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The dynamics of the displacement of one fluid by another in porous media or Hele-Shaw cells
depends on the viscosity contrast due to Saffman—Taylor instability. If the less viscous fluid is
displaced by the more viscous one, the interface is hydrodynamically stable, and thus, fingering does
not occur. Herein, we experimentally show the occurrence of fingering for hydrodynamically stable
displacement in a partially miscible system using an aqueous two-phase system. Quantitative
correlation between the interfacial deformation and a newly proposed dimensionless number
demonstrates that body force driven by spinodal decomposition induces the fingering instability.
Moreover, the fingering observed in this study is completely different from previously reported
fingering phenomena in hydrodynamically stable displacement in immiscible and fully miscible

systems.



L. Introduction

The displacement of one fluid by another in porous media is observed in several processes such
as chromatographic separation [1], CO, sequestration [2], and secondary and tertiary oil recovery [3].
When the displaced fluid is more viscous than the displacing one, the interface is hydrodynamically
unstable and forms finger-like patterns owing to a positive viscosity gradient in the flow direction;
this reduces the displacement efficiency. Such a finger-like pattern is called viscous fingering
(VF) [4-6], and the dynamics of VF have been extensively investigated in extant studies [7,8]. VF is
generally divided into two categories depending on whether two fluids are immiscible or fully
miscible. The solubility between two fluids is negligible in an immiscible system and infinite in a
fully miscible system. If the viscosity contrast and flow rate are identical, the typical finger width in
an immiscible system is larger than that in a fully miscible system because of higher interfacial
tension [9,10]. Studies have investigated the influences of non-Newtonian fluid properties [11-14]
and several physicochemical effects between two fluids, such as those corresponding to chemical
reactions [15-21], double diffusivity [22], and phase change [23], on VF dynamics. These studies
primarily used a Hele-Shaw cell; this cell has a thin gap between two parallel plates, and it is the
simplest two-dimensional model of a porous medium [7].

In contrast, when the displaced fluid is less viscous, the interface is hydrodynamically stable
and grows uniformly because of the negative viscosity gradient in the flow direction. We have
focused on the previously reported occurrence of fingering instability induced by several
physicochemical effects even under such hydrodynamically stable conditions in immiscible and fully
miscible systems [22,24-35]. Chan and Liang [24] discovered such fingering in an immiscible
system formed during displacement of air by a surfactant solution in a Hele-Shaw cell whose inner
surface was prewetted by the surfactant solution. This fingering was attributed to solutal capillary
convection induced by spatial variation of the surfactant concentration [28,29]. Bihi et al. [30]
observed such fingering in an immiscible system—displacement of air by water in a Hele-Shaw
cell—in which partially wettable hydrophilic particles were present and demonstrated that it
originated due to capillary force induced by preexisting particles. In fully miscible systems,
experimental and numerical analyses have shown that a local positive viscosity gradient established
by viscosity change due to chemical reaction [31-34] or a local negative permeability gradient
established by precipitation reaction [35] both induce such fingering in standard Hele-Shaw cells
that are not subjected to any pretreatment. Furthermore, the establishment of a local viscosity
gradient responsible for such fingering by double diffusivity in the fully miscible system has been
numerically predicted [22]. The other reported origin for the establishment of a local viscosity
gradient is accumulation of particles when a more viscous suspension, in which particles are
dispersed, displaces less viscous air in a standard Hele-Shaw cell [25-27].

Recently, studies have focused on fluid displacement in partially miscible systems, where the



fluids have finite solubility at the interface [36—38], mainly because fluids are partially miscible
under the reservoir condition at high pressure in the CO;-enhanced oil recovery (EOR) process [39].
Thus far, hydrodynamically unstable displacement in partially miscible systems has mostly been
studied through numerical simulations [36—38]. One numerical simulation [38] showed that partial
miscibility greatly influences the degree of fingering. However, the fingering in partially miscible
system has not been investigated experimentally because little has been known how to control the
miscibility at room temperature and atmospheric pressure.

In the present study, we have succeeded in experimentally changing the solution system from
fully miscible to partially miscible or immiscible by varying the concentrations of the components in
an aqueous two-phase system (ATPS) while leaving the viscosities relatively unchanged at room
temperature and atmospheric pressure. We conduct a hydrodynamically stable displacement
experiment in which a more viscous fluid displaces a less viscous one in a radial Hele-Shaw cell by
using ATPS. The results showed that fingering instability occurs even under hydrodynamically stable

conditions only in the partially miscible system. We aim to clarify the origin of such fingering.

II. Solution System and Displacement Experiment

We use an ATPS consisting of polyethylene glycol (PEG; weight-average molecular weight M.,
= 8000), a salt (Na;SOs), and water [40]. Figure 1(a) shows the phase diagram, where the blue
region indicates that the system consists of one phase and the green region indicates that the system
has separated into two phases. An aqueous solution composed of 13% w/w Na,SO4 and 10% w/w
PEG (red triangle point in Fig. 1(a)) is separated into a PEG-rich phase (phase L, lighter phase;
Na,SO4 and PEG compositions are 3.2% w/w and 36.5% w/w, respectively; red filled circle) and a
salt-rich phase (phase H, heavier phase; Na;SO4 and PEG compositions are 16.0% w/w and 1.4%
w/w, respectively; red open circle) [40]. In all displacement experiments, the more viscous PEG-rich
solution displaces the less viscous salt-rich solution. Both phases after equilibrium are used in the
immiscible system. The system can be changed from fully miscible to partially miscible by
increasing only the salt concentration, C, of the displaced solution when 36.5% w/w PEG solution
(black filled circle) is used as the displacing solution. When the average concentrations of PEG and
NaySO4 after mixing equal volumes of PEG and Na,SO4 solutions as more- and less- viscous
solutions, respectively, lie in Region I, the system becomes fully miscible. When they lie in the
thermodynamically unstable region, Region II, the system becomes partially miscible with finite
solubility where phase separation occurs due to spinodal decomposition. When C; = 0% w/w
(deionized water; black open circle), the average concentrations become 18.25% w/w PEG and 0%
w/w NaSOs (black filled star) and lie in Region I; the system is fully miscible. In contrast, when C;
= 20% w/w (green open circle), the average concentrations become 18.25% w/w PEG and 10% w/w

NaySOy4 (green filled star) and lie in Region II; the system is partially miscible. The fully and



partially miscible systems are in nonequilibrium. Thus, the change in their compositions occurs
during displacement. As shown in Table 1, the viscosities of the more and less viscous solutions are
relatively unchanged for all systems.

In all displacement experiments, the more viscous solution is dyed in blue using indigo carmine
to visualize the displacement pattern. We have confirmed that indigo carmine is not soluble in the
NaySOs4 solution because of the salting-out effect. The gap of the Hele-Shaw cell, b, is 0.3 mm. The
injection flow rate of the more viscous liquid, g, is varied between go and 13go (go = 7.07 x 10710

m’/s).

III Results and Discussion

Figure 1(b) shows the displacement patterns for immiscible (phase L—phase H system), fully
miscible (36.5% w/w PEG-0% w/w Na>SO4 system), and partially miscible (36.5% w/w PEG-20%
w/w NaSOs4 system) systems for the lowest ¢ (=qgo). Hydrodynamically stable interfaces are
observed in both the immiscible and the fully miscible cases. The fully miscible interface is observed
to be not sharp due to diffusion, which is different from that in the immiscible case. However, in the
partially miscible case, a noncircular deformed interface appears. Figure 1(c) shows the temporal
growth of the pattern for all systems for ¢ = go. For immiscible and fully miscible systems, the
patterns are circular regardless of time. The deformed pattern can be clearly visible after # = 1000 s,
and the deformation becomes larger as time progresses for the partially miscible system.

As described in the introduction, some fingering instabilities even under hydrodynamically
stable conditions are attributed to the establishment of a local positive viscosity gradient [25-27,31—
34]. To check whether such a local positive viscosity gradient is established, we measure the
viscosity in the interfacial region for each system by performing interfacial rheological
measurements using a rheometer (AR-G2, TA Instruments) with a double-wall ring-type sensor [41].
In the measurement, we first put the heavier solution in the vessel and then set the ring at the
air-solution interface. Here, the heavier solution refers to 36.5 % w/w PEG solution in fully miscible
system, phase H in immiscible system, and 20 % w/w Na,SOj4 solution in partially miscible system.
Then, we start small amplitude oscillatory shear measurement at fixed frequency (0.20 Hz) and
strain (1.0 %). Figure 2(a) shows the temporal evolutions of G’ (storage modulus) and G" (loss
modulus), which represent elastic and viscous responses, respectively, for the immiscible, fully
miscible, and partially miscible systems. At £ = 180 s (indicated by a blue solid line in Fig. 2(a)), the
lighter solution (0 % w/w Na>SOs solution in fully miscible system, phase L in immiscible system,
and 36.5 % w/w PEG solution in partially miscible system) is added, bringing the two phases into
contact with each other. The initial time up to 180 s (showed at the blue line in Fig.2(a) in the
manuscript) is not our interest because a liquid-air interface is measured before 180 s and a

liquid-liquid interface is measured after 180 s when two solutions are brought into contact with each



other. In all cases, the values of G’ are dispersed, indicating that G’ is too small to be measured and
that the elastic properties are negligible. Meanwhile, G" is constant with time in all cases. In other
words, the viscosity in the interfacial region is constant within the experimental period. Thus, it can
be concluded that the deformation occurring in the partially miscible system is not triggered by the
establishment of a local viscosity gradient.

We measure the temporal change in interfacial tension, vy, for the immiscible, fully miscible, and
partially miscible systems by using a spinning drop tensiometer (SITE 100, Kriiss, Germany) [42,43].
Note that 9% w/w Na>SOys solution is used instead of 0% w/w Na>SOs solution for the fully miscible
system because the measurement cannot be performed for the 36.5% w/w PEG—0% w/w Na,SO4
system due to extremely low interfacial tension. As shown in Fig. 2(b), as expected, y remains
constant with time for the immiscible system and it decreases with time for the fully miscible
system; interestingly, y increases with time for the partially miscible system.

Here, we propose an origin of the interfacial deformation in a partially miscible system in terms
of chemical thermodynamics. In this study, we thermodynamically control the miscibility of two
aqueous solutions by varying the concentration of salt. When the two solutions are in contact with
each other far from the thermodynamic equilibrium, the compositions at the interface between the
two solutions changes due to mass transfer depending on the difference between the initial and the
equilibrium free energies; this leads to a concentration gradient at the interface. The reference [44]
theoretically shows that spinodal decomposition makes concentration gradient steeper. Based on this
reference, for a partially miscible system passing through the miscibility gap, after contact with each
solution, the concentration gradient becomes steeper due to spinodal decomposition. Based on Eq.(1),
a spatially non-uniform concentration field, where the concentration gradient becomes steeper,
creates transient interfacial tension and the interfacial tension would increase with the concentration
gradient. Our experimental results show that when the system is partially miscible, interfacial
tension increases with time, which indicates an increase in the concentration gradient and the
non-uniformity of concentration with time. The temporal increase in interfacial tension indicates the
occurrence of spinodal decomposition, which induces a spatial gradient (or non-uniformity) of the
concentration in the bulk solution; this is more significant at the interface of both phases. As
described by Mauri et al. [45,46] and Poesio et al. [47], the force produced under spinodal
decomposition is referred to as the Korteweg force. This is thermodynamically defined as the
functional derivative of free energy [46] and is characterized by a body force. This force produces
spontaneous convection to minimize the free energy stored at an interface [45-51] and it has also
been reported that a droplet moves spontaneously by such Korteweg force [45,47-51]. In the present
study, we demonstrate that the observed fingering is caused by spontaneous convection of such the
Korteweg force explained by Mauri et al. [45,46]. In the following, we show how this Korteweg

forces can be understood for a fully miscible system. The interfacial tension y in binary system in a



nonhomogeneous concentration field is defined as [42,43,52]

y =k (%) dx~k &L,

(M

where ¢ is the concentration, & is the gradient energy parameter, x is coordinate normal to the
interface, Ac is the difference in concentration between the two phases, and § is the interface
thickness. Since the concentration gradient creates a transient interfacial tension in partially miscible
systems similar to fully miscible systems, we consider the equation (1) may be used for both fully
and partially miscible systems. For a fully miscible system, § constantly increases and Ac
vanishes in the course of diffusion; therefore, the concentration gradient rapidly decays to zero. In
fact, the interfacial tension shown in Fig. 2 (a) temporally decreases and approaches zero for the
fully miscible system. This indicates that our experimental results are in good agreement with the
theoretical model given in Eq (1) for a fully miscible system. Furthermore, studies on a fully
miscible system [52—59] have shown that the effective interfacial tension (Korteweg stress) can also
be written as an additional force in the momentum equation as the divergence of the Korteweg stress
tensor, which can be termed as a body force as it depends on the concentration gradient in the bulk
solution [53-59].

To evaluate the quantitative relation between the interfacial deformation and the physical

properties, we define the interfacial deformation intensity, /s, as a standard deviation—I; =

\/ Yo {r(6) — (R)}? /N—of the interfacial radius R(6), where ( ) denotes the average value and 6
is an angle [Fig. 1(c)]. NV is the number of samples of R (in this work, N = 1024). Fig. 3(a) shows that
the deformation becomes larger as C; is larger and it becomes smaller as g is larger.

Here, we propose a dimensionless number Bf = Ayb?/nq that represents the relative effect of

the body force driven by thermodynamic instability versus the pressure gradient related by Darcy’s

law.
Ay 2
_ 2mrmaxb _ AYDb
Bf = W T g (2)

k

We neglect the numerical coefficient on the right-hand side for simplicity. Here, Ay = y* —v,,
where y* and y, are interfacial tension measured by the spinning drop method [Fig. 2(b)] at a time
when 74 reaches 42 mm and at the beginning of the measurement, respectively, and k (=b%*/12) is
permeability of Hele-Shaw cell and # is viscosity of the displacing solution. We emphasize that the
temporal change in interfacial tension relates the body force driven by the thermodynamic instability,
as described in the preceding paragraph. Br = 0 corresponds to an immiscible system. In Fig. 3(b),
we can find that 14/l (Ia at various C; normalized by Iz in the immiscible case for various q)
against Brfalls on a universal curve. For By < 0, which corresponds to a fully miscible system, no
deformation was observed, whereas for By > 0, which corresponds to a partially miscible system,

14/l 1 increased with increasing B¢ regardless of ¢. The smaller interfacial deformation at high ¢ is



due to the pressure gradient by fluid injection exerting a dominant influence over the thermodynamic
body force.

To clarify the origin of the body force, we determine the thermodynamically unstable region.
The system with compositions lying in the thermodynamically unstable region, that is, the spinodal
region, becomes a partially miscible, whereas outside this region, it becomes a fully miscible. This

region is determined by the following relation [60]:

GppGww — GPW2 <0, (3)

where  Gpp = 1/7ppp + 1/15¢ps — 2xps , Gww = 1/pw + 1/rs¢ps —2xsw , and Gpw =
1/rss — xsw — xXps + Xpw (¢; is the volume fraction and indices P, W, and S denote PEG, water,
and salt, respectively; r; is the segment number of component i; and y;; represents the interaction
parameters). y; are determined by the Gibbs free energy of mixing of the Flory—Huggins
theory [61]. The value of xj; used to calculate Gpp, Gww, Gpw has been experimentally found
based on the cloud-point measurement given in [62] which is obtained using a refractometer [63].
The relation between the spinodal region and By is shown in Fig. 3(c). The value of the left-hand
side of equation (3) decreases with By, and spinodal decomposition occurs when By > 0 regardless
of ¢ corresponding to Cs > 12.3% w/w as shown in the inset. The spinodal region is consistent with
the region in which interfacial deformation occurs. The result confirms that the body force is
identified as Korteweg force driven by the thermodynamic instability and as the cause of the
fingering instability during hydrodynamically stable displacement.

To confirm the occurrence of spontaneous convection by the Korteweg force and identify the
chemical that triggers Korteweg force, we conduct the following experiment. After injecting the
more viscous liquid into the less viscous one at a higher ¢ to avoid interfacial deformation until the
radius reached 20 mm in the radial Hele-Shaw cell, we stop injection and observe the temporal
evolution of the circular interface. No deformation is seen in the immiscible and fully miscible cases
[Fig. 4(a)]. However, for Cs = 19% w/w in the partially miscible case [Fig. 4(a)], a clear dimple is
observable at 5 min. A droplet of the salt-rich solution forms from a dimple at 7 min and moves to
the center of the circular pattern of the more viscous liquid. Such droplet motion by Korteweg force
in ATPS has been reported experimentally and theoretically [49—51]. In addition, we find that the
droplets never cross the center, indicating that they move in the direction of higher PEG
concentration. As Cy increases, the onset time of the first droplet monotonically decreases [Fig. 4(b)].
These observations can be summarized as follows: (1) the spontaneous flow induced by Korteweg
force is directed from the salt-rich solution toward the PEG-rich solution, that is, the flow is in the
direction in which the PEG concentration gradient is positive; and (2) the magnitude of the flow

monotonically increases with Cs. Due to such spontaneous convection from salt-rich phase to



PEG-rich phase, the interfacial fingering deformation occurs when more-viscous PEG solution
displaces the less-viscous salt solution as shown in Fig.1(b). The dynamics without and with the
injection are different because the flow exists in the latter cases. However, we claim here that the
interface can be deformed without the injection in the partially miscible systems and the interface in
immiscible and fully miscible systems are not changed. In short, the occurrence of the spontaneous
convection induced in the partially miscible system is not dependent on the injection rates. Without
the injection, the spontaneous convection is confirmed as the formation and movement of droplets.
With the injection, such convection assists for the formation of the interfacial fingering

We calculate the components of Korteweg force Kijj from the gradient energy parameters kj;
derived from yj; [64]. The details of the procedure for obtaining k;; are described by Ariyapadi
and Nauman [64]. K generated by the interaction between components i and j [48,65] are obtained
as follows, assuming that the lengths of the spatial inhomogeneities are comparable to the interface

thickness (6 ~ 100 um) [43];

1 1 1 (¢pi—dpo)>
Kpw = EKPWV(V¢P)2~EKPWE (%) > 4

Kps = kpsV2hpVs~Kps % (¢P,i;¢P,o) (¢S,i;¢s,o)’ (5)

1 1 1 ($si—¢s0)>
Ksw = EKSWV(quS)Z“’EKSWE(%) > (6)

where ¢;, and ¢;; are the concentrations of component i in the outer and inner liquids,
respectively, and the direction from the salt-rich solution toward the PEG-rich solution is positive.
Here, we emphasize that Egs. (4)—(6) state that Korteweg force is driven by compositional gradients.
Note that d, which is determined by intermolecular interaction [48,65], affects the absolute values of
K;; but not the ratio between them. All components of the calculated Kjj are shown in Fig. 4(c). The
force generated by the interaction between PEG and water, Kpyy, increases with C. This force
component constitutes 96.0%—-99.8% of the total force. Thus, the direction of the PEG concentration
gradient determines the direction of net spontaneous convection by Korteweg force. This theoretical
finding qualitatively agrees with experimental observations (1) and (2) described above.

Here, we emphasize that the change in the interfacial tension does not always indicate the
presence of the Marangoni effect and that the Marangoni effect is not responsible for interfacial
deformation. We thermodynamically control the miscibility of two aqueous solutions by varying
their salt concentration, thereby allowing systematically changes in the interfacial tension and its
dynamics. The Marangoni effect occurs when a surface-active agent is adsorbed on the interface, and
a concentration gradient is generated. In our systems, the surface-active agent is PEG; however, its
concentration is almost constant in all experimental systems. The adsorption of PEG molecules on

the interface did not directly induce a change in the interfacial tension. In fact, the change in the



miscibility of the two aqueous solutions induced changes in the interfacial tension. In general, the
Marangoni number is defined in terms of the amount of change in interfacial tension as a function of
the concentration of the surface-active agent in equilibrium. Thus, instead of the Marangoni number,
we used the dimensionless number Br in terms of the amount of temporal change in interfacial
tension due to spinodal decomposition under nonequilibrium conditions, indicating the generation of
a body force (Korteweg force).

Furthermore, we note that this deformation is not caused by buoyancy-driven instability
because the displacement experiment in 14% w/w Na>SO4 shows more deformation than that in the
immiscible system [Fig. 3(a)] although the density difference in 14% w/w Na>SO4 (0.070 g-em™) is

smaller than those in the immiscible system (0.084 g-cm?).

IV Conclusion

In conclusion, we have demonstrated that partial miscibility can trigger fingering even under
hydrodynamically stable displacement; this is because of spontaneous convection by Korteweg force.
Our experiments show that the fingering instability in partially miscible systems is governed by the
newly proposed dimensionless number By. For Br > 0, the interfacial deformation is proportional to
Br. For negative values of By, deformation never occurs despite the same absolute value of temporal
change in the interfacial tension. Hence, it is observed that the sign of Bt is a crucial factor for the
development of the interface. The results in this study are completely different from those of other
fingering phenomena under hydrodynamically stable conditions in immiscible and fully miscible
systems described in the introductory paragraph. Further, the fingering phenomenon described herein
is the first one whose origin is not the establishment of a local positive viscosity gradient or a local
negative permeability gradient under hydrodynamically stable conditions in standard Hele—Shaw
cells. This discovery will directly contribute to CO,-EOR technology where there is a process in
which more viscous water displaces less viscous CO,, which would be partially miscible. Our
fingering phenomena indicate that displacements considered to be hydrodynamically stable could be
unstable in these processes. From a scientific viewpoint, the present study opens a new
cross-disciplinary research area between hydrodynamics and chemical thermodynamics, that is,
interfacial hydrodynamics involving Korteweg force originating during phase separation in partially

miscible systems [66,67].
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Figure and Table captions

Fig.1 (a) Phase diagram of PEG 8000—Na,SOs—water system (from Ref. [40]) and solution systems
used in the present study. The solutions used in the immiscible, fully miscible, and partially miscible
systems are indicated by red, black, and green circles, respectively. (b) Hydrodynamically stable
displacement in the immiscible, fully miscible, and partially miscible systems for ¢ = qo. The
pictures are taken when the longest radius of the displacement pattern is 42 mm and the injection
time is shown at the lower right corner of each picture. (c) Time evolution of the patterns for g = go.

The lines of different colors indicate £ = 100, 300, 500, 1000, 1500, 2000, and 2500 s.

Fig.2 (a) Interfacial rheological measurement for the immiscible (phase L—phase H system), fully
miscible (36.5% w/w PEG-0% w/w Na>SOs system), and partially miscible (36.5% w/w PEG-20%
w/w NaxSOjssystem) systems. (b) Typical time evolution of interfacial tension for immiscible, fully
miscible (36.5% w/w PEG-9% w/w Na>SOs system), and partially miscible systems. The rotation
rate of the capillary is 6000 rpm.

Fig.3 (a) Intensity of deformation, 7, vs Cs for various q. The separate graph on the right is for the
immiscible case. (b) Ii/lym vs Bf = Ayb?/nq. (c) GppGww — GPW2 vs By. (inset) GppGyww —
Gpw? vs Cs. The region in which its value is negative corresponds to the spinodal region.

Fig.4 (a) Temporal variation of the circular interface between the two fluids in the immiscible, fully
miscible, and partially miscible systems (Cs; = 19% w/w). (b) Onset time of the first dimple vs. Cs.

(c) as a function of Cs.

Table 1 Viscosity and density of solutions used
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Fig.3
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Fig.4
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Table 1
Viscosity ~ Density
[mPa-s] [g/cm?]
36.5% w/w PEG 112 1.07
0% w/w Na,SO,* 0.972 0.997
15% w/w Na,SO, 1.65 1.14
19% w/w Na,SO, 1.92 1.18
20% w/w Na,SO, 2.08 1.19
Phase L 125 1.08
Phase H 1.76 1.16

*0 wt% Na,SO, represents deionized water.
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