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YUCJEHHOE NCCJIEJOBAHHUE TPOLHECCA
IHAJIBIIEOBPA3OBAHUSI IIPU TEYEHUH JIBYX
HE CMEIIUMBAIOHIUXCHA JKUJTKOCTEN B KAHAJIE

A.A. Kynaiikynos'', K. %Kozepana’, A. Kanraes'

'Kazaxckuit HaumoHabHbIi YuuBepcurer nMmeHu anb-Dapadu, Anmartel, KazaxcraH, Sorbonne Universit'es,
Institut D'Alembert, CNRS and UPMC UMR 7190, 4 place Jussieu, 75005 Paris, France

KnaioueBble ci10Ba: TeueHHEe JBYX HECMEIIMBAIOUIMXCS JKUAKOCTEH, KOHTAKTHAsl JMHHS, KOHTAKTHBIN yrodi,
KaMUIIPHOE YUCIIO, ANIbIIe00pa3oBaHue, TPAHUYHOE YCIIOBHE MPOCKAIB3bIBAHMUS, METO]] 00BEMA JKHIKOCTH.

AnHoTanmsi. B naHHON paboTe YMCIIEHHO HCCIIeIOBaH IPOLECC MalbleoOpa3oBaHusl IPH TEUCHHUH JIBYX
HECMEIINBAIOIINXCS KUAKOCTEH B KaHajle, a IMEHHO MCCIIOBaHA CBA3b MEXAY LIMPUHOW NalbleoOpa3oBaHUs U
KaMULIPHBIM 9HCIIOM M PE3YJIbTaThl CpaBHEHHI ¢ paboToii [6]. Tarke B JaHHOW padoTe MCCIIeAOBAaHBI IPOIECCHI
nepexoza U3 py4eiHOro BUAa B KIMHOBUIHBIA BHJ MANbIIE0Opa3oBaHMs Ul Pa3INYHBIX 3HAUYCHUH KodduLueHTa
MTOBEPXHOCTHOTO HATSDKEHUS. Bee uncIeHHble pacyeThl IPOBOIMIIUCH C IIOMOIIBIO TTporpaMMbl Gerris [7].

UDC 517.958:532.546

NUMERICAL INVESTIGATION OF FINGERING
PATTERN FORMATION DURING THE FLOW
OF TWO IMMISCIBLE FLUIDS IN A CHANNEL

A.A. Kudaikulov'’, C. Josserand?, A. Kaltayev1

! Al-Farabi Kazakh National University, Almaty, Kazakhstan, 2Sorbonne Universit'es, Institut D'Alembert, CNRS
and UPMC UMR 7190, 4 place Jussieu, 75005 Paris, France
“e-mail: aziz kudaikulov@gmail.com

Keywords: flow of two immiscible fluids, contact line, contact angle, capillary number, fingering pattern, slip
boundary condition, volume-of-fluid (VOF) method.

Abstract. In this paper we numerically investigated the fingering pattern formation in the unstable interface
between two immiscible fluids during the flow in the channel. The relation between finger width and capillary
number is investigated in this paper, and compared with work [6]. Also in this work the transition from rivulet-type
finger to wedge-shaped finger is investigated for different values of surface tension. All numerical calculations are
performed using Gerris program [7].

Introduction. Two immiscible fluids flow can be found in many different situations; some cases in
which it plays a central role are the spreading of adhesives, the flowing of lubricants into inaccessible
locations, the coating of solid surfaces with a thin uniform layer of liquid, the displacement of oil by water
through a porous medium, etc. One of the phenomena which occurs in the two immiscible fluids flow is
the fingering pattern formation in the interface between fluids. This phenomenon can be observed in the
pressure-driven flow of two immiscible fluids in a channel (see fig. 1). The experiment [1] shows that
even if the interface between fluids is initially straight, it quickly deforms, resulting in the formation of
finger-like structures. The instability leading to this pattern is referred to as fingering instability. Two
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types of fingering shape can be observed in the experiment: wedge-shaped finger and rivulet-type finger
(see fig. 1). Formation of fingering pattern can result in poor quality of coating or reducing oil production
by water displacement in porous medium, so investigation of fingering instability is important for
practical applications. There are exist many quantitative models of this phenomenon and one of the most
popular is the thin-film flow down an inclined plane [6]. In this model the linear stability analysis is
employed for lubrication-type equations to describe evolution of small perturbations in the interface
between two immiscible fluids and this model can’t be used for large deformation of the interface.
Nevertheless, this model can estimate the finger width of rivulet-type finger (see fig. 1). The finger width

depends on the capillary number:
1

h  =h—-h, ~Ca?3, 1)

where Ca is the capillary number. It’s the ratio between viscous force and surface tension force:

layer finger

U
Ca= HYea , 2)
O
where U ¢z 1s the contact line velocity. In this paper we numerically investigated the fingering pattern

formation in the unstable interface between two immiscible fluids for flow in the channel. The relation
between finger width and capillary number is investigated in this paper, and compared with (1). Also in
this work the transition from rivulet-type finger to wedge-shaped finger is investigated for different values

of surface tension, and showed that the rivulet-type finger occurs only when [5]:
1

C=Ca 31g0>1. 3)
All numerical calculations are performed using Gerris program [7].
a) b)
o SN

Fig. 1 — Fingering patterns in the interface between two immiscible fluids: a) wedge-shaped finger, b) rivulet-type finger.

Formulation of the problem. We numerically solved the Navier-Stokes equations for
incompressible, two immiscible, viscous fluids flow in 2D channel:

%w.(p;;):—vwv(zw), )

1 - -T
EZE(VM‘FVM ), )
V-u=0, (©)

op -

——+V-(pu)=0, 7
o TV (pu) 2
p=Fp,+(1-F)p,. ®
p=Fu+1=-F)u,. ©)

where [ is the parameter that identify a given fluid I ( =1 or 2) is present at a particular location X :

— 87 ——
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F:{l, if xis in fluid i

: . : o (10)
0, if x is not in fluid i
If we substitute the equation (6) into the equation (5), we have that:
oF -
—+u-VF=0. (11)
ot

In order to find the shape and location of the interface between the two fluids, we use the volume-of-
fluid method [3] and advect this interface using equation (11). Equations (4, 6 and 11) are numerically
solved using the projection method on non-staggered grid [4] and the following boundary conditions were
used (see fig. 1):

1) Inlet boundary condition:

ou,
=0, 12
o (12)
v, =0, (13)
P, =1 (14)
2) At the walls of the channel:
ou
u,6 =A—, (15)
on
v, =0, (16)
Pu_, (a7)
dy

—

where A is the slip length and 7 is the normal vector to the wall. Here we used the Navier slip boundary
condition instead of no-slip boundary condition to avoid viscous stress singularity at the contact line [2].
3) At the interface between two fluids — S:

l;JS:O, (18)
—[—p+2,uZ-E-2L:0k, (19)
k:—V-Z, (20)
—[ZyE-E-Z]S:E-VSa, 1)

where o is the surface tension, k is the curvature of the interface - S, 7 is the normal to the interface -

S, and ¢ is the tangent vector to the interface - S .
4) Outlet boundary condition:

ag;“’ =0, (22)
vout = O’ (23)
P =0. (24)

Results. The steady state solution of the equations (4, 6) with boundary conditions at the walls of the
channel (15 - 17) and with boundary conditions at the interface between the two fluids (18 - 21) can be
obtained by neglecting the viscous force on the interface between the two fluids (21):

_ _ 2 2
M:pin pout pc(h y +lh)’
s 2

(25)
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where P, is the capillary pressure. The value of capillary pressure can be obtained from Young-Laplace
equation and for 2D case (see fig. 1):

_ocostd 26)
pc h :
The average value of (25):
o 2
E:M(h_+ﬂh) (27)

1L 3

In this work we numerically validated the relation (1) for rivulet-type finger. To validate this relation,
we consider two cases: in the first case, the pressure difference between the ends of the channel is
constant, but the surface tension of the interface between two immiscible fluids is changed, and in the
second case, the surface tension is constant, but the pressure difference is changed. In the first case, the
velocity along the center line of the channel is linear depends on the surface tension (25, 26). Since the
contact angle - @ (see fig. 1) depends on the capillary number [2]:

1

0~Ca’, (28)

therefore the contact angle - € almost doesn’t change. As shown in fig. 2, the contact line velocity
almost doesn’t change too. In the second case, the velocity along the center line of the channel is linear
depends on the pressure difference between the ends of the channel (25), and as shown in fig. 3, the
contact line velocity also linear depends on the pressure difference between the ends of the channel. In fig.
4 is shown the relation between the finger width and the capillary number, and this relation is almost
matched with the relation (1). Also in this work the transition from rivulet-type finger to wedge-shaped
finger is investigated for different values of surface tension. For surface tension 0 =1, the value
C =284 (3), and for 0 =2, the value C =1,59 . The relation between finger width and contact

angle is shown in the fig. 5.

Conclusion. In this paper is numerically investigated the fingering pattern formation in the unstable
interface between two immiscible fluids during the flow in the channel. The relation between finger width
and capillary number is investigated in this paper, and this relation is reasonably good matched with [6].
Also in this work the transition from rivulet-type finger to wedge-shaped finger is investigated for

different values of surface tension, and is showed that this transition occurs only for C >1 [5].

g:i: | Ua=Uc(o) —— 0_; | UL = Ug(gradp) ——
0.24 | 0.8 |
2 023 ¢ . g-; :
S 0.22 ¢} =) :
0.21 g:i :
0.2 | 03 |
019 L— v+ .. o0 ¢ . . . .
0.20.40.60.8 1 12141618 2 4 6 10 12 14 16 18 20

¢ gradp

Fig. 3 — The relation between contact line velocity
and pressure difference

Fig. 2 — The relation between contact line velocity
and surface tension
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0.26 . . . . 0.24 ; ; . : .
when ¢ changed —— c=1 ——
0.24 - when gradp changed 0.22 =2 ———
0.22 . 0.2
0.2 1 018 t
5 &
- 018 . = 016 |
< £
0.16 . 014 |
0.14 g 012 L
012 . 01 L
01 L * * * * 0.08 . . . . .
1 12 14 16 18 2 0 2 4 & 8 10 12
Ca-H’S th

Fig. 5 — The relation between finger width
Fig. 4 — The relation between finger width and contact angle

and capillary number
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KAHAJLJIAFBI EKI APAJIACTIAMTBIH CYABIKTAP/BIH AFBICTA
CAYCAK TOPI3/II AFbIC ®OPMACHIHBIH MAJIA BOJTY POIECIHIH CAHJBIK 3EPTTEYI

A.A. Kyuaﬁlcyﬂosl*, K. )Ko3epa1-1)12, A. Kaaraes'

lan-®apabu arsinnarsr Kasak YirTeik Yansepenreri, AnMarsl, Kasakcran, 2Sorbonne Universit'es, Institut D'Alembert, CNRS
and UPMC UMR 7190, 4 place Jussieu, 75005 Paris, France

Tyiiin ce3aep: eki apanacmailTeIH CYWBIKTApIBIH aFbIHBI, TYHICKEH CBI3BIK, TYHICKEH OYPBIII, KalMUIAPIBIK CaH, caycak
TOpi3i arbic popMaCHIHBIH Maiiaa O0ybl, CRIpFaHaK MIEKAPANbIK IIapT, CYHBIK KOJIeM 9JIiCi.

AnHoTamusi. OCHI JKYMBICTAa KaHAJIIAFBl €Ki apalacraiThIH CYWBIKTapIbIH aFbicTa caycak Topi3l arbic (OpMacHIHBIH
naiga OOJyBl CaHIBIK 3EpTTENITeH, aTal aifTkaHga caycak ()OpMAachIHBIH €HI MEH KalWUIIPJIBIK CaH apachlHAArbl OaiiaHbic
3epTTENIHTeH, JKOHE AJIBIHFAH HOTIKeNep 0acka )KyMbIcTapMeH cajblcThIpburaH [6]. Bapibik ecenteyinep Gerris Garnapiamacst
apKbUIbI XxKacainraH [7].

Hocmynuna 17.06.2016 e.
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