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Numerical simulation on miscible viscous fingering
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Viscous fingering(VF) is a hydrodynamic instability which occurs at the interface between the two fluids when a
more-viscous fluid is displaced by a less-viscous one in a porous medium and in a Hele-Shaw cell. We investigated
theoretically VF patterns when viscosity of the displacing fluid is changed by the chemical reaction using numerical
simulation. Here, the solution including reactant A displaces the solution including reactant B and high viscous solvent
D. When the reactant A and B are in contact, A+B—C chemical reaction takes place and the product C is produced.

the viscosity depends on the concentrations of B, C and D. We focus on the conditions in which the diffusion
coefficients of all species are the same and the initial reactant concentrations are equal. We consider the condition of
infinite Damkdohler number D. because of very fast reactions. The numerical results are consistent with the
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experimental ones.
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Fig.2 Long time asymptotic 1D reaction-diffusion (a) concentration
profile and (b) viscosity profile for various Rc at R, =1, Rs=3. The
notation “NR” stands for “nonreactive.”
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Fig. 4 Fingering dynamics of dye E at time # = 400, 1200, 2000
and 3200 (from top to bottom) for R: (a) 2, (b) 3, (c) 4, (d) 5
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Fig. 6 Temporal evolution of (a) the total L, (b) backward L-, (c)

forward L+ mixing length for various R. at fixed R, =1 and Rs=3.

Each curve is obtained by averaging the results of five simulations
with different initial disturbance.

B2 EFMERAENES VRSO L
A08-1

Fig. 4, Fig. 5 L[AIERIC, Rp=2, B=R.E512B1FD L, L, L+ D%
B2 b % Fig. 6 (ot , TRENOHENE, FU Re, R 1IZHBWT
R ZHINLTO 5 SOHBERBROVHEEZERL Thd, 2
o b—a VORIV T, L L, Lad3t Y212 L TR Y .
JERIC X AR 2R LT B, FRZ, RIS ST
% Re=R.D & = fingering DB HIELS |, FERIERITHAK
JERIXFNCARLEN A REL T DHZ PRI, IHIT,
[Re — R | 3R Z WIE EHERKIC & 2 S EAE D B OBBL BV, +
IR LTz & & OIRFITERE & L ORICERE YT,
Re>RDEE, RVKELRDIFLIT LITRE AR5, LA/
é < teéo FEIZ, Ra<Re<2 R CIIFERIGITHA/NE < T2 B 05,

= 2R, TIIFERINTHENKRE L 72D, — TR = RDE X,
RJ)VJ NELRDITHEN L, LAIREL 72D 05, LIX L, LAZH~ R,
IR S TIEIGEOHE LT E A EED LR,

W7D EEMN: VE ﬂ—{ﬂﬁk L'C FREE FD X (30)D L HITE
L7, FD IHRFEEIC I 2 Bt ERIZHY LT 5,
BT, FDITXIGT 5 VE %%ﬁ(%lisﬁé\ RO finger £ & %
LT 5MNE EAT D fingering BE &b LTW\W5, LlEX
V. VF EBR L FREIC FD 2XK&E W& X fingering /3% — L VBT
BHHT L%, FD DWINSUWE X fingering /XF — U INBTCHDH Z &
ZR LT, Fig 8ITREND LT, Re>RDEE, RDK
ELRDIFZEFDITRELRY, —H TR = RDEE, RV
SLRDITHEN FD B/ &L T D,

Ly rL;
FD(t) = L XLJ- J’ e(x,y, t)dxdy (30)

0.7 T T T T T T

0.6F .Fiyos

L | L | L |
0 1000.0 2000.0 3000.0
t

Fig. 7 Temporal evolution of the finger density #D. The parameters
and each curve are the same as in Fig. 6.
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ML 72 0N E < 72 B 72, shielding 2MEES LD (Fig. 9(c),
(d), L L. HEEEIIZRIZIY VT shielding 2MEHE S5 finger
HFRELTRY, TIUDHEARLARE N LI KD
NS

EMNERTH D LBEZBND,

@

©

Fig. 8 Concentration of A, B, C, D, and dye E, viscosity and velocity field (from top to bottom) on a monotonic system at fixed R,=1 and

Ry =3 attime ¢=2800 for (a) R.=1, (b) R;=2,(c) R.~=0.
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Fig.9 Concentration of A, B, C, D and dye E, viscosity and
velocity field (from top to bottom) on a non-monotonic system at
fixed R,=1and R; =3 for(a) R,=>5 attime t=2800, (b) R,=4
at time ¢ =2400, (c) R,=—2at¢=2000, (d) R.=-3 at¢=2000.

B2 EFMERAENES VRSO L
A08-1

KA LD VE /34— DENTIE, 5 DRI Tt
HIEE LT finger 23885 LT D Z & 27K L 7=, finger [ IAREHFIIIC
ZAET D720, AU VF 235 — L ORI LIRS O IR
FEPBEEG LTS LERX, £I T, VF KkOENZBHFS
D TCDITHEBEGITIE R 2 S T KB IRISHIGT DR= 2 LG
FERA RIS T DR= 0 12851 IS ORIGE L2 bk L7z

(Fig. 10), Fig. 10 (b)& V. R=2 1238\ T Fig. 8(b) THIZZSNT-
AH= AL EFRRS, ROSHMEE SHRGE LT finger TIT L U AS
ENEL 725720, FRHNZJEIHD finger ORIV NS <720 |
REMED & < 72D, FRIT finger AR DRRFEM LA LD & WIHIZ
FEIE LTz finger BENFEFRBRIZEE VNS L 220 . ZOFO
finger HENKE Ao THEY, LRROA D=L IESN
DT ENHERTE D, fEo THEHINA I, PR #E L
finger & = DJEFHD finger 23EHL L7223 HHEA TF Y | shielding 23
il XA finger 2A—HRITAE LTV, ZOFER, VF RZ—2 )%
BT D, — T TR= 01BN T, #IHNI3EE LT finger DB
N—FR&E L, R E & BIZFD finger NI HITREL TR
Y (Fig. 10 (c)) . shielding 2MEHE XL TV 5, Fig. 8(b) THIEZE I
oA B = AL ERRRIC, 8 LT- finger CIREHATIAN X 0 itk
RATNDIRIETH Y . Z Z TSI OEERIE AR E N0
FEEERD 2 (LB OGS & W HEITT 5, £, FEL
finger CHIEDINVERM C 3L 0 %< AR D, REEEDIR VE
GRS X0 e d <. BUSOFEERIRILE bIicEm < 72
0| KSEORNAERS) C 3L VAT 5, Fig 10 TREND LD
IZ finger AREORRRZALE LD & WIFNCFGE LT finger OHE
PENCRRHEZ H > TND T EDHERTE D, 1> T, KR
DR TITFERIERITEEA, FINTIEE L7z finger 28 S HITHEL
7 < . £ shielding 2MEHE L7z finger sEEMN R HILD,

S BT, non-monotonic SRIZISIT DIREL ORI L% Fig. 11
{Z7%¢, non-monotonic 233V T %, monotonic & & [FIEEIZ, KEEE
HIR (Fig. 11 (a),(b)) 1238V NTIdFEE L7z finger DD finger D
BENEWZ LR TE D, — TSR (Fig. 11 (0)(d)
WZBWTIIFEE LTz finger OIFEN R bV, FROHEZENKE
K7pBIFE, VF REEMENRKEL 725 Z LITER LT shielding
D&V IEE L, finger HOWLFE L finger RENKEL DT &
NEEEINS, LLEDZ L35, non-monotonic RIZEBWTH
monotonic & & [AER7R A /7 = X 2 C shielding O] & (M E T
TS EWNWZ D, ZDZ &L Fig 202 END Xk HICkE T 1
7 7 A V3 non-monotonic DHFAIZIT b AR/ BIR I BIEE S
N T35, LT non-monotonic & IZIIT ZKEEEARI DL EED
B, REEDRLD B/hSNEND ZEERB LTV D,
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Fig. 10 Temporal evolution of velocity field on a monotonic system at time ¢ = 400, 800, 1200, 1600, 2000, 2400, 2800 and 3200
(from top to bottom) for (a) R.=1,(b) R.=2,(c) R,=0.
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Fig. 11  Temporal evolution of velocity field at time ¢# = 400, 800, 1200, 1600, 2000, 2400, 2800 and 3200 (from top to bottom) for (a) R.=5,
(b) Rc=4,(c) Re=—2,(d) Rc=-3.
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D. BEAEAFZE & D bl

ZZTIEHE TR K 01T, (EEERORIC L OO b Rk
9 Viscous fingering D AR Z BET 5 Z & & BARUIZ, mhiftk
TUROREZA LB D A DY I 2 L—3 3 VR L BEE OIS
EDIIETT D, 3. IR LTRERIT, REEO AN L7c VF 28R
O L LA A[RETdH D, Z Z Tinger EX LICBAL T, R > RilC
KT D REEEPENNR CIIFERUSRICHAR TR B RV finger 13/h S
<720 (Fig. 6(a) & ZHROD Fig. 4 (a), (b) DL | kLR Tl
FERUSRITHERTRE 72D (Fig. 6(a) £ OO Fig. 5 (a), (b)D
L) . F7o, FREEOBLR CHERRIC, KERIR TIEIERRR
{ZHEAT fingering /3% — 38272 0 (Fig. 7 L BHROD Fig. 4 ()
D) | SRR R CIIIEROSRIZHATHIZ 2 D (Fig. 7 &%
RO Fig, 5 ()OI, LEDZ LD, VI alb—ra R
TS5 VE RO of & —F LT3,

FTAMTEORERIL, EARMETRIAE DR ED v 2 L —
Ta UREROL LI ATRE TS D, T 2 CHBLORREE /34 D%
BFEUICE R A Y TS, Re>Ra T, Re DEEIMZHE finger IRIE
INEL T2 HREL 7o TRY . & BICRISHEROE B 073
TR E WY 7 R LTS (Fig.4 & BMROD Fig. 6), —
F5 T Re<Ra TIE. Re DIFANTHE ™ finger DEATIRY . shielding <2
tip splitting 23H L < 72> TRV, S HIT finger 3 &L VR L T
% (Fig.5 LD Fig.7), ZOMRIIPFEDY I 2L —a
FERE—ELTRY ., KEELZ R D LSO EMERE TR Gl
Z DD ERERIA TR Z 22K B3, KEAKIER Ui s &
T ZeaR LT, 22T, BHEDY I 2 L—3a U EAERIC,
RDOT ALY RHL, X L, = 8192 x 2048, ZERIAIZ] ZriFdx =
dy = 2. ZAHRde = 0.1DOZAF T Cla CHIANLO Y R 2 Lb—
¥ a UREREIRD Fig. 12 1777, Fig 12(a) & BH@D Fig. 6, R. =
6. BL U Fig. 12(b) L BMROD Fig. 7, R.=—3 &Ll 5 L. F
B2 i ThHIZHEDL LT fingering /3% — 138 —H Lz,
PIEX Y. Fig.2(b) &BMAOD Fig 5b) TREND K 912, kE=
OHERHEDFESISD SN RT U THRIFRE 22> T DA, &< A
CRHBLAETOY I 2 L—y g NI M ThH L &
SRR L CUND,

Fig. 12 Fingering dynamics of dye E in spatial step is dx = dy =
2 and timestep dt = 0.1 and domain sizeis 8192 x 2048 for (a)
R.=5 attime t =3200, (b) R.=—3 at time t =2400.
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T 2T, ERRERIR DR LA S (LERIE (A+HB—C)
IC& > THI &R Z SN DIRFME VE I2B1F 5. AR C ORED
REBART LT, Z D7), @i PlE@ RO, (b5 FE
DIRTFA Dk B AC R A SRR HE LTz, ABFIE T,

B2 AMERAENZS RO L
A08-1
IEHEMEFRICAL SRR A 28, ERREPETARI/LRE B B L OV D 237
TES 2R A, R 1, OIEREPEIRASREEE 1) O RVET A %
B L, SUH ORI i DERIIDNERLT 5 R BIT D HIEL 2
a2 b—va UEToT, ZIREOFIE TR, ALFRISIT K 0 R
D A DLV REEED ENED 2\ ARV HEEE 1 D C ASERKT 2B
O fingering /34— % EBINZEHI L7z, C OFEED A K 0 45
DEWEEA, T2 BRERNR T, finger ACRIEHNHI S 4L,
FELOEDOYA X 0 72 fingering /3% — 2 % rn Uiz, Loy DRSS
/3% Gl shielding <° tip splitting 2% [ 530, FERUEOEFA & U finger
FREMMEEL, LV BRZ: fingering /37— AR LTz, 2D OE]
EHERIT, RSTDERE LD, ORI, (b
BOEE & 0 Bk AR OREEZE 2 £ 5 IRANE VE OFERE S
2L—2ar b —EL TS Z Enh, EREIERES 5T
FPEFR R TREEZ L Z 2T oA Th . KEZSERN
fingering /X% — N2 DB IR CTHH LWV H T L ERT,
AHFFEIL, EOR R0 1 EAIRE & D7 a1 AT TR
ZRIZ LY VF 9288, RRSHETRIRS 2\ X Eks R iR
&b b O A SR TEAITBO TS RUER I R 4155
WHZ L EBHFHNTTR LTe, ZOMETHWEET M, &5
FROYNREEDS—TE, M OIERUREYSE LU &0 ERIIC Eh
R ZRE LTS, L) LERED Hele-Shaw & /L35 TP VF
ZHEN BT, KE ORERTFCE L EROIER I O e &
DFERNEFEND, EHIZ, Chen HDX° Mishra 5L, FiiEH D
UWNEEFUTHEE T B2 LKL (Pe) DL M X > C fingering /34
— UMD T L R EROBERTIC L R LTV D, £ T,
(LSS L 0 R AL S IRFIME VF ICBT 545 % DRE L
L CiX, Hele-Shaw &/ /VFER CTOFMAZFEENZ X 0 TV ENT 1T H
TeOIZ, ALFEFEOIIRECIERREL, RO L AT TE
ZBHRETHD,
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