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We report hydrodynamic interaction between droplets and the interface of a pair of co-
flowing immiscible streams in a microchannel revealing droplet migration and interfacial
deformation. We find small droplets of confinement ratio, i.e., ratio of drop size to the
suspending stream width, β < 1, exhibit lateral migration—while smaller droplets of β <

0.5 migrate towards the co-flow interface, unexpectedly larger droplets of 0.5 < β < 1
drift away from the interface. The size-based contrasting migration behavior is attributed to
the interplay between the hitherto unexplored wall-directed negative lift force and the well-
established center-directed noninertial lift force. We also find large droplets of β > 1 cause
deformation waves in an initially stable and flat interface that propagate downstream akin
to traveling peristaltic waves. Numerical simulations reveal that interfacial deformation is a
consequence of the distinctive pressure jumps across the co-flow interface at the upstream
and downstream of a droplet. Our study reveals the amplitude of the deformation wave
associated with a droplet grows spatially downstream but remains the same for a train
of droplets crossing a fixed location, indicating convective instability. The effects of co-
flow interfacial tension, viscosity contrast, confinement ratio, and droplet spacing on the
deformation wave amplitude and its variation along the flow direction are studied. The
experimental results are verified using a simple theoretical model. Our study presents an
unexplored droplet-driven interfacial deformation wave that may find relevance in droplet
microfluidics.

DOI: 10.1103/PhysRevFluids.7.054201

I. INTRODUCTION

Interfacial instability in stratified multiphase flows has intrigued researchers for over a cen-
tury [1–3]. The different types of interfacial instabilities have been delineated according to
their mechanism as Rayleigh-Plateau (RP) instability [3], Kelvin-Helmholtz (KH) instability [4],
Rayleigh-Taylor (RT) instability [5,6], and Saffman-Taylor (ST) instability [7]. RP instability is
governed by the competition between capillary and viscous effects whereas KH instability originates
from a large velocity difference between fluid layers across an interface. RT instability is observed
due to density contrast between fluid layers whereas ST instability is attributed to the entrainment of
low viscous fluid in a high viscous fluid. Further, interfacial instabilities have been categorized based
on the propagation mode as absolute instability wherein amplitude increases exponentially and
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disturbance propagates both upstream and downstream or convective, where instability propagates
only downstream [8].

A comprehensive review [9] highlights the instability in multiphase systems in shear flow
[10–14], Couette-Poiseuille flow [15–21], or core-annular co-flow [22–33] configurations. It is
found that an otherwise stable single-phase Couette or Poiseuille flow, irrespective of Reynolds
number, becomes unstable once viscosity stratification is introduced [34]. Long- and short-wave
instability were identified for wavelengths greater and smaller than fluid layer thickness [12]. Strat-
ified simple shear flows in bounded configuration become unstable to long waves for a wide range
of Reynolds numbers [34]. On the contrary, flows become unstable to short waves in unbounded
Couette flows [11]. Interfacial tension was found to have a stabilizing effect for all wave numbers
while density stratification has a stabilizing or destabilizing role based on the fluid configuration
[11]. Stability of semibounded Couette flow due to the viscous boundary layer at the walls [10] was
studied which showed that higher viscosity of the unbounded fluid renders unstable flow. Also, with
a thin viscous layer near the wall, the semibounded flow is proven to be unstable to long waves [33]
while gravity has a stabilizing effect. The growth rate of disturbance for semibounded flows is found
to be higher compared to the bounded one [34], revealing the possible effect of wall confinement on
dampening the instability.

In the Poiseuille flow of immiscible fluids, the onset of interfacial waves in the low viscous
fluid is marked by a transition to turbulence which gets amplified in a higher Reynolds number
regime resulting in bulk mode instability [17]. A high value of interfacial tension (IFT) has a
stabilizing effect and dampens instability below a critical Reynolds number [16]. Further, numerical
investigation reaffirmed that IFT would stabilize the short-wave instability while gravity dampens
the long-wave instability [21]. A subsequent experimental study demonstrated interfacial instability
with low interfacial tension fluids even at low Reynold numbers and decay of growth rate with
increasing IFT [35]. In core-annular flow, low-viscosity fluid at the center destabilizes the flow
due to long waves [26,31] which decreases with decreasing density contrast but increases with the
inclusion of IFT. In density-matched stratified systems, with the annular fluid less viscous, flow
can be unstable to long-wave while short-wave instability is dampened by IFT [26]. Subsequent
studies also noted the destabilizing effect of IFT [23,24] along with stabilizing effect of viscosity
stratification [24]. Both planar and annular flow was found to be unstable in the presence of insoluble
surfactant at the interface [28,32].

Interfacial instability in co-flow has been widely explored for microfluidic droplet generation by
the virtue of transition from convective to absolute instability [22,25,36]. Large viscosity difference
has been exploited to achieve wave breakup and ligament formation in parallel co-flow [37]. Further,
parallel co-flows have been employed for the passive transport of microparticles and droplets,
droplet splitting, particle encapsulation, size, and viscosity-based droplet sorting [38–42]. Aqueous
two-phase systems have been employed for surface energy-based microparticle and cell partitioning
[43,44] and hydrodynamic lift-induced cell sorting [45] across the interface. In recent years, co-flow
of Newtonian-viscoelastic fluids has been employed for on-chip microparticle and cell washing and
sorting [46,47]. The relevant parameters in a co-flow system are the interfacial tension, viscosities,
and flow rates of the phases. The establishment of a stable co-flow system will require that the
capillary numbers of the co-flowing phases be matched [48]. Similarly, the widths of the streams
in a co-flow system depend on the viscosities and flow rates of the streams and can be suitably
controlled by adjusting the flow rates of the co-flowing streams.

Despite the above developments in co-flow systems, the hydrodynamic interaction of droplets
with co-flow interfaces has not received much attention. Moreover, the lateral migration behavior of
droplets arising from the existence of an interface and interfacial deformation owing to the presence
of droplets in the absence of interfacial migration of droplets remains unexplored. Literature
notes viscosity and density stratification, velocity contrast, and inertia as the triggering factors for
interfacial instability while portraying an inconclusive picture regarding stabilizing or destabilizing
effect of viscosity contrast and IFT [9]. Further, the literature suggests that an object translating
parallel to a soft membrane [49] or fluid-fluid interface [50,51] experiences an outward lift, due to
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FIG. 1. Schematic showing (a) stable co-flow system between two immiscible phases, P1 and P2, flowing
along a microchannel, (b) lateral migration of small droplets of size ratio β = (D/W1) < 1 due to non inertial
lift (NIL) and negative lift (NL) forces, (c) deformation of the co-flow interface in presence of larger droplets,
β > 1, in P1. Experimental image showing the deformation of the PEG (flow rate 1 μl/min)-SiO-100 (flow
rate 10 μl/min) interface due to the presence of castor oil droplets (flow rate 1 μl/min). (d)-i Zoomed view
of interfacial deformation for β > 1, (d)-ii Interfacial tensions at the three-phase contact line formed by the
droplet in contact with co-flow interface.

which it drifts away from the interface. Evidently, the emergence of such a force comes in stark
contrast to what is reported in literature [39] and will affect their dynamics. This force is strongly
size sensitive, thereby allowing smaller objects to remain closer to the interface, pushing the larger
objects away from the interface.

Here, we experimentally study the migration behavior of droplets and droplet-induced interfacial
instability in a microfluidic co-flow system in the absence of interfacial migration. We perform
experiments with droplets having a confinement ratio, i.e., droplet diameter to suspending stream
width ratio, β < 1, to demonstrate the existence of an outward lift force. This negative lift force is
directed opposite to the well-known noninertial lift force and controls lateral migration of droplets–
an effect that is not revealed in earlier droplet—interface studies. We observe interfacial instability
for larger droplets with β � 1 owing to a strong interaction between the droplet and interface. The
effect of viscosity contrast, IFT, droplet size ratio, and spacing on the interfacial deformation is
studied in terms of the spatial and temporal variation of the amplitude. We also employ a simple
analytical model and numerical simulations to interpret and explain our experimental findings.

II. PROBLEM DESCRIPTION AND THEORETICAL BACKGROUND

A schematic of the stable co-flow system used for studying lateral migration of droplets and
droplet-induced interfacial deformation is depicted in Fig. 1(a). Two immiscible streams, compris-
ing a first continuous phase (P1) of width W1 and a second continuous phase (P2), are used to
establish a stable co-flow with a flat interface. Droplets of a discrete phase (P3) which is immiscible
with P1 and P2 phases, of diameter D are introduced into P1. The lateral migration behavior of small
droplets of size ratio β = (D/W1) < 1 and deformation of the co-flow interface for large droplets
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of β > 1 are studied [Figs. 1(b) and 1(c)]. First, we present a theoretical background describing the
relevant forces in the system.

A deformable object translating parallel to a rigid wall [Fig. 1(b)] experiences a wall repulsion
force even at vanishing Reynolds numbers, known as noninertial lift force, which is given by [52]

F+ ∼ f (1 − ν)(μMγ̇ R3/h ), (1)

where v is the reduced volume, μM is the medium viscosity, γ̇ is strain rate, R is the object radius,
and h is the distance between wall and object center. The reduced volume is expressed as v =
4V/[3π (S/4π )3/2], where V is the enclosed volume and S is the surface area of the object; f (1−v)
is a function that denotes the deformability of the object, which monotonically increases with (1−v).
A deformable object, due to its shape change, renders v < 1 for which f (1−v) > 0 and experiences
a nonzero F+. Consequently, the object tends to migrate towards a region of zero strain rate, γ̇ = 0,
often at the channel center where the force vanishes and attains an equilibrium shape. On the other
hand, for a rigid object such as a microbead, the shape change is negligible, rendering v = 1 and
f (1−v) = 0, and consequently it does not experience noninertial lift force [52,53].

In the case of an object translating parallel to a deformable membrane or fluid-fluid interface, the
hydrodynamic interaction between the object and interface can give rise to the deformation of the
membrane or interface [49–51] [Fig. 1(c)], and such deformation tends to drive the object away from
the interface [Fig. 1(b)]. For a deformable object such as a droplet in the vicinity of an unbounded
fluid-fluid interface [50], fluid is driven outward from the front surface of the drop while fluid pulls
in at the rear surface, resulting in an asymmetric shape of the interface. The interfacial deformation,
coupled with the deformation of the drop due to its finite viscosity, drives the drop away from the
interface. However, the lateral drift velocity of the drop was found to be a stronger function of the
co-flow viscosity ratio than the drop-to-medium viscosity ratio [50].

Considering that an elastic membrane deforms similar to a fluid-fluid interface, the negative lift
force experienced by a rigid object near a membrane can be adopted to that acting at an interface. For
a sphere moving with a velocity V parallel to the interface, the negative lift force can be expressed
as [49]

F− ∼ 6 π μM Vdt
R2

z
, (2)

where the drift velocity

Vdt ∼ 3 μM R2 V 2

25 B
F (τH ), (3)

where z is the distance between the initially undeformed membrane and the object surface, τ and
H are, respectively, nondimensional membrane tension and initial separation distance, and B is the

membrane bending rigidity. F (τH ) = ∫∞
0

2k4K2
0 (k)

k4+τHk2 kdk, where k is the magnitude of two-dimensional
wave vector k (k, θ ) and K0 is the order-zero modified Bessel function of the second kind [49].

By combining the interfacial and geometric parameters as ϕ, from Eqs. (2) and (3), we get

F− ∼ 18π

25
μM

2 V 2 R4

z
ϕ. (4)

Further, droplets at a fluid-fluid interface will experience a gradient of surface energy and migrate
to a phase that offers the minimum energy state [Fig. 1(d)-ii]. The sign of the spreading parameter
(S) decides the migration and is expressed as

S = σ1−3 − (σ1−2 + σ2−3), (5)
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FIG. 2. A schematic (left) of the microchannel design and image of the experimental setup (right) including
the microchannel device used in the present study.

where σ1−2, σ2−3, and σ1−3 is the IFT between P1 and P2, P2 and P3, and P1 and P3, respectively.
We note that if S > 0, the drop in contact with the interface will migrate [42] from P1 to P2, or else
it will continue to flow along with P1.

III. EXPERIMENTAL

A schematic and experimental image of the microfluidic setup used in the present study are
depicted in Fig. 2. The device comprises two inlet channels leading to an expanded channel region—
one of the inlet channels features a T junction for producing droplets. The expanded channel is
300 μm wide (W ), 100 μm deep, and 27 mm long (L) of rectangular cross section. The device
was fabricated in poly dimethyl siloxane (PDMS) using standard soft lithography [54]. We exposed
the channels and glass slide to oxygen plasma for 3 min at 30 W RF power. Immediately after
plasma exposure, the microchannel device was bonded onto the glass slide. Due to the oleophilic
nature of native PDMS, the generation of oil droplets in the device requires hydrophilic surface
treatment of the channels [55,56]. After mild heating at 50 °C for 5 min, the channel was flushed
with polyethylene glycol (PEG) for 30 min to render hydrophilic surfaces, enabling the generation
of oil droplets. PEG (molecular wt. 35 000), castor oil, silicone oil 20/100/1000, olive oil, and FC-40
oil were procured from Sigma-Aldrich, USA. PEG at 15% w/w was added to deionized water to
obtain the Newtonian aqueous solution. Density and viscosities of the fluids were measured using a
viscometer (Stabinger ViscometerTM, Anton Paar, Austria) and Anton Paar Rheometer MCR 72 with
50 mm of cone diameter at 25 °C and verified with the existing literature. IFT was measured using a
Droplet Size Analyzer (DSA 25, Krüss GmbH, Germany). The measured properties of the fluids are
summarized in Table I. Each measurement was repeated at least thrice and the standard deviation
was found to be within ±3%. PEG is used as the first co-flow stream (P1) and one of the following
oils, silicon oil 100 (SiO-100), SiO-20, FluorinertTM (FC)-40, or olive oil, is used as the second
co-flow stream (P2), and castor oil, SiO-1000, SiO-100, and FC-40 are used as droplet phase (P3).
The working fluids are infused into the channels using high-performance syringe pumps (Cetoni
GmbH, Germany). The fluidic connection between syringe pumps and the device is established
using polytetrafluoroethylene tubing (Fisher Scientific, USA). Droplet motion was observed and
captured using an inverted microscope (Olympus IX73) coupled with a high-speed monochrome
camera (FASTCAM SA3 model, Photron USA, Inc.) operating at 125 to 1000 fps, interfaced with
a PC via PHOTRON FASTCAM VIEWER software.

IV. RESULTS AND DISCUSSION

Here, PEG and an immiscible oil are infused into a microchannel as P1 and P2 [Fig. 1(a)],
respectively, to establish an immiscible co-flow system with a stable interface. The flow rates of
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TABLE I. The measured properties of the different fluids used in the present study.

Density, ρ Viscosity, μ Viscosity contrast, IFT, σ

Individual fluid (kg/m3) (mPa s) �μ (mPa s) (mN/m)

PEG 15% wt/wt 1029 58
Castor oil 960 650
SiO-1000 1100 1000
SiO-100 960 100
SiO-20 970 20
Olive oil 917 80
FC-40 1850 4
Co-flow combination

PEG-Castor oil 592 16-20
PEG- SiO-1000 942 17
PEG-SiO-100 42 20
PEG-SiO-20 38 12.39–14.2
PEG-Olive oil 22 12.78–12.80
PEG-FC-40 54 30
PEG-SiO-100+Span 80 942 1–2
Castor oil-FC-40 646 12.62
Castor oil-SiO-100 550 5-7
Castor oil-SiO-20 630 0.13
SiO-20-FC-40 16 6.3
Olive oil-FC-40 76 11.38
Olive oil-SiO-1000 920 1
P1-P2-P3 σ1−2 σ2−3 σ3−1 Spreading parameter (S)

PEG-FC40-Castor oil 16 30 12.62 <0
PEG-SiO-100-Castor oil 16 21.4 6 <0

PEG and the co-flowing immiscible oil phase are varied in the range of 0.5 to 3 μl/min and 2 to
30 μl/min, respectively. The droplet phase (P3) is an oil that is immiscible with both PEG and the
co-flowing oil (P2) and is infused at a flow rate in the range of 0.1 to 1.0 μl/min. At the above
flow-rate conditions, Rei = (ρi ui dhi/μi ) � 1, so we safely ignore inertial forces. Here, ρi, μi, ui,
and dhi are, respectively, the density, viscosity, velocity, and hydraulic diameter of the phases, and
i = 1, 2, 3. We found that the entrance effects are only significant for x � 500 μm, but since our
region of interest lies at x � 3000 μm, we take fully developed flow conditions for our analysis. The
capillary numbers, Cai = μi ui/σi j (σi j = interfacial tension between phases i and j) of the differ-
ent phases are estimated to be Ca1 = μ1 u1/σ12 = 0.001−0.014, Ca2 = μ2 u2/σ12 = 0.004−0.05,

and Ca3 = μ3 u3/σ13 = 0.003−0.1. We present and discuss our investigation in two parts: first, we
explore the lateral migration of small droplets of D < W1, where D is droplet diameter and W1 is
the width of the suspending phase (P1). Subsequently, we study interfacial instability with large
droplets of D � W1.

A. Lateral migration of small droplets (β < 1) in a stable co-flow system

A stable interface is critical to the controlled manipulation of objects in a co-flow system [41,42].
Here, our objectives are to study lateral migration and interface deformation due to the interaction
between droplets and the co-flow interface. Therefore, initially in the absence of droplets, a stable
co-flow system is ensured to avoid the effect of the inherent instability of the system. Experimental
image of an initially stable interface in the absence of droplets with PEG as P1 and SiO-100 as P2 is
presented in Fig. 3(a)-i. The interface is curved at the entry region of the expanded channel satisfying
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FIG. 3. (a)-i Experimental image of a stable interface in the absence of droplets with PEG as P1 and SiO-
100 as P2. (a)-ii Variation of the interface location with the ratio of flow rates and viscosities of the co-flowing
phases. (b) Velocity profiles for the different combinations of fluids used to establish co-flow, m = (μ2/μ1).

the contact angle criterion at the interface of PDMS, PEG, and SiO-100 at the channel wall but far
away from this region, the interface is flat, where we study the dynamics. Due to hydrophilic surface
treatment, the PEG-PDMS contact angle in the entry region is 34◦, complying with literature [57]
and explaining the curved nature of the interface. We find that the interface location is strictly con-
trolled by the ratio of flow rates and viscosities of the co-flowing streams, as shown in Fig. 3(a)-ii,
in agreement with the literature [39]. Literature reports that in a co-flow system, instability could
be triggered due to a viscosity and density difference, and inflection in velocity profile across the
interface or inertia [9]. Velocity profiles were obtained for the different combinations of fluids used
to establish co-flow which show a more prominent inflection point for a lower viscosity ratio (m),
as shown in Fig. 3(b) and Fig. S1 in Supplemental Material [58]. The KH instability that arises
when two adjacent fluid layers are in relative motion will be suppressed if the following condition
is satisfied [2]:

(V1 − V2)2 < 2

(
ρ1 + ρ2

ρ1ρ2

)√
σg(ρ1 − ρ2), (6)

where V1 and V2 are the velocities and ρ1 and ρ2 are densities of P1 and P2, respectively. In the
present study, considering the densities of P1 and P2 (see Table I) and corresponding flowrates
2–5 μl/min and 5–10 μl/min, respectively, we estimate that the left − hand side∼10−6 and
right − hand side ∼ 10−2, implying KH instability can be neglected in the present case. We rule
out the presence of Rayleigh-Plateau instability as no spatial or temporal growth of disturbance was
observed at the interface and achieved a stable co-flow regime for Ca1 ≈ Ca2 and Ca1,2 > 0.001.
Literature suggests that bulk mode interfacial instability can appear at high Re due to the onset of
turbulence [17,35]; we eliminate such possibility as in our case Re � 1.

Given a stable interface between the co-flowing streams, we now turn to understand the lateral
migration of smaller droplets of confinement ratio, β = (D/W1) < 1. The lateral migration of castor
oil droplets of β = 0.5 and 0.75 in a co-flow of PEG and SiO-100 is presented in Fig. 3. From
literature [32,45], we note that deformable objects at low −Re condition will migrate towards the
maximum velocity or zero strain-rate region closer to the interface under the influence of noninertial
lift (NIL) force (F+). Further, from our previous work, we recall that castor oil droplets in PEG
should migrate laterally to the channel center due to the sole effect of the NIL force [59]. In the
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FIG. 4. (a) Experimental image showing the lateral migration behavior of small droplets (β < 1): (a)-i
Smaller droplets (β < 0.5) migrate toward the interface; (a)-ii Larger droplets (β > 0.5) drift away from
the interface. (b) Plot showing the lateral position of smaller and larger droplets as they flow downstream
(x direction).

present case, as the zero strain-rate region is in the SiO-100 phase [see Fig. 3(b)], it is expected
that the noninertial lift will drive all the droplets initially present in the PEG phase towards the
interface. However, we observe although smaller droplets of β � 0.5 migrate towards the interface,
surprisingly, larger droplets of β > 0.5 are observed to drift away from the interface, as depicted
in Figs. 4(a)-i and 4(a)-ii. This unexpected observation indicates the presence of a negative lift
(NL) force (F−) [see Eq. (2)] that acts in a direction away from the interface and opposite to the
noninertial lift force, which arises due to the lubrication pressure in the fluid film between a drop
and interface [49].

To explain the contrasting migration behavior of the smaller and larger droplets, we take the ratio
of the NIL and NL forces given in Eqs. (1) and (2) as follows:

k = F+

F− ≈ f (1 − v)zγ̇

RμhV 2φ
. (7)

We see that the force ratio, k ∝ R−1, suggesting that the smaller droplets will experience a
dominant NIL force and hence migrate toward the interface. On the other hand, larger droplets
will experience a stronger NL and therefore migrate away from the interface. The explanation
of the contrasting migration behavior of droplets in terms of their confinement ratio, β is given
in Sec. S5 in Supplemental Material [58]. Our observation with droplets is in contrast with the
migration dynamics observed in the case of rigid microparticles wherein even the smaller particles
also migrate away from the elastic membrane, albeit at a lower migration velocity compared to
bigger ones [49]. Evidently, the inherent deformability-induced noninertial lift force contributes to
this apparent discrepancy. The existence of a negative-lift force also highlights that for interfacial
migration of deformable objects, the channel width should be adjusted according to the object
size to ensure β < 0.5, and explains interfacial migration of cells that satisfy the above criterion
along [45] in addition to a favorable spreading parameter [42]. Further, considering, Re � 1, we
find viscocapillary length scale, (μ2/ρσ ) ≈ 140 μm, is greater than droplet size and interdistance,
thus satisfying the criterion for “soft swimming,” or drifting away from the fluid-fluid interface, at
vanishing Reynolds numbers [51].
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FIG. 5. (a) Experimental image and simulation results showing interfacial instability caused by a castor oil
droplet having a confinement ratio, β = 1.1, to an initially stable and flat interface between co-flowing streams
of PEG at flow rate 2 μl/min and SiO-100 oil at a flow rate 5 μl/min. (b) Numerical simulation results showing
the variation of pressure across the channel width at upstream and downstream of a droplet.

B. Interfacial instability with large droplets (β � 1)

As discussed, the presence of NL force (F−) tends to push droplets of β < 1 away from the
interface, and therefore it is difficult to achieve an interaction between these small droplets and the
interface. To facilitate droplet-interface contact and interaction, larger droplets having a confinement
ratio, β > 1, are used. Literature shows that droplets contacting a co-flow interface can migrate
either owing to the NIL force [39] and a favorable spreading parameter [42], S > 0. In the present
case, using the IFT values presented in Table I, we find that S < 0. Due to a strong NL force and
unfavorable spreading parameter, interfacial migration does not occur, offering a system that is
suitable for studying interfacial deformation.

The interfacial instability caused by a castor oil droplet of confinement ratio, β = 1.1, to an
initially stable and flat interface between co-flowing streams of PEG at a flow rate of 2 μl/min
and SiO-100 oil at a flow rate of 5 μl/min is presented in Fig. 5(a). As observed, in the absence
of interfacial migration, droplets are squeezed between the interface and the wall giving rise to a
marked deformation of both the drop and the interface. The profile of the resulting wavy interface
can be characterized by the wave amplitude (A), and wavelength (λ) of deformation [Fig. 1(c)], and
the wave speed (uw), where A is taken as the difference between the SiO-100 oil sidewall to wave
peak distance (w′) and undeformed width of the SiO-100 oil phase (w2), i.e., A = (w′ − w2), and
λ is measured as the distance between two consecutive wave peaks [Fig. 1(c)]. As the interface
waviness is solely attributed to the presence of droplets, the wave peaks are formed adjacent to the
droplets and move with the droplets. So, λ is always equal to the droplets spacing (s), and uw is
always the same as the droplet speed (ud ) as the wave peaks remain in contact with droplets while
propagating downstream. The viscous length scale [11], l ∼ √

μ/ργ̇ , is estimated by considering
a co-flow of PEG–SiO-100 at flowrates 2 and 5 μl/min, respectively, and found to be l ∼ 2.5 μm.
Here, we find that λ � l , implying we can only observe long waves [9,11] in the present case.

To find the possible source of interfacial deformation and explain the waviness pattern, we
performed simulations with a droplet approximated as a particle of 120-μm diameter placed in
the PEG phase in a PEG–SiO-100 co-flow. The details of the numerical model are presented in
Sec. S2 in Supplemental Material [58]. The interface shape obtained from the simulations compares
well with that observed in experiments, as shown in Fig. 5(a). We obtain the pressure profiles along
the two cutlines across the width at upstream, line A−A′, and downstream, line B−B′, as shown in
Fig. 5(b). The pressure profile along line A−A′ reveals that the pressure in the PEG phase is higher
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FIG. 6. (a) Experimental image showing the (i) growth of wave amplitude (A) along the flow direction
(x), and (ii) quick dampening of interfacial instability at a fixed location (x = 18 mm). (b) Variation of wave
amplitude (A) with location along the flow direction (x); inset shows the variation of wave amplitude (A) at a
fixed location with time (t).

than that in the oil phase upstream of the droplet, and as a result, the curvature is positive on the
PEG side, similar to that observed in experiments. On the contrary, pressure is higher in the SiO-100
phase than that in the PEG phase downstream of the droplet, resulting in a positive curvature in the
SiO-100 phase. The presence of a larger droplet having β > 1 in the PEG phase constricts the
flow of the surrounding phase (P1) which gives rise to pressure buildup upstream of the droplet,
and there is a significant pressure jump across the droplet. However, pressure drop across the same
axial length as the droplet diameter in the SiO-100 phase is relatively small, which explains a higher
pressure in the SiO-100 phase downstream of the droplet.

C. Evolution of wave amplitude along the flow direction

For a planar co-flow with viscosity stratification, the literature assumes a complex exponen-
tial growth of amplitude with space and time as a solution to the Orr-Sommerfeld perturbation
equation solved for both the phases [34]. In stark contrast, here we find that wave amplitude
(A) grows linearly along the flow direction (x), as evident from the results in Figs. 6(a)-i
and 6(b), which is obtained for a different combination of operating flow rates and proper-
ties of the co-flowing streams: Q1 = 1−3μl/min, Q2 = 2−8 μl/min, σ = 12−20mN/m, �μ =
22−42 mPa − s, β = 1.1 ± 0.2. Here, the location along the flow direction is normalized by the
spacing between adjacent droplets (s). It is found that at a fixed axial location, the wave amplitude
(A) is higher for a smaller spacing (s) between adjacent droplets, as shown in Fig. S3 [58]. We also
find that at a fixed axial location, the interfacial deformation is quickly suppressed once a droplet
passes through that particular location [see Fig. 6(a)-ii].

We now attempt to theoretically explain the variation of the wave amplitude (A) with distance
along the flow direction. Taking a cue from the literature [34], we can write the normal stress balance
equation across a curved interface [see Fig. 1(d)-i] as follows:(

p′ − 2μ
∂v′

∂y

)
P2

−
(

p′ − 2μ
∂v′

∂y

)
P1

= σ
d2A

dx2
, (8)

where p′ is the perturbation pressure and v′ is the perturbation velocity in the y direction, and μ is
the dynamic viscosity. The normal stress balance equation [Eq. (8)] used in our case has been used
in the literature for viscosity-stratified flows bounded by two parallel plates [34]. A similar approach
has also been taken for stratified flow in a rectangular duct [20]. Here, the origin is at the interface,
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and y is taken to be positive into the P1 side. By rearranging Eq. (8), we get

d2A

dx2
= 1

σ

(
�p′ − 2�μ

∂v′

∂y

)
. (9)

Upon integrating both sides with respect to x, we get

A = 1

σ

(
�p′ − 2�μ

∂v′

∂y

)
x2 + c1x + c2. (10)

Imposing the following boundary conditions: (i) at x = 0, A = Amin and (ii) at x = δ, A = Amax,

we get c2 = Amin, c1 = ( Amax− Amin
δ

) − (
�p

′
δ− 2�μ ∂v′

∂y

σ
)δ, where �p

′
δ is the perturbation pressure drop

across the interface at x = δ.
Upon substituting c1 and c2 in Eq. (10), we get

A = 1

σ

(
�p′ − 2�μ

∂v′

∂y

)
x2 +

(
Amax − Amin

δ
−

�p′
δ − 2�μ∂v′

∂y

σ
δ

)
x + Amin. (11)

Here, we scale ∂v′
∂y = Amax− Amin

w1�t , where �t is the time required for a droplet to travel the entire
channel length, where w1 is the width of the P1 phase. Following the analysis outlined in Sec. S4
[58], Eq. (11) takes the following form where we find that the coefficient of x2 is greater than the
coefficient of x; hence, the former will have a dominating effect on A:

A = 1

σ

(
�p′ − 2�μ

∂v′

∂y

)
x2 +

(
−�p

′
δ

σ
δ

)
x + Amin . (11a)

From the coefficient of the leading-order terms, we note that the wave amplitude (A) increases
as (i) IFT (σ ) between the co-flowing phases decreases, (ii) viscosity difference across the interface
�μ decreases, and (iii) pressure difference across the interface �p′ increases, which happens for
a larger droplet diameter [60]. The above theoretical expression for A that assumes stratified flow
configuration bounded by parallel plates [34] reveals a quadratic growth in the wave amplitude
contrary to a linear growth observed in our experiments. The difference can be attributed to a strong
confinement effect in the actual experiments which tends to suppress the growth rate of the wave
amplitude leading to a linear variation of wave amplitude [22,33]. The functional relationship of A
with �μ, σ , and �p′ obtained from Eq. (11) or (11a) is further validated with experimental data in
the next section.

The growth of wave amplitude (A) along the flow direction (x) is accompanied by an increase in
the interfacial curvature around the droplet, as evident from the experimental images in Fig. 6(a),
and we attempt to predict the same analytically. For a droplet placed at an arbitrary location x, as
shown in Figs. 1(c) and 1(d)-i, we can write

pin − n (�p − G) = pu1 = pd1 + �p = pd2 − σ

rd
+ �p = pin

(
1 − x

L

)
− σ

rd
+ �p, (12)

where pin is the inlet pressure of the channel of length L, �p and G are, respectively, the pressure
drop across a droplet of diameter D and pressure gain in the spacing (s) between two consecutive
droplets, n is the number of droplets, n = x/(D + s) in the upstream, pu1, pd1, and pu2, pd2 are
upstream and downstream pressures across the droplet in P1 and P2 phases, respectively, and rd is
the interface curvature downstream of a droplet [Fig. 1(d)-i]. By rearranging Eq. (12), we get

σ

rd
= −pin

(
x

L

)
+ �p + n (�p − G). (13)
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Substituting for the number of droplets n and �p = pu1 − pd1 = (pu2 + σ
ru

) − (pd2 − σ
rd

) =
(pu2 − pd2) + ( σ

ru
+ σ

rd
) = pin

D
L + ( σ

ru
+ σ

rd
) in Eq. (13), we get

σ

rd
= pin

(
D + s

L

)
+ G −

(
pin

D

L
+ σ

ru

)(
1 + D + s

x

)
, (14)

where ru is the interface curvature at the upstream of a droplet. Considering G to be the same
between any pair of adjacent droplets, by taking the derivative of both sides of Eq. (14), we get

drd

dx
= − r2

d

σ

[
pin

D

L

(
D + s

x2

)
+ σ

r2
u

(
dru

dx

)
+ σ

ru

(
D + s

x2

)
+ σ

r2
u

(
dru

dx

)(
D + s

x

)]
. (15)

Experimental images in Fig. 6(a) show that the upstream curvature is significantly smaller than
that at the downstream, i.e., ru � rd , and dru

dx is small; hence, the second and third terms within the
bracket on the right-hand side can be ignored. Evidently, the remaining terms inside and outside
the bracket are positive, drd

dx < 0, suggesting that rd should decrease and the interfacial curvature
will increase along the flow direction. This is in agreement with experimental results that show that
the interfacial curvature and consequently the amplitude of the wave that is carried along with the
droplet grows spatially in the flow direction. Further, the wave amplitude for all the drops that pass
through a fixed location at different times is found to be the same and thus is independent of time,
as shown in the inset of Fig. 6(b). This confirms the convective nature of instability and rules out
the presence of absolute instability, explaining why the disturbance is quickly suppressed once a
droplet passes through a particular location.

D. Effect of co-flow IFT, viscosity contrast, and confinement on the spatial growth of wave amplitude

It has been shown that viscosity, IFT, inertia, and the presence of walls can have a significant
effect on the stability of multiphase systems [9,33,34]. Here, we study the effect of viscosity contrast
(�μ), IFT (σ ), and confinement ratio (β) on the wave amplitude (A) using the co-flows of different
combinations of fluids presented in Table I and castor oil droplets, as shown in Figs. 7(a) and
7(b). In all cases, we find that the wave amplitude increases linearly along the flow direction,
in agreement with the results presented in Fig. 6(a). As observed, the wave amplitude is found
to be a minimum for a co-flow of PEG–FC40 combination having �μ = 54, σ = 30 mN/m
and maximum for PEG–SiO-20 having �μ = 38, σ = 13 mN/m. Intermediate values of wave
amplitudes are observed for PEG–SiO-100 having �μ = 42, σ = 20 mN/m and PEG–olive oil
having �μ = 22, σ = 12.8 mN/m.

We see that except for the PEG–SiO-20 combination, a higher wave amplitude is observed in
for a co-flow with a smaller IFT (σ ) and smaller viscosity contrast (�μ), in agreement with the
predictions of Eq. (11). For the wall-bounded case, it is argued that if one of the phases is highly
viscous, the interface takes a long time to deform [34]; similarly, it has been shown that IFT has
a stabilizing effect on the instability [2,4]. The slopes of the curves indicating the spatial growth
in the amplitude along the flow direction are found to be higher at a smaller IFT, in agreement
with Eq. (11). PEG–SiO-20 co-flow has a higher viscosity contrast but a smaller IFT. So, the
nonmonotonic variation in the wave amplitude with the variation in viscosity contrast (�μ) and IFT
(σ ) could perhaps be attributed to the fact that both the parameters can affect the wave amplitude,
as evident from Eq. (11).

In the combinations of fluids used in our co-flow systems, the viscosity contrast and IFT vary
simultaneously, so in order to understand the sole effect of viscosity contrast at a fixed IFT and vice
versa, we turn to numerical simulations. For a fixed �μ = 24, we varied IFT in the range 1 to 30
mN/m and for a fixed IFT (σ = 20 mN/m), viscosity contrast is varied in the range 24 to 52. We
find that wave amplitude (Aσ ) decreases linearly with an increase in IFT (σ ), as shown in Fig. 7(c),
revealing the stabilizing effect of a higher IFT, in agreement with literature [16,35]. We find that
wave amplitude (A�μ) decreases monotonically with an increase in the viscosity contrast (�μ), as
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FIG. 7. (a) Experimental images showing interface deformation, from top to bottom: (i) P1 = PEG,
P2 = SiO-20, P3 = Castor; (ii) P1 = PEG, P2 = Olive, P3 = SiO-1000; (iii) P1 = PEG, P2 = FC-40,
P3 = Castor; (iv) P1 = PEG, P2 = SiO-100, P3 = Castor; (v) P1 = PEG, P2 = SiO-100+5% SPAN, P3 =
Castor; (vi) P1 = PEG, P2 = SiO-100+15% SPAN, P3 = Castor. In all cases, Q1 = 2−5 μl/min, Q2 =
5−30 μl/min. (b) Variation of wave amplitude (A) along flow direction (x) using co-flows of a different
combination of fluids having different viscosity contrast (�μ) and IFT (σ ). (c) Variation of wave amplitude
(Aσ ) with an increase in IFT (σ ), for a fixed viscosity contrast �μ. (d) Variation of wave amplitude (A�μ) with
an increase in viscosity contrast �μ, for a fixed IFT (σ ).

shown in Fig. 7(d). We see from Eq. (11a) that the magnitude of the first term on the right-hand side
decreases with an increase in �μ, which explains the monotonic variation observed.

Further, unlike the effect of IFT, literature depicts a rather complex effect of viscosity contrast on
the stability of multiphase systems [9]. While viscosity promotes dissipation of energy, an opposite
effect in terms of the production of kinetic energy disturbance could offset the dampening effect
[9]. In the case of co-flow of PEG–FC40 combination having �μ = 54 and σ = 30 mN/m. Here,
both these values are highest among all combinations used and therefore have a deterring effect on
the wave amplitude. For PEG–SiO 20 having �μ = 38 and σ = 13 mN/m, PEG–olive oil having
�μ = 22 and σ = 12.8 mN/m, as both the IFT and viscosity contrast values are the lowest among
all among all combinations, it has an amplifying effect on the wave amplitude. For PEG–SiO 100
having �μ = 42 and σ = 20 mN/m the values are moderate, giving rise to an intermediate wave
amplitude observed.
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FIG. 8. (a) Variation of wave amplitude in the flow direction (x) with and without the addition of surfactant
inducing a change in IFT at a fixed viscosity contrast �μ (β = 1.05 ± 0.15; P1 = PEG, Q1 = 2 μl/min;
P2 = SiO-100, Q2 = 5 μl/min; P3 = Castor oil, Q3 = 0.3 μl/min).(b) Variation of wave amplitude in the
flow direction (x) for different droplet confinement ratios (β) (P1 = PEG, Q1 = 1–3 μl/min; P2 = SiO-100,
Olive oil, Q2 = 5–7 μl/min; P3 = Castor oil, SiO-100, Q3 = 0.1–0.5 μl/min).

Further, we experimentally study the effect of variation of IFT through the addition of surfactants
without altering the viscosity of the phases and hence at a fixed viscosity contrast. Surfactant Span
80 is added at 5–15% wt/wt to the SiO-100, and experiments were performed with a co-flow system
of PEG–SiO-100 and castor oil droplets of β = 1.05 ± 0.15 in PEG. The IFT of the interface and
viscosity values at different %wt/wt of Span 80 is presented in Table I. We observe that the addition
of surfactant greatly reduces co-flow IFT and therefore results in a higher amplitude, as shown
in Fig. 7(c). A higher slope of the line in case of a lower IFT is also evident from Fig. 8(a) and
Eq. (11). The effect of droplet confinement ratio (β) on the interfacial instability is also studied.
We find that for all combinations of fluids, a higher β leads to a higher wave amplitude, which is
shown in Fig. 8(b). The pressure jump across the droplet �p can be related to wall shear stress
(τ ) as �pS f = τSs = μγ̇ Ss, where S f is the projected frontal area of the droplet along the flow
direction and Ss is the surface area of the droplet. An object placed in a flow field will give rise to an
increase in the strain rates (γ̇ ) at the channel walls and the surface of the object [61]. Moreover, a
larger droplet would force the fluid to assume a higher velocity through the gap between the droplet
and the walls to satisfy continuity, resulting in higher shear stress compared to a smaller droplet.
Taking Ss/S f is independent of droplet size, �p will be higher for a bigger droplet, resulting in
a higher wave amplitude as observed. Further, we see that a larger droplet gives rise to a faster
increase in the wave amplitude in the flow direction, as indicated by a significantly higher slope of
the curve, which is also depicted by Eq. (15) and Eq. (11) in terms of �p. We also find that at a fixed
axial location, the curvature and hence the wave amplitude (A) are higher for a smaller spacing (s)
between adjacent droplets, a shown in Fig. S3 [58], in agreement with Eq. (15).

V. CONCLUSIONS

We experimentally studied the interaction between droplets and the interface of a pair of co-
flowing immiscible streams, leading to lateral migration of droplets and interfacial deformation.
Lateral migration was observed for small droplets of confinement ratio, β < 1. We found smaller
droplets of β < 0.5 migrate towards the interface whereas to our surprise larger droplets of 0.5 <

β < 1 migrate away from the interface. We showed the interplay between wall-directed negative
lift force and the centerward noninertial lift force underpin the phenomena. We showed the ratio of
NIL force to NL force is inversely proportional to droplet size, explaining the size-based contrasting
migration behavior. Deformation waves were observed in an initially stable and flat interface in the
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presence of larger droplets of β > 1, which propagate downstream similar to the traveling peristaltic
waves. From numerical simulations, we showed that interfacial deformation is a consequence of the
differential pressure jumps across the co-flow interface at the upstream and downstream regions of a
droplet. In the upstream region, pressure in the droplet-carrying phase is higher whereas that in the
downstream region is smaller, which explained the interfacial curvatures observed. We found that
the amplitude of the deformation wave caused by a particular droplet grows spatially downstream
but is the same for a train of droplets crossing a particular location, suggesting the contribution
of convective instability. We studied the influence of co-flow interfacial tension, viscosity contrast,
confinement ratio, and droplet spacing on the deformation wave amplitude and its variation along the
flow direction. While a higher IFT has a stabilizing effect leading to a reduction in wave amplitude,
viscosity contrast has a nonmonotonic effect and further wave amplitude was found to be higher
for a higher confinement ratio and smaller droplet spacing. Our study elucidates the behavior of
droplet migration and droplet-induced interfacial deformation in a co-flow system which may find
relevance in droplet-based microfluidic systems.
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