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Dynamics of droplet formation and flow regime transition in a T-shaped
microfluidic device with a shear-thinning continuous phase
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A numerical and experimental study of the process of droplet formation in a T-
junction microchannel with a shear-thinning continuous phase is presented. Simulations
are performed using a three-dimensional lattice Boltzmann multicomponent model. The
shear-thinning behavior is modeled using the Carreau-Yasuda model and validated with
our experiments involving both Newtonian and non-Newtonian continuous phases. Using
the validated numerical framework, a parametric study is performed to quantify the effect
of the rheological parameters, namely, the power-law index n and the Carreau number
Cr, on the droplet size for two different capillary numbers. To understand the variation
in the droplet size and shape with the shear-thinning parameters, the dynamics of the
droplet breakup process is analyzed in terms of the upstream pressure buildup and the
shear stresses acting on the interface of the two fluids. Our numerical results show that
the dynamics of droplet formation shifts from the shear-dominated dripping regime to
the pressure-dominated squeezing regime for continuous phase fluids having lower values
of n and higher values of Cr. Hence, an increase in the droplet size and a change in
its shape from spherical to plug are observed for fluids showing a higher shear-thinning
tendency (higher Cr and lower n). Finally, an analysis of the transition in the droplet flow
regimes with a shear-thinning continuous phase at high capillary numbers is presented.
For Ca > 0.1, an increase in the shear thinning of the continuous fluid is shown to shift
the droplet flow pattern from parallel flow to droplets in the channel to eventually forming
droplets at the T junction.

DOI: 10.1103/PhysRevFluids.5.044203

I. INTRODUCTION

Droplet-based microfluidic technology involves generation and manipulation of discrete droplets
using immiscible fluids inside microdevices [1-4]. Independent control of these microdroplets has
enabled their widespread application in the synthesis of nanomaterial [5,6], drug delivery [7,8], food
processing [9,10], and medical diagnostics [11,12]. Microdroplets have been used as compartments
for carrying out biological and chemical reactions, thus serving as individual units for reactions
[13,14]. These microreactors help in significantly reducing reaction time by enhancing mixing
and mass transfer rates. Multiple such microreactors have been used to carry out massive parallel
processing and experimentation, which has led to high-throughput chemical and biological analysis
[15]. The majority of these applications require droplets to be generated in a controlled and uniform
manner. Therefore, it is essential to have a thorough understanding of the phenomenon of droplet
generation to have precise control over their size and frequency in these microfluidic devices.

In droplet flows, the characteristics of the droplet produced, such as their size, shape, and
uniformity, depend upon the physical mechanism of their generation. Generally, three different
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regimes of droplet formation have been identified: squeezing [16,17], dripping, and jetting [18-20].
The occurrence of a particular formation regime is determined by the geometrical design of the
microchannel, viscosities, flow rates, and interfacial tension of the two fluids. The microchannel
geometries used for generating droplets can be classified into coflow [18-20], flow-focusing
[21-23], and crossflow [24—41] categories. The T-junction microfluidic device is a commonly used
crossflow geometry for droplet generation in which the dispersed and the continuous phase flowing
through two orthogonal channels interact at the T junction, forming droplets in the process. The
dimensionless parameters influencing the size and formation regime of the droplets generated at the
T junction include capillary number Ca, flow rate ratio, viscosity ratio, width, and aspect ratio of
the channel.

At very low values of capillary number (Ca < 1072), droplet formation takes place in the
squeezing regime [27]. Droplets formed in this regime are in the form of long plugs, the length
of which has been shown to depend predominantly on the flow rate ratio [27] and the channel
confinement (width and aspect ratio) [35]. The effect of the capillary number and the viscosity
ratio is negligible in the squeezing regime [29]. For higher values of capillary number (Ca > 1072),
the dripping regime of droplet formation is prevalent, in which the droplet size is much smaller
compared to the squeezing regime [29]. The dynamics of droplet breakup in this regime is controlled
predominantly by shear stresses exerted by the continuous phase on the interface of the dispersed
phase. The droplet size follows an inversely proportional power-law relationship with the capillary
number [28,31]. Within the dripping regime, on increasing the capillary number (roughly Ca >
10~1), the breaking point of the droplets is sent further downstream of the T junction, leading to
droplet formation in the channel (DC) [29]. With a further increase in the capillary number, the DC
regime finally transforms into a stable parallel flow [25]. Apart from the capillary number, previous
experimental and numerical studies have shown that the flow regime transition from dripping to
parallel flow also depends on the viscosity ratio and geometric parameters of the channel [25,32,36].

The transition from the low-capillary-number squeezing regime to the high-capillary-number
dripping regime is gradual and is marked by an intermediate or transition regime (Ca ~ 1072) in
which both the viscous shear stress and squeezing pressure influence the breakup dynamics of the
droplet [30,34,42,43]. The droplets formed in this regime are in the form of truncated disks, the size
of which was observed to depend on both the flow rate ratio and capillary number [26,30,31] as well
as on geometric parameters and viscosity ratio [36]. Another regime of droplet formation, known as
the leaking regime [44], has been discovered recently that manifests for a capillary number lower
than that for the squeezing regime. It has been observed that for such negligibly small values of Ca,
the dependence of Ca on droplet size is reintroduced.

The process of droplet generation in a microfluidic T junction for Newtonian fluids has been
thoroughly analyzed in the literature. Compared to Newtonian systems, droplet generation involving
non-Newtonian fluids has been poorly understood owing to the complex nonlinear rheological
behavior and associated elastic effects. A thorough understanding of such a system would enable the
application of microdroplets to biology and pharmaceuticals where the fluids involved are mainly
non-Newtonian in nature (physiological fluids such as blood). The special character associated with
the non-Newtonian fluids in the form of shear-dependent viscosity and viscoelasticity has shown
to significantly influence the dynamics of the droplet formation process, consequently affecting the
size of the droplet generated in flow-focusing [45-49], coflowing [50], or T-junction geometries
[51-61]. In a T-junction geometry, the Newtonian droplet generation in a shear-thinning inelastic
continuous fluid has been identified as a particular subset of problems concerning droplet generation
in non-Newtonian systems. A few numerical [57,58] and experimental studies [59-61] addressing
this problem have shown that the shear-thinning property of the continuous fluid has a considerable
impact on the droplet size. However, an exhaustive description of the droplet breakup mechanism
and the transition in the droplet formation regime with a shear-thinning continuous phase is still
lacking and demands further investigation.

In this study, the process of droplet formation in a T-junction microchannel with a shear-
thinning continuous phase is investigated numerically and experimentally. A three-dimensional
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FIG. 1. Schematic of the Carreau-Yasuda shear-thinning model.

multicomponent model based on the multiple-relaxation-time lattice Boltzmann method is em-
ployed to simulate the droplet formation phenomenon in a T-junction microchannel for a shear-
thinning continuous phase. The numerical model is validated by comparing the simulations with
our experimental observations of droplet formation in a Newtonian as well as a shear-thinning
continuous phase. A numerical parametric study is then performed to quantitatively analyze the
effect of rheological parameters such as the power-law index and the Carreau number on the droplet
size for a range of capillary numbers. To understand the variation in the droplet size and shape with
the shear-thinning parameters, the dynamics of the droplet breakup process is analyzed in terms of
upstream pressure buildup and the shear stress acting on the dispersed phase. Finally, a transition
in the droplet flow regimes is shown at high capillary numbers due to the shear-thinning behavior
of the continuous phase. In this study the dynamics of the droplet formation and its transition for a
Carreau-Yasuda (CY) [62] shear-thinning continuous phase is analyzed.

II. DESCRIPTION OF THE SYSTEM
A. Carreau-Yasuda shear-thinning fluids

The most common approach to modeling the shear-thinning behavior of a non-Newtonian fluid
is to adopt a basic power-law equation. However, such a model unrealistically predicts very high
viscosities (approaching infinity) at very low values of shear rate. The Carreau-Yasuda model
[62], on the other hand, is a more practical rheological approach since it is able to predict the
Newtonian plateau (constant viscosities) at either extreme of shear rates, an observation consistent
with experimental rheological data for viscous shear-thinning solutions [62]. The general form of
the CY model is given by

WE, 1) = oo + (o — Hoo)[1 + (M| [P~ V/E, (1)

Here p is the shear-dependent dynamic viscosity, (o and (o are the dynamic viscosities at infinite
and zero-shear rates, respectively, n is the power-law index, X is the inelastic time constant, |y |
is the second invariant of the strain rate tensor, and § is a parameter controlling the curvature of
the curve at the transition from the zero-shear-rate Newtonian region to the power-law region. The
schematic representation of the CY model is shown in Fig. 1. In the present study, a simplified form
of generalized CY model [63] is used. It is a three-parameter model obtained by substituting 8 = 2
and u = 0in Eq. (1) and is expressed as

W@, 1) = woll + Ay |72, 2)
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FIG. 2. Schematic of the T-junction microchannel used for simulating the phenomenon of droplet formation.

B. Problem formulation

Figure 2 shows a schematic of the computational domain used for simulating the phenomenon of
droplet formation in a T-junction microchannel. The geometry of the T junction, as shown in Fig. 2,
consists of two orthogonal inlets and a common outlet. The continuous or the carrier phase fluid
flows in the main channel, while the dispersed phase fluid is supplied by the orthogonal channel. The
inlet channels for the continuous and the dispersed phase are rectangular in cross section with widths
W, and Wy, respectively, and with the same depth H. A uniform velocity profile is imposed at the
channel inlets by specifying the equilibrium distribution functions ffﬂllet(p, flinlet) at every time step
[36]. Similarly, f:guﬂet(,oouﬂet, i) is used for the constant pressure boundary condition at the outlet.
A no-slip boundary condition is applied at the walls of the channels using a halfway bounceback
scheme [36]. The interfacial interaction between the fluids and the solid walls is specified such that
the continuous phase wets the walls of the main channel while the dispersed phase is completely
nonwetting.

The process of droplet formation at a T junction can be affected by a variety of parameters such
as the height and the width of the inlet channels, inlet flow rates of the dispersed and the continuous
phase (Q. and Q,), and the material properties of the two fluids which include their viscosities,
densities, and the interfacial tension between them (o). For multicomponent flows in microfluidic
systems, the buoyancy force being a volume force is much smaller than surface forces. Therefore,
for the sake of simplicity, the two fluids are assumed to be of equal density p [29]. The viscosity of
the shear-thinning continuous phase fluid is characterized in terms of three independent rheological
parameters (as described earlier), which are the zero-shear viscosity (i, o, the inelastic time constant
A, and the power-law index n.

Using the Buckingham-m theorem, the dimensional parameters affecting the size of a Newtonian
droplet in a shear-thinning continuous phase fluid are nondimensionalized to give a set of eight
independent dimensionless parameters as given in Eq. (3), which have been used to characterize the
droplet size

V =f(T,A,®, 0,Re,Ca,Crn). 3)

Here ' = H/W, and A = W;/W, are the aspect ratio and the width ratio of the channels,
respectively, while ® = p, /.0 and Q = Q./Q, are the viscosity and the flow rate ratio of the two
fluids, respectively; Re = pQ./H ji. o is the Reynolds number, Ca = u. 0Q./HW.o is the capillary
number, and Cr = AQ./H*W, is the Carreau number. The droplet size is quantified in terms of the
nondimensional droplet volume as V = Varoplet /Wf. The Carreau number is representative of the
onset of shear-thinning behavior and is inversely proportional to the critical shear rate at which
the transition from Newtonian to power-law behavior occurs. The power-law index n, on the other
hand, is representative of the sensitivity of the viscosity to changes in the shear rate. For fluids with
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either Cr <« 1 or n = 1, the shear stress becomes linearly proportional to the strain rate, i.e., the
Newtonian behavior is completely restored with = . o.

III. NUMERICAL METHODOLOGY

A multicomponent model based on the lattice Boltzmann method (LBM) is employed for sim-
ulating the droplet formation process in a shear-thinning continuous phase. A multiple-relaxation-
time version of the color-gradient multicomponent model is implemented. The LBM is particularly
advantageous in simulating non-Newtonian fluid flows [64] since the strain rate tensor which is used
for determining the shear-dependent viscosity can be calculated locally at each and every lattice site,
thereby eliminating the necessity of using a differencing scheme for velocity gradient calculations
as is required in the case of Navier-Stokes solvers. Additionally, the second-order accuracy of the
LBM is retained for shear-thinning flows, and the parallel implementation of the LBM solver is
made much easier as the shear rates are computed locally.

A. Lattice Boltzmann equation

The fundamental variable in the LBM is the discrete velocity distribution function, the evolution
(both spatial and temporal) of which is governed by the lattice Boltzmann equation (LBE), given by

fik+ At t 4+ At) = fi(R, 1)+ Qi(%, 1) + F(X, 1). 4)

Here f;(X, t) denotes the distribution function which is defined at points X located on a cubic lattice
with lattice spacing Ax and at time step Ar. Additionally, the distribution function f; is defined
for a discrete set of directions i along which the particle populations move with speed given by é;.
Further, ©;(%, ) is the collision operator and F;(X, t) is the source term due to the external force
on the fluid. The macroscopic mass density p and momentum density pii are obtained by taking
moments of the distribution function as given by, respectively,

p(&, 1) =) fik,D), 5)

F&, t)At

> (6)

pi(E, 1) = ) fi(%, 1)@ +

where the external forces have been accounted for by using a second-order scheme [65] and fieq is
the local equilibrium function given by

(7

eq ) 5117 (5117)2 -
= ,ow,|:1 * 2 2¢t 2¢? i|’
with w; the weight coefficient associated with each discrete velocity vector. In the nearly in-
compressible limit, the LBE can be reduced to the Navier-Stokes equation (NSE) with second-
order accuracy by using the Chapman-Enskog expansion along with Egs. (5) and (6) [66]. As a
consequence of this link between the LBE and NSE, the pressure p and dynamic shear viscosity i
can be expressed as

At
2
= e 8
n = pc; (r 5 > 3
_ 2
P = pcy, )
where 7 is the relaxation time and c; is the speed of sound (assuming isothermal conditions), which
is given by
1/ Ax\’
A=-(22). (10)
3\ At
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B. Multiple-relaxation-time model

The multiple-relaxation-time (MRT) formulation [67] is used to model the particle collisions.
Since the fluids simulated in the present study exhibit strong rheological properties (widely varying
viscosities), the MRT formulation has been extended to enhance the numerical stability of the fluid
solver [68]. The MRT collision operator €2; used in the LBE (4) is given by

Qi(E, 1) = —(M7'SM);,[f; (%, 1) — [, 1), (1)

where M is a transformation matrix [69] and S is the diagonal matrix containing the relaxation rates
for the D3Q19 lattice model. The MRT collision operator transforms the populations to moment
space via a transformation matrix M, where the hydrodynamic moments are relaxed individually
using a relaxation matrix S. The relaxed moments are then transformed back to population space
using M~! matrix. The relaxation matrix S and relaxation rates s; used in the present study are given
by [70]

S = diag[0, s1, 52, 0, 54, 0, 54, 0, 54, So, S10, 59, S10, $13, $13, 513, 516> 5165 51615 (12)
1 8(2 — 1)
S1=8=8=810=8S3= -, S4=S816=— - (13)
T 8 — 51

The relaxation time 7 is computed locally at every time step using the local viscosity of the fluid
mixture, which is obtained by taking a weighted harmonic mean of the viscosities of the two fluids
as given by [71]

p(x, 1) 2pR(X, 1) 2ug

(14)

Here pug and wp are the viscosities of the individual fluids (red and blue) and pn (X, t) is the local
phase field as defined later in Eq. (19). The shear-dependent viscosity of the continuous phase
[ur(X, t)] is computed using the CY model given in Eq. (2). The second invariant of the strain rate
tensor |y| (to be used in the CY model) is computed at every lattice site using [72,73]

L 1 _ . e FiAt
yaﬂu,r):—WZeMe[ﬁZ(M ‘SM),-,[mx,r)—fﬂ(x,r)+ 5 ] (15)
s i j

V1 = vV 2VapVap- (16)

C. Color-gradient multiphase model

Several multiphase and multicomponent models have been developed within the LBM, of which
the most widely used include color-gradient [74], interparticle potential [75], and free-energy [76]
models. In the present study, the color-gradient method has been used as it offers advantages such as
low spurious velocities at the interface, a tunable interfacial tension, and a noniterative calculation
process. The two-phase color-gradient multicomponent model begins by assigning a separate color
(red or blue) for each of the two fluids, which are then represented by their own distribution functions
(fi.r and f; g, respectively). Thereafter, the distribution function f; for the “color-blind” fluid is
defined as a sum of the two distributions as

fi=fip+ fir. (17

The interfacial tension force ¢, modeled using the concept of continuum surface force [77], is
given by

FoU%, 1) = —3koVpy(E, 1), (18)
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where py (X, t) is the local phase field, « is the local curvature of the interface, and o is the interfacial
tension coefficient. The local phase field py (X, t) is defined as

R — PB

- o
PN (X, 1) = , (19)
PR+ PB
where —1 < py < 1. The local curvature of the interface « (X, ¢) is computed using
- 1 S
k(X, 1) = R = -V, -1, (20)
v
A1) = — = @1
IVonl
V, = (I —jift) - V, (22)

where R is the radius of curvature of the local interface, 7 is the local unit normal vector to the
interface, I is the identity matrix, and V, is the surface gradient operator. The partial derivatives
involved in the computation of the normal vector and local curvature are computed based on the
discretization formulation given by

¢ 1 o
o = 5 D@+ Eewwi, (23)

where ¢ is any spatially varying function. Using the forcing scheme [65] within the framework of
the MRT formulation, F** given by Eq. (18) is incorporated in the LBE using [78]

i & — i LA >ext
F=w; >— + e FT (24)
CS CS

F = [M1<I — §>M] F; (25)
i 2 g J»

where F; is the source term in the LBE (4).

D. Implementation

In the case of a color-gradient multiphase model, the LBE (4) is solved by decomposing it into
three distinct steps, collision, recoloring, and streaming, which are performed in succession. The
collision (or relaxation) operation is performed using

[FGE ) = fiGt) + Q1) + Fi(3, 1), (26)

where f7* is the postcollision total distribution function. The collision operator and the source
term, as described above, are computed at every time instant and lattice site using Eqgs. (12)-(16)
and Eqs. (17)—(25), respectively. Following the collision step, the recoloring step is performed in
which the postcollision distribution functions for the individual fluids are obtained from the total
distribution function using [79]

_ PR _ PrPB € - VN
fir@, 1) = fF& )+ Bw; —_—, (27)
R PR+ PB PR+ P8 |Vop|
_ o _ orPB € - Voy
fig@. 1) = ff& ) — Bw; —. (28)
o’ PR+ pB PR+ PB |V py]

Finally, in the streaming (or propagation) step the postcollision distribution function of both the
fluids is propagated to the neighboring site as given by

fixG+ ALt + At) = (X, 1). (29)
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TABLE I. Physical properties and flow rates of the fluids used in the two experiments. The viscosity of the
xanthan solution mentioned in the table represents its zero-shear viscosity. All the properties are measured at
25°C.

Fluid Viscosity Density Interfacial Flow rate
(mPa s) (kgm™?) tension (ulmin~")
Continuous Dispersed (mNm~') —— °
Experiment phase phase He Mg Pe Pd o 0. Oy

85% glycerol-water
I solution + 0.1% silicone 0il 90 25 1218 950 6.254+0.2 85 8.5
Triton X-100

800-ppm xanthan
I solution 4 0.1% siliconeoil 87 25 1000 950 6.254+02 85 8.5
Triton X-100

IV. EXPERIMENTAL SETUP AND MATERIALS

The numerical investigation is complemented by an experimental study to validate the simulation
results. Droplets are produced inside a T-junction microchannel fabricated by micromilling on a
poly(methyl methacrylate) (PMMA) substrate of 2 mm thickness. The fabricated microchannels
(both main and side channels) have a square cross section with each side measuring 500 pm.
The milled PMMA chip with the microchannels is sealed with another flat PMMA sheet of 2 mm
thickness by clamping and heating them together in a vacuum oven at 155°C for 45 min. The
experiments are performed with silicone oil as the dispersed phase fluid (Newtonian), while two
different fluids are used as continuous phases. An 85% aqueous solution of glycerol is used as
a Newtonian continuous phase, while an 800-ppm aqueous xanthan solution (molecular weight
2.7 x 10° gmol~!, Sigma Aldrich G1253) serves as the shear-thinning continuous phase. The
800-ppm xanthan solution is specifically chosen because at low concentrations it predominantly
exhibits shear-thinning behavior with negligible elasticity [80]. This is because, at concentrations
below 1000 ppm, the first normal stress difference is almost absent in xanthan solutions [81].

The physical properties of the continuous and the dispersed phase fluids are measured at 25 °C
and are given in Table 1. The rheology of the two continuous phase fluids is characterized using
a cone and plate rheometer (AntonPaar MCR 302) and the measured rheological data are shown
in Fig. 3. As expected, the glycerol solution shows a shear-rate-independent viscosity, while the
viscosity of the xanthan solution decreases with an increase in the shear rate. The shear-thinning
viscosity of the xanthan solution is quantified by fitting the rheological data with Eq. (2). The
obtained fitting parameters listed in Table II are in good agreement with those reported in the
literature [81,82]. A surfactant (Triton X-100) is added to both the glycerol and the xanthan solutions
to improve their wetting with the channel walls. The interfacial tension between the silicon oil and
the two continuous phase fluids is measured using a pendant drop technique [83]. The pendant
droplets of the two aqueous solutions are made inside an oil-filled cuvette and their images are
acquired using a goniometer (Dataphysics OCA 15EC) and are then imported to an open-source

TABLE II. The CY model fitting parameters for the two con-
tinuous phase fluids used in the experiments.

Fluid n A
85% glycerol-water solution 1 0
800-ppm xanthan solution 0.53 5.5
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FIG. 3. Variation of viscosity with the shear rate for the two fluids used as continuous phases in the

experiments. The symbols represent the experimentally measured values, while the dashed line depicts the
CY model fit. The measured values are at 25 °C.

10°

software Opendrop [84]. The software fits the droplet profiles with the axisymmetric solutions of
the Young-Laplace equation to measure the interfacial tension between the liquid-liquid interface.

The droplet formation experiments are conducted by injecting the dispersed and the continuous
phases through the side and the main channel, respectively. The flow rates are controlled by
using two independent syringe pumps (KD Scientific Legato 110 series), which are connected
with the microchannels using pressure monitoring tubing. Before injecting the dispersed phase,
the microchannel walls are primed with the continuous phase. The droplet formation is observed
using an inverted microscope (Nikon Eclipse Ti-U, Japan) with a 4 x objective lens and the data are
recorded using a CCD camera (PCO pixelfly) mounted on the inverted microscope.

V. RESULTS AND DISCUSSION

In this section the simulation and experimental results of the droplet formation phenomenon in a
shear-thinning continuous phase are presented. First, the grid independence test and the validation
of the numerical results for the current problem are presented in Sec. V A. Next, simulation
results showing the role of the shear-thinning continuous phase on the droplet size are presented
and discussed in Sec. V B. Thereafter, the dynamics of the droplet formation is analyzed and
explained in Sec. V C. Finally, a brief study of transitions between different droplet flow regimes in
a shear-thinning continuous phase is described in Sec. V D.

A. Grid independence test and validation of numerical results

A grid independence test is performed to determine the optimum grid size for the computational
domain. Three different Cartesian grids with a discretization of Ny x Ny X N, i.e., 121Ax x
21Ay x 11Az,242Ax x 42Ay x 22Az, and 484Ax x 84Ay x 44 Az, are considered. The grids are
numbered in increasing order of resolution: coarse, medium, and fine grids labeled as grids L, II, and
I, respectively. A Newtonian system of fluids with viscosity and flow rate ratios each equal to
1/8 is considered and the normalized droplet volume is determined for five evenly spaced capillary
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TABLE III. Results of the grid independence test performed on three grids (grids I-III), with increasing
spatial resolution.

Normalized droplet volume V

Change in V for grid I Change in V for grid IT
Ca Grid I Grid II Grid III with respect to grid III (%) with respect to grid III (%)
0.01 1.132 1.034 1.017 11.3 1.7
0.02 0.805 0.705 0.691 16.5 2.0
0.03 0.555 0.514 0.503 10.3 22
0.04 0.515 0.454 0.441 16.7 29
0.05 0413 0.382 0.371 11.3 29

numbers between 0.01 and 0.05. These five simulations have been performed for each of the three
grids and the results are tabulated in Table III.

As is evident from Table III, the relative percentage change in the droplet volume is less than 3%
on increasing the grid resolution from medium to fine for all the cases considered. Consequently,
in order to strike a balance between computational load and accuracy, grid II of medium resolution
(242 x 42 x 22) is employed to obtain the simulation results presented henceforth. The simulations
performed for conducting the grid independence test have been further used to verify the numerical
methodology for a Newtonian system of fluids. Figure 4 shows a comparison between the simulation
results obtained using the present LBM and those obtained using the phase-field method used by
de Menech et al. [29]. It can be observed that the normalized droplet volumes computed from both
methods are in good agreement with each other, with a maximum error of 5% for Ca = 0.01.

Having benchmarked the present numerical method for Newtonian fluids, the experimental
results obtained in the present study are used to test the capability of the numerical model in
simulating the formation of a Newtonian droplet in a non-Newtonian continuous phase exhibiting
a purely viscous shear-thinning behavior. Two separate experiments are performed following the
methodology detailed in Sec. IV. The details of the two experimental cases are given in Table I.

1.5

1.25F
O de Menech et al. 2008

Lok . @ Present LBM (Grid II)

Vo051 3

0.5k s

0.25

1 1 1 1 1
0.01 0.02 0.03 004 0.05 0.06
Ca

FIG. 4. Comparison of the normalized droplet volume from the present LBM simulations with those

obtained from the phase-field simulations of de Menech et al. [29]. The fluids used in the simulations are
Newtonian with a viscosity and flow rate ratio of 1/8.
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TABLE IV. Dimensionless parameters for the two experimental cases.

Capillary number Flow rate ratio Viscosity ratio Carreau Power-law
Experiment Ca (0] ¢ number Cr index n
I 0.0816 0.1 0.277 0 1
I 0.0788 0.1 0.287 62.33 0.53

In the first experiment, a Newtonian continuous phase comprising a 85% glycerol-water solution
is used, while a shear-thinning continuous phase made up of an 800-ppm xanthan solution is
employed in the second. The choice of the two continuous phases has been made such that the
zero-shear viscosity of the shear-thinning fluid is nearly equal to the constant viscosity of the
Newtonian fluid. This results in similar capillary numbers for the two experiments when operated
at the same values of inlet flow rates. The values of the dimensionless parameters computed from
the flow rates and physical properties of the two fluids are given in Table IV. It is evident that,
besides the shear-thinning parameters (n and Cr), all other dimensionless parameters are the same
for the two experimental cases. Therefore, any difference in the droplet formation process between
the two experimental cases can be expected to be dictated by the shear-thinning property of the
continuous phase. It should be noted that the effect of gravity can be ignored for the present droplet
formation experiments as gravity acts in a direction orthogonal to the plane in which droplet flow
process occurs. Moreover, the Bond number Bo, which measures the importance of gravitational
force compared to capillary force, is much less than unity for the experiments shown in this work
(Bo = 0.1 and 0.02 for experiments I and II, respectively).

Qualitative comparisons of the outcomes obtained from the simulations and the experiments
for the Newtonian and the shear-thinning continuous phase are shown in Figs. 5(a) and 5(b),
respectively. The experimental observations show an increase in the droplet size along with a
change in the droplet shape from spherical to that resembling a plug on changing the nature of
the continuous phase from Newtonian [Fig. 5(a i)] to shear thinning [Fig. 5(b 1)] (keeping all other
dimensionless parameters unchanged). Simulations corresponding to the two cases of experimental
conditions are performed and the outcomes obtained for the Newtonian and the shear-thinning
continuous phase are shown in Figs. 5(a ii) and 5(b ii), respectively. It can be noticed that the
numerical solutions show a very similar droplet formation process and the resultant droplet size
compared to the experimental observations for both types of continuous phase fluids. It is therefore
concluded that the shear-thinning property associated with the continuous phase has a significant
influence on the droplet formation process and the resultant droplet size, an effect very well captured
by the present numerical model.

B. Effect of shear-thinning parameters n and Cr

Having benchmarked the numerical model with previous numerical studies and validated with
experimental data, a systematic investigation of the effect of shear-thinning parameters of the
continuous phase on the process of droplet formation is carried out. To this end, the shear-thinning
parameters, namely, the power-law index n and the Carreau number Cr, are varied in the range
0.3 <n < 1and0.01 < Cr < 100, for two different values of the capillary number Ca = 0.05 and
0.1. Apart from Ca, Cr, and n, the values of all other dimensionless parameters in Eq. (29) are kept
constant throughout the parametric study. The aspect ratio and the width ratio are taken as I' = 1
and A = 1, respectively, while the viscosity ratio, flow rate ratio, and Reynolds number are set as
¢ = 0.1, 0 = 0.1, and Re = 0.1, respectively, for all the numerical results presented henceforth.

A sequence of images illustrating the droplet formation process for three different values of n
are shown in Figs. 6(a)-6(c) and the normalized droplet volume is plotted as a function of n for
Ca = 0.05 and 0.1 in Fig. 6(d). It is observed that the droplet volume increases for fluids having
lower values of n for both values of Ca. The droplet formation process shown in Figs. 6(a)-6(c)
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FIG. 5. Comparison of the visualization of the droplet formation process between (i) the experimental
observations and (ii) the simulation results. (a) Comparison corresponding to case I, involving Newtonian
fluid as the continuous phase. (b) Comparison corresponding to case II, involving shear-thinning fluid as the
continuous phase. The dimensionless parameters corresponding to cases I and II are tabulated in Table IV.

indicates that the higher the shear-thinning degree of the continuous phase (or lower the value of n),
the greater the volume that the incoming dispersed phase thread occupies in the main channel before
pinching off from the T junction. Additionally, the shape of the droplet changes from spherical to
plug shaped, indicating a shift in the droplet formation regime from dripping to squeezing for lower
values of n.

The effect of Cr on the process of droplet formation is shown in Fig. 7. Similar to the analysis
for n, a series of snapshots describing the formation of droplets for different values of Cr is shown,
and the normalized droplet volume as a function of Cr is plotted for Ca = 0.05 and 0.1. The droplet
volume is observed to increase with Cr in a manner which is similar for both values of Ca, which
suggests that the effect of Cr on the droplet volume may be independent of the capillary number in
the range 0.05 < Ca < 0.1. The droplet size increases only marginally for Cr < 0.1, beyond which
the increase is appreciable. This can be attributed to the fact that the continuous phase behaves
almost like a Newtonian fluid for lower values of Cr. However, for Cr > 0.1 the transition from
Newtonian to shear-thinning behavior begins at progressively lower values of shear rates which are
experienced in a microchannel. Consequently, the shear thinning experienced by the continuous
phase extends over a wider range of shear rates, leading to the formation of larger droplets.

Along with the increase in the droplet size, a gradual change in the shape of the droplet is also
observed for fluids having higher values of Cr. It can be seen by comparing Figs. 7(a) and 7(c)
that the shape of the droplet changes from spherical to that resembling a plug confined by the
walls of the main channel as the value of Cr increases from 1 to 100. Such an effect, which was
also observed for lower values of n, further suggests that the dynamics of droplet formation shifts
from a shear-dominated dripping regime to a pressure-dominated squeezing regime for continuous

044203-12



DYNAMICS OF DROPLET FORMATION AND FLOW REGIME ...

7T T
B 2 A S A
e A

(a) (b) (c)

1.00

0.75F - 0O ‘ﬂ_jL

A
0.50 A = 0
A O
A
O Ca=0.05 A
025l A Ca=0.10 A A
02 04 06 08 10
n
(d)

FIG. 6. Simulation results illustrating the effect of power-law index n of the continuous phase on the
process of droplet formation at a T junction. A two-dimensional visualization of the process of droplet
formation is shown on the x-y plane for Cr =1, Ca= 0.1, and (a) n = 1.0, (b) n = 0.7, and (c) n = 0.3.
(d) Variation of normalized droplet volume with n for Cr = 1, with the insets showing the visuals of the droplet
produced.

phase fluids having a higher shear-thinning property (lower n and higher Cr). Intuitively, such a
shift in the dynamics of droplet formation could be caused due to the reduction in the viscous
resistance offered by the continuous phase on the dispersed phase as the shear-thinning tendency of
the continuous phase becomes greater. As a result, the interfacial forces resisting the deformation
of the interface become more dominant than the shear stresses, and the droplet breakup is achieved
due to the buildup of upstream pressure rather than the competition between the shear stress and
the interfacial tension. The results presented in the subsequent section will further corroborate this
hypothesis about the mechanism of droplet formation in a shear-thinning continuous phase.

The increase in the normalized droplet volume for a shear-thinning continuous phase with respect
to a Newtonian continuous phase V — V,_; is normalized with 1 — n and is given by the function
¥ = (V — V,—1)/(1 — n). Figure 8 shows the variation of v with Cr for n = 0.3, 0.5, and 0.7 and
at Ca = 0.05 and 0.1. It can be observed that all the numerical data for different values of n and
Ca collapse on a single curve (¢ = 0.221n Cr + 0.52) for over three orders of magnitude of Cr
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FIG. 7. Simulation results illustrating the effect of Carreau number Cr on the process of droplet formation at
a T junction. The two-dimensional visualization of the process of droplet formation is shown on the x-y plane
for n =0.5, Ca= 0.1, and (a) Cr =1, (b) Cr = 10, and (c) Cr = 100. (d) Variation of normalized droplet
volume with Cr for n = 0.5, with the insets showing the visuals of the droplet produced.

(0.1 < Cr < 100). It can also be noticed that for a particular Cr, ¥ remains nearly independent of
n and Ca. This suggests that the increase in the normalized droplet volume for shear-thinning fluids
(V — V,—y) is linearly proportional to 1 — n and is independent of Ca for the range of n and Cr
considered.

C. Droplet formation dynamics

In this section, a deeper mechanistic analysis of the dynamics of droplet formation in a shear-
thinning continuous phase is reported to get a better understanding of the non-Newtonian effects on
the droplet shape and size. The pressure, interfacial force, and shear force are the three main forces
which act on the dispersed phase as it emerges into the main channel [29]. The pressure and the
shear stress act to squeeze and stretch the emerging dispersed phase thread, respectively, while the
interfacial tension tends to resist this deformation. The dynamics of droplet formation is therefore
governed by the force which overcomes the resistive interfacial tension and causes the interface to
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FIG. 8. Variation of ¢ = (V — V,—;)/(1 — n) with the Carreau number Cr for three different values of
power-law index n = 0.3, 0.5, and 0.7 and at two different values of capillary number Ca = 0.05 and 0.1.
Symbols represent the simulation results, while the dashed line corresponds to a logarithmic correlation that
fits the numerical data.

break. The buildup of the pressure force upstream of the T junction and the shear stress exerted by
the continuous phase on the emerging droplet are investigated for different cases of shear-thinning
parameters and the corresponding numerical results are presented.

The immediate effect of using a shear-thinning fluid as the continuous phase is the attenuation
of the local viscosity of the continuous phase as it flows through the microchannel. The distribution
of normalized local viscosity is plotted on the x-y midplane for three representative cases of n and
Cr, as shown in Figs. 9(a) and 9(b), respectively. The droplets are shown at the correspondingly
same states of their formation cycle, i.e., when the dispersed phase has protruded out to a maximum
size into the main channel and its neck has just started to be squeezed. The local viscosities are
normalized with the zero-shear viscosity. As expected, for a Newtonian continuous phase (n = 1)
the normalized viscosity throughout the channel remains constant (except near the interface, which
is due to the diffused nature of the numerical method). However, for a shear-thinning continuous
phase the normalized viscosity varies across the channel. Furthermore, the attenuation in the local
viscosity across the channel is enhanced for continuous phase fluids having lower n or higher Cr.

Figures 9(c) and 9(d) show the variation of the normalized local viscosity along the cross section
of the main channel for different values of n and Cr, respectively. The viscosity variation is plotted
at a location upstream of the junction as shown by the dotted line AA’ in the inset image of Fig. 9(c).
For all the cases involving a shear-thinning continuous phase, the viscosity is reduced symmetrically
on moving away from the center of the channel. The reduction in viscosity when n from 0.7 to 0.3
is observed to be higher near the walls as compared to the center. This is attributed to the fact that
the fluid experiences shear thinning only at a certain distance away from the center of the channel
where the shear rate is sufficiently high, for the Cr considered. Hence the central region (having
lower shear rates) remains unaffected, while the region near the channel walls (where the shear
rates are higher) experiences a significant reduction in viscosity for fluids having lower values of
n. On the other hand, as Cr goes from 1 to 10, the decrease in the viscosity is appreciable near the
center also due to the onset of shear thinning at relatively lower shear rates.
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FIG. 9. Contours of normalized dynamic viscosity of the continuous phase ji. for (a) n = 0.3, 0.7, and 1.0
at Cr =1 and Ca = 0.1 and (b) Cr = 0.01, 1, and 10 at n = 0.5 and Ca = 0.1. The contours are shown on
the x-y plane, which is midway between the top and bottom walls. (c) and (d) Variation of i, along the cross
section of the main channel at a location marked by the dotted line in the inset image of (c), corresponding to
the cases considered in (a) and (b), respectively. The dynamic viscosity of the continuous phase is normalized
by its zero-shear viscosity (. ¢ and the distance along the cross section of the main channel y is scaled with the
width of the main channel W,.

The observed change in the local viscosity of the continuous phase has a subsequent influence on
the shear-stress distribution. Contours of normalized shear stress (Z,,) are shown in Figs. 10(a)
and 10(b) for three representative cases of n and Cr. For all the cases considered, the droplets
are visualized at the same stage of their formation process as was described earlier. A substantial
decrease in the magnitude of shear stress can be noticed throughout the channel as n decreases from
1.0 to 0.3 or when Cr increases from 0.01 to 100. To specifically ascertain the shear-thinning effect
on the shear stress experienced by the emerging droplet, the normalized shear stress is also plotted
along the interface of the dispersed phase (7;) as shown in Figs. 10(c) and 10(d) for different values
of n and Cr, respectively. The area under the shear-stress profile along the interface can be considered
as the measure of the total shear force experienced by the emerging droplet, which as observed from
Figs. 10(c) and 10(d) is least for the most shear-thinning continuous phase (Cr = 100 and n = 0.3).
It can therefore be concluded that the contribution of the shear forces to the droplet breakup process
becomes progressively less significant as the shear-thinning tendency of the continuous phase is
enhanced.

After having investigated the role of shear stress, the upstream pressure force is analyzed for its
significance in controlling the dynamics of droplet formation in a shear-thinning continuous phase.
Figure 11 shows the temporal evolution of pressure in the continuous phase as the droplet goes
through various stages of its formation in a shear-thinning fluid. The buildup of pressure is computed
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FIG. 10. Contours of normalized shear stress T, for (a) n = 0.3, 0.7, and 1.0 at Cr = 1 and Ca = 0.1 and
(b) Cr =0.01, 1, and 100 at » = 0.5 and Ca = 0.1. The contours are shown on the x-y plane, which is midway
between the top and bottom walls. (c) and (d) Variation of the normalized shear stress along the length of the
droplet interface 7, [as represented in the inset image of (c)], corresponding to the cases considered in (a) and
(b), respectively. The shear stress is normalized by o /W,, while the length along the interface is scaled with
the width of the main channel W...

at a point upstream of the T junction with respect to a reference pressure (the outlet pressure) as
shown in the inset of Fig. 11(a). It should be noted that the outlet pressure remains fixed in all the
simulations reported here. The pressure has been normalized with the minimum pressure difference
as observed during several cycles of droplet formation. Temporal pressure profiles obtained for
different values of n and Cr are shown in Figs. 11(a) and 11(b), respectively. It is observed that
the pressure fluctuates in a periodic manner, the amplitude of which increases with an increase in
the value of Cr and a decrease in the value of n. Additionally, the period of pressure fluctuations
decreases with an increase in the shear-thinning tendency of the continuous phase. Since the period
of a pressure fluctuation wave represents the droplet formation time, an increase in its value is
indicative of an increase in the droplet size and a decrease in the formation frequency.

The change in the amplitude of the pressure fluctuation wave with the shear-thinning parameters
of the continuous phase can be better understood by examining the process of droplet formation. As
shown in Figs. 11(c) and 11(d), the droplet shapes for different values of n and Cr are compared with
each other at five different time instances shown on their pressure profile. These points are chosen
such that they cover one cycle of the pressure fluctuation wave. In general, the droplet formation
cycle can be divided into filling stages (state 1 to state 3) and breaking stages (state 3 to state 5). The
filling and breaking times correspond to the time durations of the two stages of droplet formation as
shown in Fig. 11(b). During the filling stage, the upstream pressure rises gradually as the dispersed
phase fills the cross section of the main channel obstructing the flow of the continuous phase, while
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FIG. 11. Time evolution of pressure buildup for the process of droplet formation in a shear-thinning
continuous phase. Pressure profiles are shown for (a) different values of n, Cr =1, and Ca = 0.05 and
(b) different values of Cr, n = 0.7, and Ca = 0.05. The pressure buildup Ap = p, — p, is computed by
subtracting the constant outlet pressure p, from the upstream pressure p,, as marked in the inset of (a). The
pressure buildup is normalized by its minimum value A p,, observed during several cycles of droplet formation
and the time is scaled using 7y = . oW, /o such that7 = 1 /1. Different stages of the droplet formation process
are visualized in (c) and (d), which correspond to the instances marked on the pressure profiles in (a) and (b),
respectively.

during the breaking stage there is an abrupt decrease in the upstream pressure as the continuous
phase squeezes the neck of the dispersed phase. Once the interface is broken and the breaking
stage is over, the pressure begins to rise again as the dispersed phase starts to penetrate the main
channel and the cycle repeats. The amplitude of pressure fluctuation can therefore be considered as
a measure of blockage of the main channel caused by the dispersed phase. It should be noted that
the minor peak in the pressure buildup curve seen during the filling time of the droplet for n = 0.3
and Cr = 100 in Figs. 11(a) and 11(b), respectively, arises when a previously formed droplet begins
to exit the channel [37]. Since the pressure drop across the channel is dependent on the number of
droplets in the channel, a pressure drop is observed when a droplet exits the main channel [85]. The
comparison of droplet shapes [for n = 0.3 and 0.7 in Fig. 11(c) and Cr = 10 and 100 in Fig. 11(d)]
shows that the maximum blockage caused by the dispersed phase is greater in a continuous phase
with a higher value of Cr or a lower value of n, which results in a larger buildup of the upstream
pressure. We conclude that for continuous phases with higher shear-thinning tendency the dynamics
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FIG. 12. Plot of the filling and the breaking time in the process of droplet formation as a function of (a) the
power-law index n for Cr = 1 and Ca = 0.05 and (b) the Carreau number Cr for n = 0.7 and Ca = 0.05.

of droplet formation shifts towards the squeezing regime in which the droplet breakup is governed
by the buildup of upstream pressure.

The change in the period of pressure fluctuation cycle observed on varying the shear-thinning
parameters is analyzed by quantifying the filling time and the breaking time as a function of n and
Cr and is shown in Fig. 12. It is observed that the breaking time remains nearly constant with n
and Cr, but the filling time increases for fluids having higher shear-thinning tendency (higher Cr or
lower n). This suggests that it is the filling time of the droplet formation process which controls the
droplet formation frequency and its size. The breaking time, on the other hand, only depends upon
the velocity of the outer fluid [29] and is independent of the nature of the continuous phase.

To get further insight into the dynamics of droplet formation, the time evolution of the upstream
pressure buildup and shear-stress distribution is analyzed for cases when similar sized droplets are
formed using different shear-thinning continuous phase fluids. Two different cases of the droplet
formation process are simulated, designated as cases I and II, with continuous phase fluids having
shear-thinning parameters as Cr = 1 and n = 0.5 and as Cr = 10 and n = 0.7, respectively. The
droplets produced in the two cases are of similar sizes with the nondimensional droplet volume
computed as 0.72 and 0.74 for cases I and II, respectively. Figures 13(a) and 13(b) show the
comparison of the evolution of upstream pressure buildup and shear-stress distribution for the two
cases, respectively. The time evolution of the upstream pressure buildup is comparable for the two
cases, with the peak pressure being slightly higher in case II due to the marginally larger volume
of droplets produced as compared to case I. Furthermore, the shear-stress distribution (shown at
the instant of maximum upstream pressure) is also observed to be very similar for the two cases
of droplet formation. It can therefore be concluded that for similar-sized droplets produced with
different shear-thinning continuous phase fluids, the dynamics of droplet formation remains the
same.

D. Transition in droplet flow regimes at high Ca

In this section, simulation results are presented showing the transition between different droplet
flow regimes in a shear-thinning continuous phase at high capillary numbers (Ca > 0.1). The flow
rate ratio and the viscosity ratio are kept constant as 0.1, while the geometrical parameters such as
the aspect ratio and the width ratio are fixed as 1. The range of the capillary numbers considered is
0.1 < Ca < 0.5, while the power-law index and the Carreau number are varied between 0.3 < n <
1.0 and 0.01 < Cr < 1000, respectively.
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FIG. 13. (a) Time evolution for upstream pressure buildup and (b) normalized shear-stress contours for
Cr=1andn = 0.5 and for Cr = 10 and n = 0.7 at Ca = 0.05. The shear-stress contours are shown on the x-y
plane, which is midway between the top and bottom walls.

Figure 14 shows the transition in the droplet flow regime from parallel flow to droplet forming
at the T junction as the Carreau number of the continuous phase increases. Figures 14(a) and 14(b)
show the droplet formation at Ca = 0.2 and 0.5, respectively, for different Cr and n = 0.5. For
very low values of Cr (Cr = 0.01), a parallel flow is observed for both Ca = 0.2 and 0.5. As the
value of Cr increases, the stable jet breaks into droplets at some distance downstream of the T
junction. Such a flow pattern is commonly referred to as a droplet in channel (DC) region and is
due to the capillary instability setting in the channel [25,32]. With a further increase in Cr, the
droplet breakup point moves further upstream to form droplets at the T junction (DTJ). It must
be noted that although the droplets formed are nearly spherical in shape in the DTJ flow regime
observed at Ca = 0.2 and Cr = 5 and at Ca = 0.5 and Cr = 100 [as shown in Figs. 14(a) and 14(b),
respectively], the dispersed phase occupies a significant portion of the main channel before breaking
into a droplet. This implies that the pressure effects are not negligible and that both shear stress and
upstream pressure buildup are responsible for droplet breakup at the T junction at high Cr and high
Ca(Ca > 0.1).

The regime maps shown in Fig. 15 show the three droplet formation regimes as a function of Ca
and Cr along with the demarcations which separate them. It can be observed that the critical value
of Cr at which the transition of the flow regime from parallel flow (PF) to DC and DC to DTJ occurs
increases as the value of Ca is increased, for a particular n. The influence of the power-law index

" T T
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DTIJ 7/‘ m
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FIG. 14. Visualization of three different regimes of droplet flow observed at different values of Cr and
n = 0.5 for (a) Ca = 0.2 and (b) Ca = 0.5. Here PF, DC, and DTJ stand for parallel flow, droplet in channel
flow, and droplet at the T-junction flow, respectively.
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FIG. 15. Regime maps showing the transition between the three droplet flow regimes (i.e., PF, DC, and
DTJ) as a function of Ca and Cr for (a) n = 0.5 and (b) n = 0.7.

on the transition between the three droplet formation regimes is demonstrated by the regime maps
for n = 0.7 and 0.5, shown in Figs. 15(a) and 15(b), respectively. It can be seen that as the value of
n decreases from 0.7 to 0.5, the slope of both PF-DC and DC-DT]J transition lines increases. This
indicates that the flow regime transition from parallel to droplet flow occurs at lower values of Cr
in the case of a continuous phase with a higher degree of shear thinning (or lower values of n), for
a given Ca. In conclusion, for a sufficiently shear-thinning continuous phase, the droplet formation
can be facilitated even at high values of Ca, where a parallel flow is observed for a Newtonian
continuous phase.

VI. CONCLUSION

In this work, a detailed investigation of the droplet formation phenomenon in a microfluidic
T-junction device with a shear-thinning continuous phase has been presented. The droplet formation
process was simulated by employing a three-dimensional multicomponent model based on the
lattice Boltzmann method. The shear-thinning property of the continuous phase was modeled
using a Carreau- Yasuda model. The implemented numerical model was validated with illustrative
experimental cases involving both shear-thinning and Newtonian continuous phases. Using the
validated numerical model, a parametric study of the effect of rheological parameters (rn and
Cr) on the droplet size was performed. The ranges of n and Cr considered were 0.3 < n < 1
and 0.01 < Cr < 100, respectively, for Ca = 0.05 and 0.1. The continuous phase fluids with
higher shear-thinning tendency (higher Cr or lower n) produced droplets which were larger in
size. Moreover, the increase in the droplet size was accompanied by a consequent change in the
droplet shape from spherical to plug shaped. The increase in the normalized droplet volume for a
shear-thinning continuous phase (with respect to a Newtonian continuous phase) was shown to be
linearly proportional to 1 — n and independent of Ca for a particular value of Cr.

To understand the observed variation in the droplet size and shape, the dynamics of droplet
formation was analyzed in terms of upstream pressure buildup and the shear stresses acting on the
dispersed phase interface. For a continuous phase with a higher shear-thinning tendency, the shear
stress acting on the emerging dispersed phase interface was attenuated, along with a simultaneous
rise in the amplitude of the pressure fluctuation wave at a location upstream of the T junction. It
was therefore concluded that the dynamics of droplet formation progressively shifts towards the
pressure-dominated squeezing regime and the shear stress becomes increasingly insignificant for a
continuous phase with a higher shear-thinning tendency (or capability). This further explained the
observed effect of n and Cr on the droplet size and shape.
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The droplet flow regimes at high capillary numbers (Ca > 0.1) with a shear-thinning continuous
phase were also studied. The numerical results showed that a transition in the droplet flow regime
occurs from parallel flow to droplets forming in the channel to finally droplets being formed at the
T junction as the Carreau number of the shear-thinning continuous phase increases. Moreover, this
transition occurs at relatively lower values of Cr for fluids having lower values of n.

The results and the analysis presented in this work can significantly aid the understanding of
droplet formation and hence assist in the control of the droplet size and frequency in a shear-thinning
non-Newtonian continuous phase. A future study investigating the effect of elasticity along with
shear thinning is warranted in order to tailor the droplet size and formation regime in continuous
phases comprising highly concentrated polymeric solutions which are mainly viscoelastic in nature.
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