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Using fluid displacement in a Hele-Shaw cell, we experimentally demonstrate the
arresting effect of an imposed flow on a phase separation occurring in a growing liquid-
liquid interfacial region, unlike in an initially homogeneous single-phase mixture quenched
within the miscibility gap. Increasing the imposed flow rate reduces the exponent « in the
form AA o t“, where AA is the increase in the area occupied by the displacing fluid owing
to phase separation. We show that o can be expressed as a function of the ratio of the phase
separation rate to the flow rate on a single curve, indicating that the competition between
the imposed flow and phase separation rates determines the degree of the interfacial phase
separation. The arresting effect and the mechanism are verified by a numerical simulation.

DOI: 10.1103/PhysRevFluids.9.024003

I. INTRODUCTION

Phase separation is a phenomenon wherein a mixed solution separates into two phases; it has
received significant attention because of its wide applications in biology, biochemistry, physics, etc.
There are two types of phase separation: nucleation [1] and spinodal decomposition [2]. Spinodal
decomposition is the process by which a thermodynamically unstable mixture separates into two
phases without nucleation. In a binary mixture, when the second derivative of the free energy with
respect to composition is negative, spinodal decomposition occurs. The signature feature of phase
separation is coarsening, in which the characteristic length scale of phase separation L grows in
time according to a power law, L(#) o t*, where « is an exponent that depends on the growth
mechanism. Such thermodynamic coarsening was studied in the context of solid alloys [3]. For
example, in the Ostwald ripening process, one of the thermodynamic coarsening processes in solid
alloys wherein large phase domains grow at the expense of smaller ones, the domain length (here,
the radius of a droplet) increases by ¢!/? [4]. This was proven by the Lifshitz-Slyozov-Wagner
theory [5,6]. Thermodynamic coarsening can be fundamentally altered in fluid mixtures by means
of hydrodynamic effects that lead to a different algebraic growth of the domain. For instance, Siggia
[2] demonstrated that hydrodynamics accelerated the domain growth where a length scale, e.g., the
radius of the droplet, of spinodal decomposition increased linearly with time (proportional to ¢!).

The thermodynamic coarsening dynamics of phase separation in fluid mixtures have been re-
ported to be modified by imposed flows, such as a simple shear flow, turbulent flow, and chaotic flow.
For a simple shear flow, a highly anisotropic layered phase ordering in mixtures has been reported
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through experiments and numerical simulations [7-11]. Using light scattering experiments, early
experimental studies [12,13] showed that a turbulent flow suppressed the spinodal decomposition-
type phase separation of a binary mixture. The suppression or arrest of spinodal decomposition by
a turbulent flow has also been substantiated by numerical studies [14—16]. Numerical studies have
investigated the time evolution of the characteristic length of the fluid domain. Although the length
increases with time according to a power law, L(¢) o t* in the absence of turbulence, this increase
is arrested by turbulent flow as the system attains a steady state. For a chaotic flow, coarsening arrest
has been validated numerically [17]. Recently, a computational study of the arrest of thermodynamic
coarsening in a fluid mixture by other types of imposed flow was conducted by Fu er al. [18]. In
their research, the separating phase exhibited a large viscosity contrast; thus, a periodic left-to-right
flow imposed caused a hydrodynamic instability due to the viscosity contrast, i.e., viscous fingering
(VF) [19], which shows a fingerlike interface when a less-viscous fluid displaces a more viscous one
in porous media. The coarsening arrest by VF was observed numerically, along with the attainment
of a statistical steady state by the system, in which the binary mixture was always driven far from
equilibrium.

In all the aforementioned studies that investigated the coupling between phase separation and
imposed flows, the mixture solution was premixed. Particularly in the experiments, the mixture
was initially prepared to achieve a homogeneous phase in the stable region of the phase diagram.
Subsequently, when the temperature was typically reduced below a critical temperature, phase
separation began to occur. However, our research group recently performed an experimental study
on a different type of coupling between phase separation and an imposed flow [20]. The study is VF
with phase separation. In this experiment, when a less-viscous solution, which is not premixed
with a more-viscous one, displaces the more-viscous one in a Hele-Shaw cell (which is a thin
gap between two parallel plates), phase separation occurs only in the vicinity of the growing
interface, which forms a fingerlike configuration. The occurrence of the interfacial phase separation
was verified by calculating the second derivative of the free energy of mixing with respect to
the concentration of one chemical species. It is known that spontaneous convection occurs in the
interfacial region between two liquids where spinodal decomposition occurs due to body forces
originating from the chemical potential gradient (Korteweg force) [21-26]. Suzuki et al. (2020) [20]
explained that the nature of phase separation and spontaneous convection caused viscous fingers
to pinch off and droplets to detach from the mother fingers. The detached droplets self-propelled
in arbitrary directions owing to spontaneous convection. In this study, the occurrence of spinodal
decomposition-type phase separation in the fluid displacement was experimentally verified through
area measurement of the less viscous liquid. An increase was observed in the pattern area due
to spinodal decomposition, compared to that in the corresponding immiscible case; this increase,
denoted as AA(t), grew with time according to a power law, AA(¢) oct®. It was found that «
= 1.7 when the multiple droplet pattern was observed most remarkably. That AA oc ¢! in area
scales implies that [(z) oc t''7/? = %% in length scales. This was close to a linear evolution with
time (' dynamics). These results indicate that the area increase is convection driven; therefore,
spontaneous convection plays a dominant role, and this should be considered proof of occurrence of
a spinodal-type phase separation. Subsequently, our group has succeeded in numerical reproduction
of such topological change of VF interface by establishing a mathematical model that combines
phase separation effect and Korteweg force with VF hydrodynamics [27].

In this context, it is important to determine the effects of the imposed flow on the properties
of such type of phase separation that occurs in a growing liquid-liquid interfacial region. Several
questions arise: How does the imposed flow impact the properties of the this type of phase separa-
tion? Is the interfacial phase separation enhanced or suppressed as the imposed flow rate increases?
To address these questions, in this study, we perform the above-mentioned fluid displacement
experiment, which involves spinodal decomposition-type phase separation by changing the flow
rate; we analyze the properties of the interfacial phase separation through area measurement. Herein,
we demonstrate that the interfacial phase separation is arrested with an increase in the flow rate. We
claim that the outcome of the present study is an instance of an imposed flow arresting the phase
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FIG. 1. (a) Phase diagram of PEG, Na,SO,, and water system, and (b) the fluid displacement apparatus.

separation occurring in a growing liquid-liquid interfacial region; this is a different type of phase
separation arrest from those previously reported. In addition, we demonstrate that the competition
between the imposed flow and phase separation rates determines the degree of the interfacial phase
separation and that the arrest mechanism is different from that in phase separations occurring in the
bulk. The above experimental results and proposed mechanism are verified by numerical simulation.

II. EXPERIMENT

For the liquid system, we employed an aqueous two-phase system (ATPS) comprising polyethy-
lene glycol (PEG) (average molecular weight M,, = 8000), sodium sulfate (Na,SO,), and water.
The phase diagram of PEG, sodium sulfate, and water is shown in Fig. 1(a) [28]. In a previous
report [20], a combination of 36.5 wt % PEG solution as a more viscous displaced liquid and 20
wt % Na,SO, solution as a less viscous displacing liquid was confirmed to cause spinodal-type
phase separation at the liquid-liquid interfacial region, based on the second derivative of the Gibbs
free energy. Therefore, these compositions were used in the present study. The concentration of the
interface of 36.5 wt % PEG and 20 wt % Na,SO, solutions is shown as a star point in Fig. 1(a).
This solution goes to separate into a PEG-rich phase (phase L, lighter phase; Na,SO4 and PEG
concentrations are 3.2 and 36.5 wt %, respectively; red open circle) and a salt-rich phase (phase
H, heavier phase; Na;SO4 and PEG concentrations are 16.0 and 1.4 wt%, respectively; red solid
circle). The density and viscosity of the 36.5 wt % PEG solution were 1070 kg/m? and 112 mPas,
respectively, whereas those of the 20 wt % Na,SO, solution were 1190 kg/m? and 2.08 mPas,
respectively. The fluid displacement apparatus was the same as that used in a previous study [20],
which is shown in Fig. 1(b). The more viscous PEG solution was dyed blue using indigo carmine for
visualization of the displacement pattern. The displacement of a more viscous fluid by a less viscous
fluid was performed using a Hele-Shaw cell in a radial geometry, wherein the pattern develops in
a radial direction owing to fluid injection from a point. The gap width b was set as 0.3 mm. The
injection flow rate ¢ was varied between 6.70 and 33.5 cm?/h.

The degree of the interfacial phase separation in the displacement was investigated by measuring
the increase in area due to the phase separation; to determine this increase, the area calculated
from the injection volume was subtracted from the measured area of the injected 20 wt % Na,;SOy4
solution. The images of the displacement pattern were binarized at a threshold of the color level, and
the area measurement was performed using the binarized image. Both procedures were conducted
using the free software IMAGEJ.

We define the characteristic time of the flow as the nominal residence time in the Hele-Shaw cell:
T, = wbR}g/q, where Rys is the radius of the circular measurement region, which is 58 mm (Fig. 2).
We use 7 as a parameter representing the flow rate effects, wherein 7 is inversely proportional to g
(77 decreases with an increase in g). Figure 2 shows the time evolution of the displacement patterns.
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FIG. 2. Time evolution of displacement patterns at (a) 7y = 1.70 x 10° s, (b) Ty =8.52 x 10% s, and (c)
7, =341 x107s.

The liquid-liquid interface grows radially and deforms into fingering or droplets gradually over
time. For high 7, (low g), in Fig. 2(a), for 7 =1.70 x 10° s, some droplets were created at the
early stage, and the number of droplets increased with time. Meanwhile, for low 7, (high g), in
Fig. 2(c), for Ty = 3.40 x 10? s, no droplet was observable at the early stage; however, some large
droplets detached from the mother fingers at the later stage. In Fig. 2(b), for t, = 8.52 x 10 s, we
observed intermediate behavior, i.e., some droplets were created at the middle stage, and the number
of droplets in the later stage was less than that for 7, = 1.70 x 10? s [Fig. 2(a)]. Movies depicting
the temporal pattern evolution for various 7 values are provided in the Supplemental Material [29].
This qualitative visual evidence suggests that an increase in the flow rate arrests the interfacial phase
separation effect because of the formation of the droplets caused by the phase separation [20].

The time evolution of the area measurements for various 7, values is depicted in Fig. 3(a).
All the cases show that the area of the injected Na,SO, solution (plots) was larger than the area
calculated from the injection volume (lines). The area A;;;(¢) calculated from the injection is defined
as Ajyj(t) = gt/b. The time evolution of the area difference for various 7, values is depicted in
Fig. 3(b). This figure shows the exponent value and the constant value of the power law scaling,
AA = Apt®, where Ay is a constant of proportionality. We found that & was close to 2 at the highest
7y, indicating that the area increase was primarily convection driven. This means that spontaneous
convection driven by the spinodal decomposition sufficiently occurs and we can mention that
sufficient spinodal decomposition occurred at the interfacial region. The exponent value decreased
with decreasing 7y and was close to 1 at the lowest 7;. The results demonstrate that the interfacial
phase separation was arrested by a decrease in 7y (an increase in g). We note that a curve going as
t'7 is growing slower than the linear growth because A for t!'” growth (0.0168) is much smaller
than Ag for the linear growth (3.24).

Herein, we discuss the mechanism for the observed arrest of the interfacial phase separation.
In the present flow configuration, wherein the two phase-separating solutions are nonpremixed
and interact at the liquid-liquid interfacial region, a comparison between the flow rate and phase
separation rate should be important. The previous paper [20] presented the result of interfacial
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FIG. 3. (a) Measured area of injected 20 wt % Na,SO, solution (plots) and area calculated from injection
volume (lines) and (b) area difference between area of injected 20 wt % Na,SO, solution and area calculated
from injection volume for various 7. The plots and error bars represent the averages and standard deviations,
respectively, for three or two experimental runs.

tension (y) measurement between 36.5 wt % PEG and Na,SOy solutions at various concentrations
(12-20 wt %) using the spinning drop method. Notably, y increased remarkably with time up to
50 s after contact of the PEG and Na,SO, solutions and reached a constant value over 200-300 s
[Fig. 6(a) in [20]]. The temporal increase in the interfacial tension is evidence of the occurrence of
spinodal decomposition-type phase separation between the two fluids, which indicates a temporal
increase in interfacial energy to generate force [20,30]. The force originating from the phase
separation, called the Korteweg force, tends to minimize the free energy and can generate convection
[20,21,26,31]. The Korteweg force is represented in terms of the free energy, as expressed in the
following equation:

o 8G PRT

F; = Moo (Mw )M,V% ey
where p is the density, M,, is the molecular weight, r is the position, and w;(= [§(G/RT)/é¢;])
is the generalized chemical potential of component i, defined as the functional derivative of the
molar Gibbs free energy of a nonuniform system for a ternary mixture. ¢;, R, and T represent the
molar fraction, gas constant, and temperature. Three types of Korteweg forces exist in the ATPS.
Among them, the Korteweg force generated by the interaction between water and PEG is the most
dominant, constituting 96% or more of the total force [32]. Hence, the Korteweg force acts towards
the outer PEG-rich phase, promoting droplet formation and increasing the area. The rate of increase
in interfacial tension () can be considered as a parameter representing the strength of the Korteweg
force. The temporal evolution of y can be fitted by the following equation: ¥ = (o — Yo )e ¥ +
V0, Where yp and Y., are the values of y at the contact time and at a time where y becomes
constant, respectively; this shows that the rate constant k increases with the concentration of Na; SOy
[Fig. 6(b) in [20]]. The rate constant & is also an indicator of the rate of phase separation occurring in
the liquid-liquid interfacial region because the influence of convection is negligible in the spinning
drop method.

In the present study, we first investigated how the exponent «, which appears in the expression of
the power law of area growth of AA « 1%, is affected by the rate constant k. To do so, we performed
the displacement experiments at the highest 7, by varying the concentration of Na;SOy4, and we
obtained the exponent « using the above-mentioned procedure. The results described in Fig. 4 show
that « increases with k, indicating that the effect of the interfacial phase separation becomes stronger
as the phase separation becomes faster for a fixed flow rate.
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FIG. 4. Relationship between exponent o and rate constant k. The plots and error bars represent the
averages and standard deviations, respectively, for three or two experimental runs.

We define the characteristic time of phase separation as the reciprocal of k, i.e., 7, = 1/k. We
introduce a dimensionless number, defined as the ratio of the characteristic time of the flow (75) to
the characteristic time of the phase separation (7,), to compare the phase separation rate against flow
rates; this number is expressed as 7//7,. When the flow rate is larger or the phase separation rate is
smaller, the dimensionless number 7,/t, becomes smaller. This dimensionless number corresponds
to the Damkohler number used in fluid dynamics with chemical reaction to compare chemical
reaction rates with flow rates [33,34]. The relationship between the exponent value « and reciprocal
of ty/1,(= 7,/7s) is depicted in Fig. 5 for various values of 7, and k (the concentration of NaySO4),
where o can be expressed as a function of 7,/7; on a single curve and monotonically decreases
with an increase in 7,/7y. The results systematically confirm that the competition between the
imposed flow and phase separation rates determines the degree of phase separation occurring in
the liquid-liquid interfacial region, and the interfacial phase separation is arrested by an increase in
the reciprocal of the dimensionless number tr/7,(= 7,/7r), which represents the phase separation
rate against flow rates.

III. NUMERICAL SIMULATION

In the previous section, it is experimentally shown that the ratio of the imposed flow rate to
the phase separation rates determines the degree of phase separation occurring in the liquid-liquid
interfacial region, and the interfacial phase separation is arrested by an increase in the reciprocal of
the dimensionless number representing the phase separation rate against flow rates. In the present
section, we verify the mechanism by a numerical simulation.

As mentioned in Introduction, we succeeded in reproducing multiple droplets formation in VF
with interfacial phase separation by a numerical simulation [27]. The VF with the interfacial phase
separation involving Korteweg force can be described by three coupled equations; the continuum
equation, Darcy’s law [35,36] with the addition of a body force generated, i.e., Korteweg force,
by the gradient of the chemical potential [21,37], and the modified Cahn-Hilliard equation to
allow for transport dynamics of chemical species governing liquid-liquid phase separation [38].
In the aqueous two-phase system used, the viscosity and state of liquid phases are determined
by the concentration of PEG [32]. Furthermore, the Korteweg force is contributed largely by the
interaction between PEG and water [24-26,32]. The dynamics of one species (here, PEG) allows
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FIG. 5. Relationship between exponent « and t,/ts. The plots and error bars represent the averages
and standard deviations, respectively, for three or two experimental runs. The open plots represent values
corresponding to varying 7, at fixed t,, whereas triangle plots represent values corresponding to varying 7, at
fixed 7.

us to understand the thermodynamic state and hydrodynamic properties of each phase. Thus, the
nondimensional governing equations in a moving reference frame in the previous simulation [27]
are as follows:

V.u=0, (2)

VP = —n(c)( +i) + 8[u(c, p)Vel, 3)

A ) ©

(e, p) = % = —a1 Ve — aa(c — p) + as(c — p)’, (5)
n(c) = &, (6)

fle.p) == e=pP+ e —p), ()

where u is the velocity, P is the hydrodynamic pressure, c is the concentration of the one species,
n(c) is the viscosity, i 1is the unit vector in the x direction, ¢y implies the interfacial energy
such as interfacial tension, oy and o3 are the transport coefficients such as diffusion and phase
separation, § is the coefficient of the Korteweg force, R = In[n(c = c¢1)/no] is the log-mobility
ratio, f(c, p) is a free energy of the bulk phase, and u(c, p) is the chemical potential, which is
a functional derivative of the free energy with respect to concentration. Here, the Péclet number
, Pe =UL,/M = tp /7, for the simulation is the ratio of the diffusive time, tp = L2 /M, and the
advective time , 7z = L,/U, where U is the injection velocity, L, is the length scale, and M is a
phenomenological mobility coefficient during phase separation, which can be inferred from mutual
diffusion and phase separation. In the present study, tp is considered to be compatible with 7,
(the characteristic time of phase separation). This is because larger diffusivity for phase separation
implies a larger rate of phase separation. Therefore, Pe represents the nondimensional number
showing the ratio of the imposed flow rate and the phase separation rate. Note that the numerical
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FIG. 6. (a) Free energy f(c, p = 0.50) and translated free energy f(c, p = 0.55) and (b) area difference
for various parameter p. The red arrows in (a) represent the equilibrium concentrations for f(c, p = 0.55). The
equilibrium concentrations are ¢ = 0.103 and ¢ = 0.997.

simulation using the above equations demonstrates that the multiple droplet pattern instead of the
fingering pattern formed with the increase in the effect of phase separation [27] at fixed Pe. In this
study, we change Pe to numerically investigate the effect of the imposed flow on VF dynamics and
to theoretically verify the interfacial phase separation arrested by the imposed flow and its proposed
mechanism.

A change in volume ratio of the separated solutions is also important to mimic the experiment
because two solutions with equal volume are mixed with each other and then the volume ratio
of the separated solutions is not 1 in the experiment. Namely, when 100 mL of 36.5 wt % PEG
solution and 100 mL of 20 wt % Na;SOy solution are mixed, the mixed solution separates into about
97 mL of PEG-rich phase and about 103 mL of salt-rich phase. The parameter p in Eq. (7) is used to
change the volume ratio of both phases after phase separation to mimic the experiment [Fig. 6(a)].
The lever rule determines the mass ratio, i.e., volume ratio, of each phase after phase separation. If
the initial concentration exists at the center of the tie line in the phase diagram, the volume ratios
of the two phases after phase separation will be equal. If the initial concentration is off center,
however, the volume of the two phases after phase separation will be asymmetric according to the
lever rule. In this numerical simulation, the volume change after phase separation can be produced
by translating the free energy in the horizontal direction. The free energy can be shifted horizontally
by changing the value of the parameter p in Eq. (7), which corresponds to the change in equilibrium
concentrations [Fig. 6(a)]. In the simulation, the initial concentration at the interface where the
instability occurs is fixed at a constant of ¢ = 0.5. A horizontal shift in free energy corresponds
to the change in the equilibrium concentration on the tie line of the phase diagram. Figure 6(b)
shows the effect of the p value on the area difference AA, which is calculated from the injected
area subtracted from the area occupied by the displacing fluid for a condition employed in Fig. 7,
that is, three different p and Pe =2, R=0.5, oy =1, ap =0.2, a3 =1, §=100. The area
difference AA is almost constant against time when p = 0.5, whose condition is the same as the
case reported by Seya et al. [27]. The area increase is observable at p = 0.55 and the area decrease
can be seen at p = 0.45. This reason is explained by using the free energy and initial condition. Since
the initial concentration at the interface is ¢ = 0.5 and the equilibrium concentrations are ¢ = 0.053
and ¢ = 0.947 based on the free energy f(c, p = 0.5) [Fig. 6(a)], the volume ratio of the displacing
less viscous solution and the displaced more viscous solution is 8:270]?5‘2 = 1.0. Here, the numerator
is the length of the tie line of the more viscous solution side, while the denominator is one of
the less viscous solution side. Under the lever rule, the volume ratio after phase separation becomes
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FIG. 7. Time evolution of displacement patterns at (a) Pe = 2, (b) Pe = 10, and (c) Pe = 50 for the
numerical simulation (R =0.5, o; =1, o, =0.2, az =1, § =100, p=0.55). The red arrows show
the droplets.
the inverse ratio of the length of the tie line. Therefore, the decimal fraction (8:2{70"(?52 = 1.0) means
the volume ratio of the displacing less viscous solution and the displaced more viscous solution after
phase separation. Under the condition of p = 0.55 indicating that the equilibrium concentrations
are ¢ = 0.103 and ¢ = 0.997 based on the free energy f(c, p = 0.55) [Fig. 6(a)], the volume ratio
is 8:29—70]063 = 1.25, which means the area of the displacing less viscous solution increases in the
simulation. Here again, the numerator is the length of the tie line of the more viscous solution side,
while the denominator is one of the less viscous solution side. Since the volume ratio after phase
separation becomes the inverse ratio of the length of the tie line under the lever rule, the decimal
fraction (% = 1.25) means the volume ratio of the displacing less viscous solution and the
displaced more viscous solution after phase separation. We employed p = 0.55 in the present study
as a representative example of p > 0.5 because the phase separation increases the volume of the
less viscous (displacing) liquids in the experiment. We note that p = 0.45 is used as a representative
example of p < 0.5 where the phase separation decreases the volume of the less viscous (displacing)
liquids.

Figure 7 shows the temporal evolution of VF with phase separation for various Pe in the
numerical simulation results. The time progresses in the down direction and Pe becomes larger
with the right direction. At # = 500, no fluctuation occurs for any Pe cases. A fingering pattern
occurs for any Pe cases at t+ = 1000. For low Pe (Pe = 2), droplets are observed at t = 2250. Red
arrows highlight the formation of the droplets. For high Pe (Pe = 50), however, no droplets are
observed even at t = 2250. Thus, the numerical calculations show that no droplets form and the
viscous fingers become somewhat thicker as Pe increases. This observation is like that obtained in
experiments when the flow rate is increased. This indicates that the degree of the interfacial phase
separation on VF is shown numerically to be determined by the ratio between the imposed flow rate
and the phase separation rate.

The time evolution of the area difference for various Pe is depicted in Fig. 8. The simulation
result (Fig. 8) shows the same trend as Fig. 3(b). Note that the time ¢" defined as ¢ x u/U is used to
compare with the experimental results.

Figure 9 shows the relationship between Pe and the growth exponent « calculated from AA o *
for the numerical simulation. We find that arresting effects similar to those obtained in experiments
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FIG. 8. Time evolution of area difference for the numerical simulation for various Pe. ¢" in the simulation
indicates a normalized time, # X 7;, to compare with the experimental results in Fig. 3.

can be obtained in the numerical simulation. This numerical result shows that the competition
between the imposed flow and phase separation rates is numerically shown to determine the degree
of interfacial phase separation. We note that quantitative comparison between the value of Pe and
7,/ 75 is not feasible due to the difference of the definition. Based on the results, where the droplet
formation is observed at low Pe or 7,/7; and the exponent o decreases from 2 to 1 as Pe or
7,/ Ty increases in both experiments and numerical simulations, the influence of Pe in the numerical
simulations and the influence of 7,/7 in the experiments is considered to be same.

Here, we highlight the link between the experiments and numerical simulation, where we focus
on the necessity of using different dimensionless groups for the experiments and simulations. In the
experiments, we calculated the phase separation rate or the characteristic time of phase separation
from the increasing rate of interfacial tension, which can be measured by experiments. Also, the
characteristic time of flow is calculated from the residence time in the Hele-Shaw cell. We compare
phase separation rate with flow rate by using these characteristics times of phase separation and flow.
On the other hand, by considering the phase separation rate as the diffusive rate for phase separation
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FIG. 9. Relationship between « and Pe for the numerical simulation. The plots and error bars represent the
averages and standard deviations, respectively, for three or two numerical runs.
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in the numerical simulations, we investigate the influence of the ratio of phase separation rate and
flow rate by using the ratio of diffusive rate and flow rate, i.e., Pe, which appears in the mathematical
modeling developed by Seya et al. [27]. Therefore, the meaning of Pe in the numerical simulation
is the same as the meaning of t,/7 in the experiment.

We emphasize that the mechanism for the interfacial phase separation arrest in the present study
is different from that occurring in the bulk phase, especially in turbulent flows, which has been
reported by previous studies. Regarding the arrest in turbulent flows, it has been shown that the
intensity of turbulence (which twists, folds, and breaks interfaces into smaller domains) determines
the degree of coarsening (which leads to domain growth) arrest, and a stronger arrest is achieved
by a larger turbulent intensity [15]. The phase separation in our system is limited to the vicinity of
the interface because only the interface where diffusion is occurring falls into the spinodal region.
Hydrodynamic instability is also limited to the vicinity of the interface because it originates from
the viscosity contrast between the two phases in the interface.

IV. CONCLUSION

In conclusion, we experimentally investigated the displacement of a more viscous liquid by a less
viscous liquid in Hele-Shaw cells using an ATPS; such a displacement can cause phase separation
in the growing liquid-liquid interfacial region by varying the flow rate and the phase separation
rate. We evaluated the degree of the interfacial phase separation during fluid displacement using the
temporal evolution of the increase in area of the displacing liquid caused by the phase separation,
in the form AA ~ ¢*. Our results show that the exponent « is close to 2 at the highest 7, (lowest
q), and decreases monotonically with a decrease in 7, (an increase in g). This indicates that the
area increase is convection-driven for a higher 7, (lower g) and suppressed by a decrease in 7
(an increase in g). Therefore, it can be concluded that the interfacial phase separation is arrested
by an increase in the flow rate, because spontaneous convection is originated from the phase
separation. We demonstrated that the competition between the flow rate and phase separation rate
determines the degree of phase separation occurring in the liquid-liquid interfacial region by
introducing the dimensionless number z,,/7, which represents the phase separation rate against flow
rates. The same arresting effect as that observed in the experiment was obtained by the numerical
calculation with varying Pe. In the simulation, Pe represents the ratio of the imposed flow rate
and the phase separation rate because characteristic time of diffusion for the phase separation is
considered to compatible with the characteristic time of phase separation. Therefore, the numerical
results theoretically demonstrate the mechanism that the competition between the flow rate and
phase separation rate determines the degree of phase separation occurring in the liquid-liquid
interfacial region. We describe that the mechanism for the interfacial phase separation arrest in
the present study is different from that occurring in the bulk phase.

Phase separation arrests due to imposed flows have been reported in various flow fields, such
as simple shear flows, 2D and 3D turbulent flows, and chaotic flows. In all previous studies, phase
separation occurred in the bulk phase. This study demonstrates an imposed flow-arresting phase
separation occurring at a growing liquid-liquid interfacial region. The present study will lead to
research trends focusing on the coupling between phase separation and hydrodynamics, especially
phase separation arrests caused by imposed flows. In addition, the subject treated here, i.e., phase
separation occurring at a growing liquid-liquid interfacial region arrested by an imposed flow, is
highly relevant to a methodology for the control of interfacial hydrodynamics by phase separation
[30], which will be useful for optimization of processes in various fields, from enhanced oil recovery
[39], CO, sequestration [40], and treatment of oil slicks on the surface of the ocean [41-43] on
a large scale to microfluidic devices [44,45] on a small scale in engineering fields. Furthermore,
the concept of phase separation being arrested by an imposed flow in a liquid-liquid interfacial
region could provide a more comprehensive understanding of cell biology because droplet formation
occurs owing to a possible phase separation of different proteins in the liquid-liquid interfacial
region in a living cell [46].
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