slaloaxs 33 5 jie=ualy uiwYlgTinsg Jluw Jougs Hiigs Juw plzls 23 750 GBS 6)1LU 330 (g )l dsuls

=100 =50 1
" « 09
=200 =100
- 4 08
=300 =150 L d 07
L 06
=400 =200

=250

"
i

1=656.85

(a)a = 0.01 (b)a = 0.1

Fig. 13 Concentration contours in the medium with parabolic heterogeneity (a) @ = 0.0l and (b) e = 0.1 (n = 0.8,De = 0.5and R = 2.5)
(R=254De=05n=08)a=01(b)sa=001(a) ssapes S0l b lazs 5 2lale clo)guls 13 5o

a8 wisfilen nl ol aaly uled 11 5 10 cla 8o 0 i bl anles Lol gl 003l o il 2Seals
aalys Gall gl eajl De Gals gn alidl b oogy el $lp@ =05 falf SKeal b dame o (ag)l> o33k Sl
Sl De jials gn il b oad o Lol a5 aigfiles adly ;o .8l De) suSlrl> Jhw g s0s 5 M) Jlg adls Galis polis

129 08 o Lo 18 0,93 1397 LT oo Sslo awtiseo



Ko 9 (5 )5 | Slaus

adli slaloue )3 i jie— Tily SaiueVlgSasg Jlm Jougs s Juw almls )3 75) GUbEl 10 G3e (§jlwdsb

Al a pdidsl ghis albe )3 e S50 00 caalie (5l 3sA
S8 b mls cudl wales el gy, aslsl jo g odw; 295 lada
Jsb slagome wlile (sla oS & s @ (ke DOba g il (B,
Jol el o aes e ol ol ool s &l ag)le a3l 5 bl
iy 5 o il a2 s 28l Kanl b e e
2 B Job (oReal axje Al Lol 13 e (SReal
Lo g3 n) 32 Kaal 2 5l o ol (S VL Glagle;
e e o3l Gl Glgee 5 00 S 29> 033k (595 2
ax o b e w pgo Sls 0 05 sdnlin |y oReal ax o ]38l
ax s b oo gty cud b b 2Kl bl Ggeqer Keali
2 S sl b oSl ble cfealaxjo aul@lbogls 13 oKeal
Sl Sl g wl o Ml SVL (5 pddeki b adlane o plaiie aile
4 Syapm Sl Jlw g0 olad mhaw g 8D Rty w3, 25 Sl
Lzl Jsb faal a0 218l LS 0sd o sdalie 5.5 o 095
R 50 05 0 sanlie faiman il saly falS gl 0ail g Rl
aazSlanle S WySy s Stip Sl ol il b el 4o
azd F oad g lublDe g sae 2ul8l g n Sl jasls el e
saalin glml> anld o a9l eojl pals g LY Job 28 o

800

T00
600 F
500 F
<7400
300F
200

100

100 200 300 400 500 600
I’G
Fig. 14 The mixing length profiles in the medium with parabolic
heterogeneity for different values of @ (n = 0.8,De = 0.5andR =
2.5)
alies polie )3 sgeges Real b as o LMES Jobs sl e 14 S0
R=254De=05n=08)a

800

J0op =——n=0.6
- - =07
600 weaniene ={) §
| =09
500
~" 400
300
200

100

0

50 100 150 200 250 300 350 400 450 500

Fig. 15 The mixing length profiles in the medium with parabolic
heterogeneity for different values of n (@ = 0.05, De = 0.5 and
R=25)

alises polie )0 Sgage SRanl b lases 1o LIS Job sla e 15 S0
(R=254De=05.a=0.05n

08 o plesis 18 0,95 1397 ybLT (e Suilo s

CdS 5 bt il g @il SalS Ky Jlms o Tain S

A anlg>

Saodew (SRonl b bz 1pg0 Cdl> -2-5
Syt S0al b e Sl (o850 plale S0 6 n3uSeR Dl s
S50 S pddei a5 035 0 ool Tl ool cols ol 12 S5 o
e wlee j3 5 atls (LI s, il L g5 () ) (20 plaie
o Sdale ola;sls b oo AL e g o0 295 e S0
sDe =051 =08 5 -culy Jou baog 55 Jm lnl
13 Jsi e =01 ya = 0.01 oglice Kanl ool g, R=25
Sogf 0 0 dph sedalis aF wigfilea .coul sad asly il
L Ll sl aalgs ol cdl> alis g ks, cbile gla o085 (@ = 0.01)
og ablg: YL ahie dle o b 2aSl ol 01 i 4 a ol
Spdse wzrge SV S pdidshi b adkaie 0 S > gl b Si S blas
a5 g5 e ol o nles gt S5 et Djpe 4 Sl 4
€ =001 b chilé ager 5 og drles LS cl 5l miy b iKl
ey Fllore sl GLL & 558 o)

L ook @lp oFeal axpo e polia o bMosl Job
il 0ad eoly yles 14 JS4 oR=25,De=05n=08
Abes Gl b oSl Job (SReal az o ol L a5 250 o0 sanlie
s aal 4,0 Gial38 b @l o 23l el oS lis olej 5
P A AT e g ead Sl s dle o IS5 4 b S
Ah alys ooly dg JlLbl gle il g Jle sle oKl
Slagms dnglie b iy oo omns Ll 4 5 00g0d 055 Sl by
U Gaatm £Fenl 5 o sged saalin olg e Sl gs o LS
aalys 2alS el b dae cm Jol S ) it Keal axys
oy

Jbw Sl atls Gliie polie gl Bl Jobo pomis
15 85 o = 005 ssogs 50l a0 b b 0 suiSlnls
5 S8 parlh Bl L as sges alasde (e ge ol o sals igled
el B b oansS bnl> Jlw (SWigd Sk Spals (a3 oS
Sl ) 5aS Slg pasls il el s 3ah e sumli .2l asles
el B

arld s 0 Real ax o Gilie polis jo payle eojl Sl
ooy gl el 0ol sals 2ulei 17 516 sla IS5 0 sy am Jly
il g (Faal azyo Al b g el adi b eaisS anb gl
bes Rl gl 035l g 0as Sl b2 Slsi aSls

& 5 4mi-6
e Jw bl o S bl siland & agn ol 0
ond wFloy (Kesl ke )0 e —Soly SVlgany Jlw bawgs
oyn SNty o ol e Sl 5 5L dolae 5 o
Ol pglite 4y albige Sn £ 5 &0 5 2 plej g 498y
£5 90 addlls pl o ol sud eolinal 5,5 Jus 5l Sy ol
Senl g (halS (SSeal il 4285 JE cwy 050 Dyl (SKeal
sl Djge & o8 Zuz 0 G pdydek (el SReal )0 Ssege
SlBl ) poe ghis 2 0 (Ssege SReal 0 5wl a5

130



OFali Slblouze )3 53 jie Tl SaianVigluag Jlus Joungs iinss Juas (il 93 73 bS] 518340 $ 30 (55 daub

ObEad 9 (6 )50 |

S sae Pe
)T T ] R

(8) oloy
MS) X jsoee Sy )3 S u
MS)Y jome Sg 40 Sty va
) 5L Ja Jsbo 50 w
I yiplg cas Wi
lg pdle
Lo oSealas o a

<.

Hadl asd 52 E5
(3,5 Jos loj b
(kgm'sy Solo eyl

Ny

ol ol Nerr

©3b ey ot 6
©)ppal Tl 25 5 ola, Gl A
(kgm™) > p
(mzs‘l) ul.:,:, EL’" 'd)
1) iz w
Lomsizg

saiSloul> L 1
sxigSlonle Jbm 2

Ao pEg e el 0
&xip-8

[1] S. Hill, Channeling in packed columns, Chemical Engineering Science, Vol.
1, No. 6, pp. 247-253, 1952.

[2] C. Tan, G. Homsy, Simulation of nonlinear viscous fingering in mscible
displacement, Physics of Fluids, Vol. 31, No. 6, pp. 1330-1338, 1988.

[3] W. Zimmerman, G. Homsy, Nonlinear viscous fingering in miscible
displacement with anisotropic dispersion, Physics of Fluids A: Fluid
Dynamics, Vol. 3, No. 8, pp. 1859-1872, 199].

[4] C. T. Tan, G. Homsy, Viscous fingering with permeability heterogeneity,
Physies of Fluids A: Fluid Dynamics, Vol. 4, No. 6, pp. 1099-1101, 1992.

[5] A. De Wit, G. Homsy, Viscous fingering in periodically heterogeneous
porous media. I. Formulation and linear instability, The Journal of Chemical
Physics, Vol. 107, No. 22, pp. 9609-9618, 1997.

[6] A. De Wit, G. Homsy, Viscous fingering in periodically heterogeneous
porous media. II. Numerical simulations, The Journal of Chemical Physics,
Vol. 107, No. 22, pp. 9619-9628, 1997.

[7] M. Sajjadi, J. Azaiez, Scaling and unified characterization of flow
mstabilities n layered heterogeneous porous media, Physical Review E, Vol.
88, No. 3, pp. 033017, 2013.

|8] H. Pascal, Stabihty of a moving mterface in porous medium for non-
Newtonian displacing fluids and its applications in o1l displacement
mechanism, deta Mechanica, Vol. 58, No. 1-2, pp. 81-91, 1986.

[9] H. Li, B. Maini, J. Azaiez, Experimental and numerical analysis of the
viscous fingering instability of shear-thinning flwids, The Canadian Journal
of Chemical Engineering, Vol. 84, No. 1, pp. 52-62, 2006.

[10] M. C. Kim, C. K. Choi, Linear analysis on the stability of miscible dispersion
of shear-thinning fluids in porous media, Journal of Non-Newtonian Fluid
Mechanics, Vol. 166, No. 21-22, pp. 1211-1220, 2011.

[11] M. Nourozi, M. Shoghi, Nonlinear simulation of non-Newtonian viscous
fingering instability in anisotropic porous media, Modares Mechanical
Engineering, Vol 15, No. 7, pp. 415-425, 2015. (in Persian .. &)

[12] M. R. Shoghi, M. Norouzi, Linear stability analysis and nonlinear simulation
of non-Newtonian viscous fingering instability in heterogeneous porous
media, Rheologica Acta, Vol. 54, No. 11-12, pp. 973-991, 2015.

[13] D. I. Pye, Improved secondary recovery by control of water mobility,
Journal of Petroleum Technology, Vol. 16, No. 08, pp. 911-916, 1964.

[14] S. Mora, M. Manna, From viscous fingering to elastic instabilities, Journal
of Non-Newtonian Fluid Mechanics, Vol. 173, No. 1, pp. 30-39, 2012

[15] M. Kayhani, H. Shokri, M. Norouzi, Nonlinear simulation a of viscoelastic
fingering instability, Modares Mechanical Engineering, Vol. 16, No. 8, pp.
47-54,2016. (in Persian . 13 )

131

| .
— =001
o=0.03
0.9 = 0=0.05
———— =), 1
08t
0.7
06r
05
100 200 300 400 500 600
IU

Fig. 16 The sweep efficiency profiles in the medium with parabolic
heterogeneity for different values of @ (n = 0.8, De = 0.5andR =
2.5)

a alises polie )5 ggages SRl b bazs 0 003l slo oeis 16 JSS
(R=254De=05n=08)

09
0.8
&
0.7
0.6
05E . . " . . . " "
50 100 150 200 250 300 350 400 450 500
t*

Fig. 17 The sweep efficiency profiles in the medium with parabolic
heterogeneity for different values of n (@ = 0.05, De = 0.5and R =
2.5)

N Gl polie )0 gaage oSetli b oz 0 gl o0l e 2 17 500
(R=25 4De=0.5 a = 0.05)

Dyl o0
Sk gy p S WISy e A et olalllas o
S p Sl elie gy Sl @85 13 (pwyn 390 S2K
Col> 35 (g3game slaad g wiyls 35500 Jlw ol (SWad S L Cosls
4 O et ddlllae ol ileols )13 dalllas 590 1) Sl Sz
ssb a StV Jlw 3L Suels ool G285 Sl o gl

Al ol

e S yg3-7

- Ll c

e while 5l Cave
s Fas, D

l900 dae De

[ SIEFPRIVE K

M) 5o o Jolo Jsb L
Lyl Jgb Le

3, Jas 5o Sl asll n
kemls?) Les P

08 o louid 18 ©)9> 1397 ul.\T RIS Sulle [Can



b e 9 (5 )50b o

OFabl sl douze )3 ji e Zuly Sl Vigluns Jluw Joangd (SiTgs Jlww il 53 75 bl 6L 3 gl dsub

type, Journal of Mathematical Analysis and Applications, Vol. 185, No. 3,
pp. 675-705, 1994.

[20] C. Canuto, M. Y. Hussaini, A. Quarteroni, A. Thomas Jr, Spectral methods
in fluid dynamics, pp. 31-93, Springer, 2012.

[21] O. Manickam, G. Homsy, Stability of miscible displacements in porous
media with nonmonotonic viscosity profiles, Physics of Fluids A: Fluid
Dynamics, Vol. 5, No. 6, pp. 1356-1367, 1993.

[22] K. Ghesmat, J. Azaiez, Viscous fingering instability in porous media: effect
of anisotropic velocity-dependent dispersion tensor, Transport in Porous
Media, Vol. 73, No. 3, pp. 297-318, 2008.

08 o lou 18 ©)9> 1397 ul.tT WRISe Sl WA

[16] H. Shokri, M. Kayhani, M. Norouzi, Nonlinear simulation and linear stability
analysis of viscous fingering instability of viscoelastic liquids, Physics of
Fluids, Vol. 29, No. 3, pp. 033101, 2017.

[17]H. Shokri, M. Kayhani, M. Norouzi, Saffman-Taylor instability of
viscoelastic fluids in anisotropic porous media, International Jonrnal of
Mechanical Sciences, Vol. 135, No. 1, pp. 1-13, 2018.

[18] Z. Zhang, C. Fu, W. Tan, Linear and nonlinear stability analyses of thermal
convection for Oldroyd-B fluids in porous media heated from below, Physics
of Fluids, Vol. 20, No. 8, pp. 084103, 2008.

[19] A. Hakim, Mathematical analysis of viscoelastic fluids of White-Metzner

132



