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Abstract

Active control of droplet generation in a microfluidic platform attracts interest for development of digital
microfluidic devices ranging from biosensors to micro-reactors to point-of-care diagnostic devices. The present
paper characterises, through an unsteady three-dimensional Volume of Fluid (VOF) simulation, the active
control of ferrofluid droplet generation in a microfluidic T-junction in presence of a non-uniform magnetic field
created by an external magnetic dipole. Two distinctly different positions of the dipole were considered — one
upstream of the junction and one downstream of the junction. While keeping the ferrofluid flow rate fixed, a
parametric variation of the continuous phase capillary number, dipole strength, and dipole position was carried
out. Differences in the flow behaviour in terms of dripping or jetting and the droplet characteristics in terms of
droplet formation time period and droplet size were studied. The existence of a threshold dipole strength was
identified, below which the magnetic force was not able to influence the flow behaviour. It was also observed
that, for dipoles placed upstream, droplet formation was suppressed at some higher dipole strengths, and this
value was found to increase with increasing capillary number. Droplet time period was also found to increase
with increasing dipole strength, along with droplet size, i.e. an increase in droplet volume.

Keywords: Digital Microfluidics; Ferrofluid; Magnetic Actuation; Microfluidic T-junction; Droplet Genera-
tion

Nomenclature
b Characteristic droplet width Ca Capillary number
f Volume fraction Fm Magnetic Kelvin body force
Fs Body force due to surface deformation h Characteristic droplet height
H Magnetic field m Magnetic dipole strength
M Magnetization n Unit normal vector
P Pressure r Position vector
t Time Uep Continuous phase velocity
A% Velocity vector \%4 Volume of droplet
Vo Volume of droplet in non magnetic case  V, Percentage of excess volume of droplet
T,Y, 2 Coordinates
Greek Symbols
K Curvature of the interface I Viscosity
1o Permeability of free space P Density
o Interfacial tension T Droplet shedding time period
X Magnetic susceptibility
Subscripts
c Continuous phase pressure probe d Discrete phase pressure probe
1 Continuous phase property 2 Discrete phase property

1 Introduction

The subdomain of microfluidics where fluid volumes are handled by manipulating discrete, individual droplets
by means of an external field or actuation is termed ‘digital microfluidics’. The advantage of digital microfluidics,
in contrast to traditional continuous microfluidics, lies in the considerable reduction in the volume of analyte used.
Moreover, difficulties in handling toxic material and cross-contamination in microchannels are also mitigated.

1Corresponding author, email:ranjan@pe.jusl.ac.in
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Figure 1: Schematic of the three distinct regimes of flow through a microfluidic T-junction

In digital microfluidic platforms, each droplet acts as an individual, isolated reaction chamber, thus resulting
in the increased flexibility and programmability as compared to channel-based microfluidics. Thus, digital
microfluidics can be used in applications where a high degree of flexibility is required [1]. These advantages have
led to the successful integration of digital microfluidics in ‘Lab-on-a-chip’ applications. Significant application
areas of digital microfluidics include proteomics [2], point-of-care diagnostics [3], molecular probe synthesis [4],
immunoassays [5], cell culture [6], and chip-based PCR [7], among others [8-10].

For a functional digital microfluidic device, the two most important components are the droplet generation
system and the droplet actuation system. From an operational point of view, microfluidic droplet generation
configurations that are popular in the community include co-flow devices [11-13], flow-focusing devices [14-17],
and T-junction [18-21]. The methods of manipulation of droplets in digital microfluidic devices can be diverse,
such as electrical [22, 23], optic [24], electrophoretic [25] and dielectrophoretic [26], and magnetic [27, 28].
Ferrofluids provide a viable option for the choice of fluid in magnetically actuated digital microfluidic systems.

Ferrofluids are colloidal suspensions of single domain magnetic nanoparticles, typically of 5-15 nm diameter,
containing Ni, Co, Mg, or Zn compositions of ferrite (FexO,4), magnetite (Fe3O4), or maghemite (g-Fe;O3) in
a nonmagnetic liquid (aqueous or hydrocarbon) carrier phase [29, 30]. The particles at this size range exhibit
superparamagnetic nature, implying that the particle magnetization curves do not show any hysteresis, although
their magnetization is comparable to ferri- or ferromagnetic particles. While such a ferrofluid is nonmagnetic in
the absence of a magnetic field, the magnetic moments of the superparamagnetic nanoparticles of ferrofluids
are readily aligned (against the thermal Brownian disturbance) with an externally imposed magnetic field,
making the fluid magnetically responsive. This feature is advantageous, since transport of individual ferrofluid
droplets can be influenced by “action at a distance” in microfluidic environment either by an active device, e.g.,
a miniaturized permanent magnet or electromagnet, or by a passive device, e.g., a macro-scale biasing magnet
in conjunction with micro-scale magnetizable elements for creating local field gradient. Ferrofluids have been
extensively used in microfluidics [31], having diverse application areas.

In the context of droplet generation at a T-junction, the capillary number (Ca = £ ZCP, where ;1 and U, are
the viscosity and velocity of the continuous phase, and o is the interfacial tension) plays a key role. Existing
literature [18, 32] shows that there are three major regimes of flow at a microfluidic T-junction: squeezing,
dripping, and jetting (see the schematic diagram in Fig. 1). In the squeezing regime (Ca < 10~2), interfacial
force is much stronger and dominates over the shear force (Fig. 1(a)). The dispersed phase, in this regime,
blocks off almost the entire cross-sectional area of the main channel, reducing the continuous phase to thin films
between the dispersed phase and the walls of the channel. The resulting pressure difference squeezes the neck
of the dispersed phase, thus forming droplets. Droplet volumes in the squeezing regime are governed by the
ratio of the flow rates of the two fluids. At a higher value of Ca (= 0.025), the shear forces become significant
for droplet generation, and this regime is known as the dripping regime (Fig. 1(b)). At an even higher Ca,
droplet formation is not observed. Instead, the dispersed phase enters the main channel and flows parallel to the
continuous phase; the regime being known as jetting regime (Fig. 1(c)).

Ferrofluid droplet-based digital microfluidic platform has the unique advantage of magnetic manipulation of
the dispersed magnetic phase to alter the droplet dynamics. However, dynamic interaction of magnetic, surface
tension, and viscous forces makes investigation of such a system extremely complicated. Early work [33] on the
dynamics of ferrofluid droplet breakup, as it passed through a narrow orifice, showed strong influence of orifice
diameter on the droplet size and stretching length, while the number of total breaking droplets depended on
the orifice diameter and local magnetic field. Sivasamy et al. [34] demonstrated CFD modeling of the droplet
generation at a microfluidic T-junction using the VOF method; however, the effect of magnetic field was not
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Table 1: Properties of EFH3

Viscosity 12 x 1073 Pa.s
Density 1.42 x 103 kg.m~3
Saturation magnetization 65 mT

considered in that work. The literature, therefore, lacks in a comprehensive understanding of the different
regimes of droplet generation and its interdependence with the applied magnetic field.

Digital microfluidics obviously has advantages of flexibility and precise control, but the robustness of channel-
based microfluidics is unmatched. In the present work, an attempt has been made to bridge the two apparently
contrasting aspects of robust droplet generation and precise control of dynamics inside a T-junction microchannel.
Although ferrofluid droplet generation has been studied both experimentally [35-38] and numerically [39] in other
droplet generating geometries such as flow-focusing, such an investigation was lacking in a T-junction geometry.
A numerical investigation of ferrofluid droplet generation in a surfacted medium in a T-junction microchannel in
the presence of an externally imposed magnetic field is carried out. The motivation of the present work lies in
understanding the fundamental flow physics of droplet generation in a microfluidic T-junction. Even though
such a configuration has been previously studied [40] experimentally, and it was reported that the magnetic
force played a key role in the evolution of a droplet, important aspects like dripping-jetting transition could
not be analysed. This transition is of particular importance in a digital microfluidic platform because it sets
the limit for the maximum droplet volume that can be generated, which in turn governs the operating range of
the devices. In this context, Tan et al. [40] have indicated there that a complex three dimensional numerical
simulation with coupled fields is needed to gain insight into the droplet formation phenomenon in the presence of
a magnetic field. Sivasamy et al. [34] presents a numerical investigation of the droplet formation phenomenon in
a T-junction, but only in the absence of magnetic field. Therefore, a three dimensional numerical investigation of
ferrofluid droplet formation in a T-junction in the presence of a non-uniform magnetic field has been attempted
in the present work. Because of paucity of reliable literature data on ferrofluid properties, interfacial tension,
and magnetic susceptibility are obtained from in-house experiments.

2 Problem Description

The computational geometry (Fig. 2) used in the present study is similar to the one used by Sivasamy et al.
[34] in their experiments and simulations. A microfluidic channel of rectangular cross-section having length,
width and height of 2000pum, 200um, and 100um respectively is considered as the flow path for the continuous
phase. The side channel of dimensions 100pm x 100um x 100um was used for injecting the dispersed phase. A
1:5000 (by mass) solution of surfactant (Tween 80, Merck)-deionised water was used as the continuous phase
and a light hydrocarbon oil-based ferrofluid EFH3 (Ferrotec) was used as the dispersed phase. The properties
of the ferrofluid are given in Table 1. The surfactant was used to reduce the wetting of the microchannel by
the ferrofluid. The VOF model implicitly assumes that the ferrofluid and the Tween-water solutions do not
intermix, and a representative interfacial tension needs to be imposed. Although the surface tension of EFH3
ferrofluid and Tween-water solutions are available in literature, no reliable data about the interfacial tension
between the two was found. Surfactant molecules from both the oil-based ferrofluid and the aqueous host
fluid would absorb on the interface, altering the interfacial tension [41] to different extents, depending upon
the nature of the exact surfactant used in the ferrofluid (surfactant data for EFH3 is not available since it is
a commercially licensed product). To account for these uncertainties, therefore, the interfacial tension was
determined in house experimentally (by the du Noily ring method [42] at the interface of the same ferrofluid
(EFH3) and the surfactant (Tween 80)-water solution considered in the simulation), and was found to be 0.01
N/m. The magnetic dipole was placed as shown in Fig. 2. Two positions of the dipole are shown, namely,
upstream and downstream. For any simulation, only one dipole — either the upstream or the downstream — was
active. Due to considerable distance between the magnet and the microfluidic channel, the magnet was modelled
as a point dipole.

The dispersed phase entered through the side channel along the negative y-direction at a constant flow rate
of 50uL /hr, while the velocity of the continuous phase (along the positive x-axis) was governed by the capillary
number, Ca. Plug velocity profiles were prescribed at both the inlets. The microchannel exit was modelled as a
pressure outlet condition at atmospheric pressure. This mimics a typical microfluidic device where the channel
terminates into a microfluidic well. No-slip boundary condition was specified at the channel walls.
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Figure 2: Position of the magnet with respect to the T-junction; (inset) Three-dimensional geometry of the T-
junction (not drawn to scale); upstream and downstream locations of the magnetic dipole shown (All dimensions
are in pm)

3 Governing Equations

Both the dispersed (ferrofluid) and the continuous (surfacted liquid) phases were assumed to be incompressible,
Newtonian in the present work, with the flow being isothermal, laminar. The Volume of Fluid (VOF) model was
used in the present work to perform transient three dimensional simulations. The VOF method has been shown
to be useful for simulating diverse problems such as evaporative cooling [43], pipeline corrosion [44], heat transfer
in oscillating heat pipes [45], interaction of waves with coastal structures [46], liquid dessicant dehumidification
[47], drop impact [48], and flow boiling [49] among others. The specialty of the VOF model is that it can model
two or more immiscible fluids by solving a single set of momentum equations and tracking the volume fraction
through the entire flow domain. A detailed description of the solution methods used in the present work is
provided in Section 4.

The conservation equations for mass and momentum are expressed as
dp

o +V.(pV) =0 (1)

and .
av — — — ST — -

p(a +V.VV)=-Vp+ V.[uW(VV +VV)]| + Fs + fF, (2)
respectively. For a two-phase system, the volume fraction of a cell, f, signifies the fraction of the total volume of
the cell that is occupied by the dispersed phase. Therefore, f = 1 indicates dispersed phase and f = 0 indicates
continuous phase, while a fractional value of f signifies the interface. The transport equation for the volume
fraction, f, is solved in the VOF method, which can be written as

of =
—+V.Vf=0 3
Y 3)
Quantities p and p used in the above equations are the volume averaged density and viscosity, which are expressed
as

p=p1+flp2—p1) (4)
po=p+ fp2 — p1) (5)
Compared to the other prevalent forces in microfluidic flow, gravitational force is not significant (since Bond
number is small) and hence is neglected. The F, term in the momentum equation is the surface tension force

modelled using the Continuum Surface Force (CSF) formulation proposed by Brackbill et al. [50]. The surface
force is expressed as

F, = Ulfoﬂ (6)
2(p1 + p2)
The curvature of the interface, &, is given by
k=—(V.7) (7)
where 7 is the unit normal vector given by
Vf
n=—== (8)
IV /]
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Table 2: Mesh statistics

Nodes 681226
Elements 640625
Minimum orthogonal quality  0.93
Maximum aspect ratio 2.75
Element size dpm

In the present work, contact angle hysteresis and the effect of magnetic field on the contact angle were not
considered. For ferrofluid droplets dispensed onto the substrate from the top, the left and right static contact
angles were experimentally measured [51] to be 120° and 125° respectively. Hence, in the present work, a mean
contact angle of 122.5° was specified initially.

The F,, term in Eqn. 2 is the magnetic Kelvin Body Force (KBF). It is multiplied by the volume fraction, f,
since it is only applicable for the ferrofluid (dispersed phase). For a typical two-particle system , the magnetic
field, H, is given by [52]

—

- m LT
H= 3 + Z’»(m.f')r—5 (9)
The magnetization, M , induced in a magnetic particle placed in a magnetic field, H , can be written as
M = xH (10)

where the magnetic susceptibilty, x, is a function of H. From Maxwell’s equations, in the absence of free electric
currents (since the medium is nonmagnetic), it can be stated that [53]

VxH=0 (11)

A magnetic particle in a nonmagnetic medium in the presence of a non-uniform magnetic field experiences a
volumetric body force, termed as Kelvin Body Force (KBF), which can be expressed as [53]

Fp, = po(M.V)H (12)
Using Eqns. 10, 11, and 12, the final expression of F}, turns out to be
L1 .
Fin = SpoxV(H.H) (13)

The variation of y with H was determined experimentally [54], and a sixth order polynomial fit was used
to approximate the nature of the variation. It is to be noted that in the present work, the ‘non-inductive
approximation’ was considered in the magnetic field formulation, since the solid volume fraction in the ferrofluid
was too weak to alter the imposed magnetic field [29]. Therefore, the estimation of magnetic field did not warrant
a solution of the entire Maxwell’s equations.

4 Solution Method

Numerical simulations were performed with the commercial finite volume method based CFD package ANSYS
Fluent (v 14.5) using the unsteady segregated solver. The Pressure Implicit with Splitting of Operators (PISO)
scheme was used for the pressure-velocity coupling, while the third-order Monotonic Upstream-Centered Scheme
for Conservation Laws (MUSCL) scheme was used for the momentum equation. The pressure term was solved
using the PREssure STaggering Option (PRESTO!) method. The Piecewise-Linear Interface Calculation (PLIC)
technique [55] was used for interface reconstruction, and the transient term was treated using a first order
implicit scheme. The convergence criteria for the continuity and momentum equations were set at 1078, The
ANSYS meshing package was used to create a quadrilateral based three-dimensional structured mesh. The time
step size used was 10~%s, and the details of the computational mesh used is presented in Table 2. This optimum
mesh was chosen after a rigorous grid independence study. This optimum mesh was chosen after a rigorous grid
independence study. The run time for a typical simulation of 1 seconds flow time on a 20GB RAM computer
having Intel-i7 processor was approximately 60 hours.

5 Results and Discussions

5.1 Model validation

For validation of the numerical model with the results of Sivasamy et al. [34], a commensurate domain length
of 1000pm was chosen (other dimensions as in Fig. 2). The gravitational force was considered while solving the
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Figure 3: Comparison of snapshots showing droplet formation at corresponding dimensionless time instants for
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momentum equation. The work of Sivasamy et al. [34] was chosen for validation since all relevant fluid properties
used for their experiments were available in detail. In the present simulation, these fluid properties were used,
along with the contact angle of the dispersed phase with the channel wall, and the continuous phase capillary
number was fixed at 0.025. A comparison of the snapshots showing droplet formation in the experiments [34]
with those of the present simulations at two different dimensionless time instants (time, ¢, non-dimensionalized
with cycle time, i.e., time between two consecutive droplet detachments, 7) is shown in Fig. 3. The comparison
shows good agreement.

300 50
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Figure 4: (a) T-junction geometry used for model validation (all dimensions are in pum), the depth of the
microchannel is 33 pm, A shows the location of the velocity probe; (b) comparison of velocity data recorded by
the probe at A in the present work and as reported by Soh et al. [56]

A further quantitative validation of our numerical model was attempted against the work of Soh et al. [56].
The geometry chosen for this purpose was identical to the one used by Soh et al. [56] (Fig. 4(a)), while the
velocity was recorded by a probe located at position A in Fig. 4(a). The continuous phase capillary number was
maintained at 0.00232 and the dispersed phase flow rate was kept at 0.01 pL/s. A comparison of the velocity
history measured at probe position A in the present work that was reported by Soh et al. [56] is shown in Fig.
4(b), which shows excellent agreement. This clearly suggests that the numerical model used in the present work
provides an accurate representation of the actual flow phenomenon.
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5.2 Ferrofluid flow in the absence of magnetic field

For the present study, a continuous phase capillary number of 0.025 was considered as the base case. The
variation of the dispersed and continuous phase pressures and their difference with flow time is shown in Fig. 5(i)
for Ca = 0.025 and in the absence of any magnetic dipole (see Supplementary Material 1). The pressure plot is
shown for two consecutive cycles of droplet generation. Droplet shapes (described in terms of the f contour at
the z-y plane of symmetry through the channel) at a few salient time instants ‘a’ through ‘f’ are shown in Figs.
5(ii) through (vii), while the corresponding pressure contours at the geometric plane are depicted in Figs. 5(viii)
through (xiii). When the ferrofluid thread enters the main channel from the side channel, the forces acting on it
can be primarily attributed to the viscous, pressure, and surface stresses. From a to b, the ferrofluid thread
increases in volume, all the while remaining attached at the neck. The convex arc of the neck, however, slowly
morphs into a concave shape as the tip of the thread penetrates further into the main channel. The pressure py
increases in this regime due to the change in curvature of the ferrofluid front. At the same time, p. increases
as the increasing volume of the dispersed phase in the main channel reduces the flow area for the continuous
phase (see Fig. 5(ii)), causing larger pressure drop in the continuous phase (as evident from the pressure drop
past the droplet in Fig. 5(viii)). From b to ¢ in Fig. 5, pg sharply rises, which causes the increase in pg — pe.
This pressure rise continues upto the point where the thread reaches the maximum volume, and the squeezing
and shearing action of the continuous phase ruptures the neck, thus causing droplet detachment, followed by
surface area minimisation of the droplet. As the detached droplet is advected downstream, it leaves the domain
(instant e); the flow resistance offered by the droplet immediately disappears, causing a sudden drop in both py
and p.. At the same time (starting from instant d) a fresh thread of ferrofluid enters from the side channel; as
more volume of ferrofluid enters the main channel, curvature of the ferrofluid front decreases. This explains the
steady descent in pg — p. from instant ¢ to d. Beyond f, the dispersed phase slowly starts to push itself into the
continuous phase, which causes p; to gradually decrease, and p. to gradually increase. The pressure cycle is
found to repeat as the flow continues with a time period of 0.3762 s (evident from Fig. 5(i)).
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5.3 Ferrofluid flow in the presence of magnetic dipole placed upstream

A significant change in the ferrofluid flow behaviour (at the same C'a = 0.025) in the main channel is observed
when a magnetic dipole of strength 22.5 x 1076 A.m? is placed at the upstream location. Droplet formation is
completely suppressed; instead the ferrofluid flows through the main channel as a continuous stream parallel to
the continuous phase (see Fig. 6 and Supplementary Material 2). This type of flow in literature is known as
the jetting regime or parallel flow regime, as shown in Fig. 1(c). Traditionally, jetting occurs at high capillary
numbers, where the shearing action of the continuous phase is so strong that it causes severe stretching of the
dispersed phase in the main channel. In the present situation, in the presence of a magnetic dipole, a magnetic
Kelvin body force also acts on the ferrofluid, in addition to the pressure, interfacial, and shear forces. The
upstream placement of the dipole causes the ferrofluid to be attracted towards the dipole, thus opposing the
direction of motion. This in turn reduces the dispersed phase velocity, thus increasing the relative velocity and
hence the shear stress between the dispersed phase and the continuous phase. This increased shear stress is
sufficient to take the system beyond the dripping-jetting transition point, thus enabling jetting to occur at a
capillary number which is otherwise present in the dripping regime. Characteristic of the parallel flow regime, py
and p. also remain constant in this case. The steady pg — p. value in Fig. 6 arises from the nearly unchanged
Laplace pressure difference due to the curvature of the ferrofluid-water interface of the jet.

5.4 Ferrofluid flow in the presence of magnetic dipole placed downstream

When the same magnetic dipole of strength 22.5 x 1075 A.m? is placed at the downstream location at the
same Ca = 0.025, the flow behaviour (Fig. 7 for the pressure plots and the snapshots of several key time stamps,
Supplementary Material 3) resembles that of the non-magnetic case (Fig. 5). In this case, as the ferrofluid flows
through the side channel, the dipole is in its downstream direction, and thus the ferrofluid is attracted towards
it. On entering the main channel, the tip of the ferrofluid penetrates into the continuous phase in the direction
of the flow. But once it crosses the location of the magnetic dipole, the force reverses its direction, thereby
impeding its forward flow. A reduction in the ferrofluid velocity occurs, thus increasing the velocity difference of
the continuous and the dispersed phases, and increasing the shear stress exerted on ferrofluid by the continuous
phase. However, this increase in shear stress is not as high as when the magnetic dipole was placed in the
upstream position. Moreover, only the leading part of the ferrofluid thread experiences a magnetic force opposing
the motion, while the trailing part still experiences the magnetic force in the direction of motion. Hence, the
resulting shear stress on the ferrofluid is not sufficient to cross the dripping-jetting transition. However, since
the attached ferrofluid thread and the detached droplet experiences a force in a direction against the flow, their
residence time within the channel increases. Qualitatively, the pressure curves and the phenomena occurring at
the points a — f in Fig. 7 are similar to the non-magnetic case. However, the increased residence of the ferrofluid
in the channel causes an increase in the duration for which the continuous phase flow path is blocked, hence
increasing p. as compared to Fig. 5. As the pg remains unchanged, pg — p. assumes much lower values compared
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of the pressure probes are shown in inset (ii); (vii) location of the dipole under the microchannel; (viii) — (xiii)
pressure contours at the same salient time instants

to the configuration corresponding to Fig. 5.

5.5 Effect of dipole strength

Figure 8 presents the variation of pg — p. with flow time at C'a = 0.025 for different dipole strengths and for
both upstream (Fig. 8(a)) and downstream (Fig. 8(b)) placements of the dipole. For both positions of the dipole,
the curves for the non-magnetic case and for dipole strengths 7.5 x 107 A.m? and 15 x 107% A.m? are almost
coincident. It is important to note here that the plots for the nonmagnetic case and for m = 7.5 x 107% A.m? are
nearly coincident, hence not distinguishable in Fig. 8(a). Like in the case reported in Fig. 5, different regimes of
flow of the dispersed phase, comprising of penetration, squeezing, shearing, and detachment are observed in both
the cases. This indicates that the magnetic force resulting from dipoles of such strengths are unable to influence
the droplet formation procedure in the T-junction, and also points to the existence of a threshold dipole strength
above which the magnetic force becomes significant. For upstream placement of the dipole, as observed in Fig.
6, for m = 22.5 x 1075 A.m?, droplet formation is suppressed and parallel flow is observed. On increasing the
dipole strength to 26 x 1075 A.m?, the parallel flow regime, expectedly, continues (since a higher dipole strength
increases the magnetic force thus increasing the shear stress between the dispersed phase and the continuous
phase). However, at this dipole strength, the pg — p. curves assumes lower values than at m = 22.5 x 107% A.m?.
This can be attributed to the “pulling effect” of the dipole on the side channel. For the downstream placement
of the dipole, as observed in Fig. 7, droplet formation is not suppressed at m = 22.5 x 107% A.m2. However,
the instant of droplet detachment (marked by ‘X’ in Fig. 8(b)) is delayed . This is because of the increase in
residence time of the droplet in the channel due to the increased attractive magnetic force felt by the droplet.
An increase in p. due to increased residence time of the droplet (leading to increased duration of blockage of the
continuous flow path) results in lower pgy — p. values compared to those at lower m values. When the dipole
strength is further increased to 26 x 107% A.m?2, the attractive magnetic force on the droplet increases, thus
further increasing the residence time of the droplet. This causes a delay in the droplet detachment, and also an



279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

35 T T - |
— m=0
— m=7.5x10°
300 — m=15x10° -
m=225x10%
= — m=26x10°
£ 259
8
c
g 200
[
£
% 150
5
0
£ 100 1
0 1 ! 1 I 1 1 !
04 0.45 05 0.55 06 0.65 07
Flow Time(s)
(a)
35 : -
— m=0
— m=7.5x10°
300 — m=15x10"° -
m=225x109
© — m=26x10°
& 250
(1]
v
=
(g
3 209
a
¢ 150
=]
w
o
a 100
50
T\ .

04 0.45 05 0.55 06 0.65 07
Flow Time(s)

(b)

Figure 8: Variation of pressure difference between dispersed and continuous phases with flow time at Ca = 0.025
for different dipole strengths (in A.m?) for (a) upstream and (b) downstream placement of dipole; ‘X’ marks
the instant of droplet detachment. Pressure plots for m = 0 and m = 7.5 x 10~ are almost identical at the
upstream location, while those at the downstream location match closely.

increase in p., thus reducing py — p. to values lower than that at m = 22.5 x 1076 A.m?.

5.6 Effect of dipole placement

The variation of py — p. with flow time at different m values for both upstream and downstream placement of
magnetic dipole is presented for Ca = 0.025 (Fig. 9(a)) and Ca = 0.04 (Fig. 9(b)). Since the magnetic force
at m = 15 x 1075 A.m? is not strong enough to influence the droplet formation procedure (as observed from
Fig. 8), the pg — p. curves at that value for both upstream and downstream placement of the dipole appear
coincident for both Ca = 0.025 and C'a = 0.04 cases. Fig. 9(a) essentially represents Fig. 8(a) and Fig. 8(b) in
a single frame, and hence is not elaborated upon again for the sake of brevity. Figure 9(b) shows that, unlike the
Ca = 0.025 case, droplet formation still occurs at m = 22.5 x 1078 A.m? for Ca = 0.04, and it is suppressed only
at m = 26 x 107% A.m2. As Ca is increased, the continuous phase velocity increases, which increases the shear
stress on the dispersed phase. Hence, the droplet tends to be detached much quicker, but an attractive magnetic
force opposes it. However, this also means that a larger dipole strength would be required to tip the system past
the dripping-jetting transition point. This causes the appearance of jetting at Ca = 0.04 at higher m values
as compared to Ca = 0.025. Comparing the py — p. curves at m = 22.5 x 1076 A.m? for Ca = 0.04 for both
upstream and downstream positions of the dipole, it is observed that droplet detachment (given by the peak in
the pg — pe curve) occurs at a much earlier time instant for a dipole in the downstream direction (detachment
occurs at t = 0.3851 s) rather than that placed at the upstream direction (detachment occurs at ¢ = 0.4099 s).
This delayed detachment can be attributed to the fact that a downstream dipole is not able to slow down the
ferrofluid as much as the upstream dipole. With the downstream position of the dipole, the leading part of the
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Figure 9: Variation of pressure difference between dispersed and continuous phases with flow time for both
upstream and downstream positions of magnetic dipole of different strengths (in A.m?) at (a) Ca = 0.025 and
(b) Ca = 0.04; ‘X’ marks the instant of droplet detachment

ferrofluid thread experiences magnetic force opposite to the flow direction while the trailing part experiences
magnetic force in the direction of motion. On the contrary the entire ferrofluid thread experiences magnetic
force opposite to the direction of motion in the upstream dipole case, thus reducing the residence time in the
downstream dipole case as compared to the upstream dipole. This causes the delayed droplet detachment time
in the upstream dipole case compared to the downstream dipole case for m = 22.5 x 1075 A.m? at Ca = 0.04.
When the dipole strength is increased to 26 x 1075 A.m? at C'a = 0.04, the upstream dipole case results in jetting
due to the increase in shear stresses to values beyond the jetting-dripping transition, whereas the downstream
dipole case still results in droplets. It is interesting to note that the droplet detachment time instants are almost
same for both m = 22.5 x 1079 A.m? and m = 26 x 1076 A.m? in the downstream dipole case. The pg — pe
values at m = 26 x 1075 A.m? are expectedly less than those corresponding to m = 22.5 x 107 A.m? in the
downstream dipole case because of higher values of p. caused by the increase in residence time of a droplet due
to a dipole of greater strength.

5.7 Effect of capillary number

The effect of changing Ca from 0.025 to 0.04 on the pg — p. curve is shown in Fig. 10 for both upstream (Fig.
10(a)) and downstream (Fig. 10(b)) placement of the magnetic dipole, and at three different dipole strengths.
Increase in Ca basically means that the velocity of the continuous phase increases, thus increasing the shear
stress exerted on the dispersed phase. This promotes droplet breakup in the dripping regime, and expectedly
the droplet formation frequency increases (as observed in Fig. 10). The pg — p. curves for Ca = 0.04 leads the
pa — pe curve for Ca = 0.025 in both the upstream and downstream dipole cases. The peak values of pg — p.
reached for each of the droplet formation cases is independent of C'a and only depends on the m value. For
example, the peak values reached for m = 15 x 1078 A.m? is same in both the upstream and downstream dipole
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Figure 10: Variation of pressure difference between dispersed and continuous phases with flow time at Ca =
0.025 and Ca = 0.04 for different magnetic dipole strengths (in A.m?) for (a) upstream and (b) downstream
placement of dipole; ‘X’ marks the instant of droplet detachment

position cases, irrespective of the C'a value. The changes in the droplet formation time periods are also evident
in the pg — p. curves. The droplet formation time period is less for Ca = 0.04 cases than the corresponding
Ca = 0.025 cases. However, for constant C'a, the time period increases with increasing m. This can be attributed
to the increase in residence time of the droplet in the channel for higher dipole strengths.

5.8 Droplet characteristics

An important characteristic of any digital microfluidic system is the frequency at which droplets are generated.
Figure 11 presents the variation of droplet shedding period (cycle time) with dipole strength for different Ca
values and dipole positions. A detailed explanation for the change in cycle time has already been provided in
Section 5.7. In a digital microfluidic platform, the size of dispensed droplets is also reckoned as an important
parameter. Therefore, we investigate the influence of the capillary number and the dipole strength and position
on the droplet size. Respective droplet sizes for Ca = 0.025 and C'a = 0.04 for a downstream magnetic dipole of
strength 22.5 x 1075 A.m? are shown in Figs. 12(a) and 12(b). For a fixed dispersed phase velocity, the droplet
size decreases with increasing C'a due to increased shear stresses associated with increased continuous phase
velocity. This is also evident in Fig. 12(a) and Fig. 12(b). The droplet size for Ca = 0.04 is evidently smaller
than that of Ca = 0.025, and the former also blocks less of the channel area than the latter. To quantitatively
characterize the droplet sizes, two linear dimensions h and b are introduced, as shown in Fig. 12(c). The
variation of h and b with Ca and m is shown in Table 3. It is evident from Table 3 that the h and b values for
droplets at Ca = 0.025 are expectedly higher than the corresponding values at Ca = 0.04. Also, for each Ca
value, the h and b values remain constant as the magnetic dipole strength is increased from 0 to 15 x 107¢ A.m?.
This is due to the fact that the magnetic forces resulting from these dipole strengths are not sufficient to alter
the droplet formation procedure, as detailed in previous sections. The droplet size increases as m is increased
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Figure 12: Representative droplet sizes at Ca = 0.025 and C'a = 0.04 for same magnetic dipole strength and
position; characteristic droplet dimensions h and b

beyond 15 x 1076 A.m? for both Ca = 0.025 and Ca = 0.04, as evident from the increased h and b values.
This is because of the increase in the time period of droplet formation, resulting in accumulation of a greater
volume of ferrofluid within the thread prior to detachment. The droplet size increases as m is increased from
22.5 x 107% A.m? to 26 x 107% A.m? for Ca = 0.025 due to the increased magnetic force associated with greater
dipole strength. Similar trends are also observed for droplet sizes at Ca = 0.04. It is interesting to note that, at
Ca = 0.04, the droplet size is greater for dipole of strength 22.5 x 107% A.m? placed upstream than for dipole of
strength 26 x 1076 A.m? placed downstream. This is also apparent from Fig. 10(b), where the time period of
droplet formation was less for m = 26 x 1075 A.m? placed downstream than that for m = 22.5 x 1076 A.m?
placed upstream. This provides insight into the correlation between droplet size and shedding time period which
is explained as follows using droplet volume. Moreover, droplet volumes are a good indicator of the throughput
of a digital microfluidic system. A new parameter, V. is introduced, which is defined as:

V-V

Ve
Vo

X 100 (14)
where V is the volume of the droplet for a particular Ca and m value and a particular dipole position, and Vj is
the droplet volume for the nonmagnetic case at that corresponding Ca. The variation of V., with C'a and m is
also shown in Table 3. High V, values observed at higher dipole strengths can be attributed to the higher droplet
shedding time periods observed at those values. For a higher droplet shedding time, the droplet detachment is
delayed, but the dispersed phase is continuously fed for that additional time, resulting in the increased volumes.

6 Conclusion

In the present work, three-dimensional VOF simulations of ferrofluid droplet generation in a microfluidic
T-junction in presence of an external magnetic dipole were carried out. The velocity of the dispersed phase
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Table 3: Droplet dimensions and excess volumes at different C'a and m values

Ca m (uA.m?) Dipole Location b (um) h (um) V. (%)

0.025 0 N/A 389 170 0
0.025 7.5 Upstream 389 170 0.03
0.025 7.5 Downstream 389 170 0.03
0.025 15 Upstream 389 170 1.06
0.025 15 Downstream 389 170 1.09
0.025 225 Downstream 410 173 8.29
0.025 26 Downstream 428 173 15.44
0.04 0 N/A 376 142 0
0.04 7.5 Upstream 376 142 0
0.04 7.5 Downstream 376 142 0
0.04 15 Upstream 376 142 0.77
0.04 15 Downstream 376 142 0.77
0.04 225 Upstream 400 144 12.70
0.04 22.5 Downstream 389 144 5.73
0.04 26 Downstream 394 144 7.07

(ferrofluid) was kept constant, while two different capillary numbers of the continuous phase, viz., 0.025 and
0.04, were considered. The magnetic dipole strength was varied from 0 (non-magnetic case) to 26 x 1076 A.m?
and two distinct positions of the dipole were considered — upstream and downstream. A detailed report on
the outcomes of such simulations is given in Table 4. For the non-magnetic case (m = 0), both Ca = 0.025
and Ca = 0.04 produced droplets. Dipole strengths of 7.5 x 1076 A.m? and 15 x 107% A.m? were found to be
insufficient to alter the flow behaviour of the ferrofluid. Only for m = 22.5 x 107 A.m? and m = 26 x 1076 A.m?,
significant changes in the flow behaviour were observed. At Ca = 0.025, for a dipole of strength 22.5 x 1076
A.m? placed at the upstream location, droplet formation was suppressed and parallel flow between the ferrofluid
and the continuous phase was observed. Such a behaviour was also observed at an even higher dipole strength of
26 x 1079 A.m?. However, for downstream position of dipoles, droplet formation was never suppressed, which is
contrary to the upstream position of the dipole of same strength. For C'a = 0.04, suppression of droplet formation
was first observed at a comparatively higher m value of 26 x 1076 A.m? placed upstream. But no suppression of
droplet formation was again observed at this capillary number for magnetic dipoles placed downstream. The
droplet detachment time period was observed to increase with increasing m once the magnetic force became
significant enough to alter the flow behaviour. However, the droplet time period for an upstream dipole was
greater than that for the same dipole placed downstream. The droplets at Ca = 0.04 were also expectedly
smaller than the corresponding droplets at C'a = 0.025. However, for fixed Ca, droplet size was observed to
increase with increasing m beyond the threshold m value. Results of the study provide an insight into active
control of droplet generation in a digital microfluidic platform and lends to design basis of microfluidic droplet
generation devices.
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Table 4: Ferrofluid flow behaviour at different C'a and m values

Ca m (pA.m?) Dipole Location Droplet/ Jet

0.025 0 N/A Droplet
0.025 7.5 Upstream Droplet
0.025 7.5 Downstream Droplet
0.025 15 Upstream Droplet
0.025 15 Downstream Droplet
0.025 22.5 Upstream Jet

0.025 22.5 Downstream Droplet
0.025 26 Upstream Jet

0.025 26 Downstream Droplet
004 0 N/A Droplet
0.04 75 Upstream Droplet
0.04 7.5 Downstream Droplet
0.04 15 Upstream Droplet
0.04 15 Downstream Droplet
0.04 225 Upstream Droplet
0.04 225 Downstream Droplet
0.04 26 Upstream Jet

0.04 26 Downstream Droplet
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