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ABSTRACT

The generation of monodispersed droplets in T-junction microchannels has wide range applications in biochemical analysis and material
synthesis. While the generation of these monodispersed droplets was previously considered to be a balance between forces acting from con-
tinuous phase and interfacial force, it is shown here that the inertial force from the dispersed phase also plays an important role in determin-
ing the size of the generated droplets. A theoretical analysis for the size of monodisperse droplets generated in a microfluidic T-junction
device is developed, and it is validated with a large set of experimental observations. The theoretical analysis accounts for the inertial forces
from the dispersed phase along with the forces from the continuous phase and the interfacial forces to define the non-dimensional numbers
that govern the droplet breakup in the T-junction microchannel.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0039913

I. INTRODUCTION

Due to the immiscible nature of two fluids and scaling benefits,
droplet microfluidics attracts many researchers to a great extent. The
various droplet operations like droplet generation, droplet fission,
droplet fusion, mixing, and droplet sorting along with their application
are thoroughly described by Teh et al.1 Baroud and co-workers2 widely
studied the different geometry for performing different droplet opera-
tions and how the flow field is affected in the presence of droplets dur-
ing transport inside the microchannel. Besides, the effect of geometry,
wettability on droplet generation along with certain fabrication techni-
ques and in-depth understanding of droplet microfluidics are widely
investigated by several authors.3,4 Among various categories of droplet
microfluidics, droplet generation inside a microchannel is one of the
most vital phases.5–7 The formation of the droplet in squeezing regime
inside flow focusing (cross junction) channel was studied by Loo et al.8

without and with the addition of surfactant to continuous phase and
through empirical relation reveals that the droplet volume is a function
of both the Capillary number (Ca) and flow rate ratio (/). Moreover,
recently, Wu et al.9 investigated the formation of droplet and found
four regimes like slug, dripping, jetting, and viscous displacement.
They show that the droplet size is controlled by the flow rate of both
the continuous and dispersed phases and the capillary number of the

continuous phase (Cac) and dispersed phase (Cad) firmly affects the
four regimes. The pressure profile of the dispersed phase and continu-
ous phase during the breakup of droplet generation and the effect of
viscosity ratio, flow rate ratio, and Cac on pressure jump across the
droplet in the T-junction were explored in detail.10,11 As discrete vol-
umes of droplets are created using droplet microfluidics, many reac-
tions are possible without increasing the device size and complexity.12

Due to its wide range of applications in biology,13–15 drug delivery,4,7

medical diagnostics,16 and nanodevice fabrications,4,14 precise control
of monodispersed droplets is very much a pivotal issue. Among
active17,18 and passive droplet generation methods,19,20 passive meth-
ods are widely used due to the ease of fabrication, where the deforma-
tion and breakup of interface occur due to geometry and flow rate.
Due to the simple fabrication technique and allowing for synchronized
monodispersed droplet production, T-junction is a widely used passive
technique in the droplet-based microfluidics.

Formation of droplets using T-junction microchannels was first
proposed by Thorsen et al.21 They predicted that the size of the droplet
generated in a T-junction microchannel depends on the relative mag-
nitude of shear forces and interfacial forces. Later, Nisisako et al.22 per-
formed experiments by varying the continuous phase and the
dispersed phase flow rates and observed that the droplet size and its
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production rate could be controlled by varying both the flow rates
independently. Stone and co-workers23 showed that at very low capil-
lary numbers where interfacial forces dominate the shear forces, the
breakup of droplet occurs due to the high resistance to the flow of the
continuous phase, which leads to high pressure difference at the front
and rear ends of the dispersed phase. Using a scaling analysis, they
showed that the non-dimensional length of the droplets depends on
the ratio of the dispersed phase and the continuous phase flow rates.
The same group had later suggested that the droplet generation in T-
junction microchannels follows three different regimes, i.e., squeezing,
dripping, and jetting, where the squeezing and dripping regimes are
stable regimes, and the jetting is mostly an unstable regime.24 The
non-dimensional numbers, which were considered important for con-
trolling the droplet generation in microfluidics, are the capillary num-
ber of the continuous phase, Cac ¼ lcUc=r, flow rate ratio,
/ ¼ Qd=Qc, and viscosity ratio, k ¼ ld=lc,

24–31 where lc is the vis-
cosity of the continuous phase, Q is the flow rate, Uc is the average
velocity of the continuous phase, and r is the interfacial tension. The
subscripts c and d represent the continuous phase and dispersed phase,
respectively. Various correlations and scaling laws for different droplet
generation regimes were proposed in the past two decades using the
non-dimensional parameters.23,26,32–34 In the squeezing regime, the
models proposed to estimate the droplet generation in T-junction
microchannels are dependent on the experimental fitting parameters
and do not work universally. No scaling laws have been proposed to
predict the droplet sizes in the dripping and the jetting regimes. The
force balance models, which were used for droplet generation, do not
accurately predict the experimental results reported. To date, there
exists no generalized model that can predict the size of the droplet in
all stable regimes of droplet formation in a T-junction microchannel.
It is also important to note that the dispersed phase Weber number,
Wed ¼ qdU

2
dwd=r, is also considered to govern the droplet generation

in co-flow microfluidic,35 but no attempt has been made to study the
effect of the dispersed phase inertial forces on droplet generation in a
T-junction microchannel.

In the present study, a model is developed, by formulating the
external forces using scaling principles, to estimate the length of the
droplets generated in a T-junction microchannel. It is shown that the
inertial forces from the dispersed phase play an important role in gov-
erning the breakup of the droplet in a T-junction microchannel. It is
also shown that there exists a common power law to account for drop-
let sizes in both squeezing and dripping regimes. The proposed model
accounts for the inertial forces of the dispersed phase along with the
forces due to the continuous phase and the interfacial force. The model
formulated in the present study is compared with experiments per-
formed by the authors as well as those from the existing literature. The
results show that the data for a set of continuous and dispersed phase
fluids collapses into a single curve for varying flow rate ratios.

II. MATHEMATICAL FORMULATION

In a typical process of droplet formation in a T-junction micro-
channel device, the continuous phase fluid flows in the main channel,
and the dispersed phase fluid is pumped through an orthogonal chan-
nel, as shown in Fig. 1. The dispersed phase fluid penetrates the main
channel and an interface between the continuous and dispersed phase
fluids is formed. The interface deforms downstream due to the flow
from the main channel and forms a neck shape, as shown in Fig. 1.

Further deformation of the interface due to either pressure differences
or the shear forces from the continuous phase creates a kink in the
neck, leading to pinch off of droplet from the dispersed phase fluid.
Important length parameters that affect the droplet formation are
shown in the figure. The widths of the main and orthogonal channels
are wc and wd, respectively. The distance between the wall and the
interface, and the length of the interface from the tip to the corner of
the T-junction before the kink formation on the interface are given as
wg and L, respectively. The radius of curvature of the neck is 2rn, and
d is the neck thickness measured at an angle of 45� from the corner of
the junction. The velocity of the continuous phase fluid in wg is given
as uc;g and the dispersed phase fluid velocity at the neck region is given
as ud;g . The shaded portion shown in Fig. 1 is considered as the control
mass.

Forces acting on the control mass account for the rate of change of
its momentum as described by Newton’s second law of motion. At criti-
cal size when droplet breaks up, we can write dðmuÞ=dt ¼

P
Fexternal ,

Fs þ Fp � Fr ¼
dðmuÞ
dt

; (1)

where m is the mass of the control mass and u is the velocity of
the control mass. External forces acting on the control mass are
the force due to pressure difference at the leading and trailing
interfaces of the droplet (Fp), the shear forces from the continuous
phase (Fs), and the interfacial force (Fr). The pressure and
shear forces act in a way to detach the control mass from the dis-
persed phase fluid, and the interfacial force acts to resist the defor-
mation of control mass. If wg � wc, we can estimate the forces
due to pressure difference using lubrication analysis as Fp
¼ Dpwch � OðlQcwcL=w3

gÞ. Here, h is the depth of the channel.
The shear forces acting on the control mass can be considered as
Fs ¼ swch � OðlQcL=w2

gÞ, and the interfacial force can be esti-
mated as Fr � rh. For a detailed derivation of forces acting on the
control mass, the readers are referred to Garstecki et al.23 In
the squeezing regime (where wg � wc), Fp � Fs and in the drip-
ping regime Fs dominates over Fp. Using the external forces, the
equation [Eq. (1)] governing the motion of control mass can be
written as

FIG. 1. A schematic representation of the shape of interface (in top view).
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lcUcld

�
wc

wg

�2

hþ lcUcld

�
wc

wg

�3

h� rh � m
du
dt
þ u

dm
dt
: (2)

The ratio of the length of the droplet with the width of the continuous
phase channel is the non-dimensional length of the droplet,
ld ¼ L=wc. The control mass moves with almost a constant velocity,
and hence we can consider that the rate of velocity change of the con-
trol mass is zero. The rate of change of control mass is constant, con-
trolled by the dispersed phase flow rate, Qd. Hence, dm=dt
¼ qdUdwdh. The forces presented here will be applicable for the
microchannels where the channel depths are of the same order of
magnitude as the width of the channel. However, when the channel
depth is reduced such that the flow is shallow, large velocity gradients
over the channel depth can change the magnitude of shear forces act-
ing on the droplet. Hence, the proposed model cannot be applied for
predicting the droplet sizes for channels with narrow depths. Equation
(2) can be rearranged as follows:

lcUcld

�
wc

wg

�2

hþ lcUcld

�
wc

wg

�3

h � rhþ qdUdwdhu;

i.e.,

lcUcldh

�
wc

wg

�2

þ
�
wc

wg

�3
" #

� rhþ qdUdwdhu: (3)

From Eq. (3), we can see that the inertial forces from the dispersed
phase also govern the size of the droplet generated in a T-junction
microchannel. The physical explanation for the effect of dispersed
phase inertial forces can be thought of as the resistance developed
by the dispersed phase to the squeezing of the neck in terms of
dynamic pressure. In the current model, the inertia of the continu-
ous phase is not taken into consideration as the inertial force of the
continuous phase will lead to an unstable increase in the dispersed
phase thread, which is termed as a jetting regime. The jetting
regime is not useful since the thread length cannot be controlled
and hence the droplet generation will fail eventually. However, if
the dispersed phase flow rates are high, irrespective of the continu-
ous phase velocities, the dispersed phase elongates further down
the channel and the droplet breakup will occur due to jetting insta-
bility instead of the shear along the neck region. Our experimental
evidence concludes that the formation of droplets got affected by
the dispersed phase inertia force rather than inertia of continuous
phase. The jetting regime was recently observed by Korczyk
et al.,36 where they found that the droplet generation transforms
directly from squeezing regime to jetting regime without the thin-
ning of the neck. The velocity u of the control mass will depend on
the Uc or Ud depending on whichever is larger. Here, u is scaled as
an average of Uc and Ud, i.e., u � ðUc þ UdÞ=2. Since
Ud=Uc ¼ wc/=wd; u � Udðwd=wc þ /Þ=2/. In the present study,
the widths of the dispersed phase and continuous phase channels
were the same in all the experiments, and hence, u reduces to
u � Udð1þ /Þ=2/. It should be noted that in the squeezing
regime, the second term on LHS dominates over the first term and
vice versa in the dripping regime. Both dripping and squeezing
regimes depend on the non-dimensional wc=wg , which is not
known. By rewriting the terms related to wc=wg as a f ðwc=wgÞ,
Eq. (3) is rewritten as

ldCacf
wc

wg

� �
� 1þWed

1þ /
2/

: (4)

III. MATERIALS AND METHODS

To verify the above model, a large set of experiments were per-
formed by using silicone oil, mineral oil, and hexadecane oil as contin-
uous phase fluids (Sigma Aldrich) while keeping distilled water (DIW)
as the dispersed phase. The continuous phase fluids were chosen to
obtain large viscosity ratio contrasts. The physical properties of the flu-
ids and flow parameters varied in experiments are given in Table I.
The viscosity was measured using a rheometer and Oswald viscometer.
The rheometer used for measuring viscosity was the Cone and Plate
type measuring system (Anton Paar, CP25-2). The cone diameter is
24.976mm, and the cone angle is 1.993�. The Oswald viscometer used
was a U-tube type glass viscometer. The viscosity curves for mineral
oil and silicone oil are shown in Fig. S1. The interfacial tension was
measured using the pendant drop method37 by using the Apex instru-
ment droplet dispenser. First, the surface tension of distilled water
(DIW) with respect to air was measured with an accuracy of 98%. For
measuring the interfacial tension of oil with respect to DIW, a water
droplet is injected into the oil contained in a rectangular beaker and
the images are taken by a high-speed camera (Photron FASTCAM
mini UX). After that, the image processing was carried out using
ImageJ software and interfacial tension was calculated. For fabrication
of microchannel, Computer Numerical Control (CNC) micromilling
(The Cool ToolV

R

) and thermal bonding techniques were employed.
The parameters employed for fabricating the channel in CNC micro-
milling are spindle speed (rpm), feed rate (mm/min), and depth of cut
(lm). After performing the design of experiments (DOE) in Minitab
software, we use 50lm depth of cut, the spindle speed as 3500 rpm,
and the feed rate as 25mm/min for all channel preparations. After
that, the microchannel is sealed using another PMMA thin sheet of
5mm thickness using the thermal bonding technique. The thermal
bonding technique is employed using a hot plate, in which a tempera-
ture of 170 �C is maintained to seal the two sheets of PMMA. At this
temperature, the acrylic (PMMA) sheets were kept for 35–45min and
then allowed to cool for 20–30min. Finally, the microchannel is pre-
pared and ready for chemical treatment. A T-junction microchannel
was fabricated on a polymethyl methacrylate (PMMA) sheet of dimen-
sion 50mm� 30mm� 5mm using an end mill of 200lm diameter.
The depth of each channel was 200lm. The width of the channels in
which mineral oil was used as the continuous phase was 300lm, and
the width of the channels in which silicone oil and hexadecane were
used as the continuous phase was 280lm. The total length of the

TABLE I. The range of flow parameters varied in the present experiments, and the
physical properties of continuous phase fluids are given here. Distilled water (DIW) is
used as a dispersed phase fluid in the present experiments. The properties of DIW
are ld¼ 0.99 mPa s and qd¼ 1000 kg/m3.

Continuous
phase Qc (ll=min) / k r (mN=m)

Hexadecane 29–1234 0.25, 0.5, 1.0 0.4167 44.0
Mineral oil 3–1527 0.25, 0.5, 1.0, 1.5 0.0422 42.3
Silicone oil 7–436 0.25, 0.5, 1.0, 1.5 0.0111 34.8
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channel is 30mm, and the distance from the inlet of the continuous
phase to T-junction and the inlet of the dispersed phase to T-junction
is 9mm each. The channels were made hydrophobic by treating with
aquapel solution (Pittsburgh Glass Works LLC., USA), and the rough-
ness of the channels measured using an optical profilometer (Wyko
NT9100 US) was found to be less than 3lm. A schematic representa-
tion of the experimental setup is shown in Fig. 2. A dual channel
syringe pump (Holmarc Inc.) was used for pumping the fluids, and no
surfactants were used in either phase. An inverted microscope
(Olympus, Japan) was used to visualize droplet formation and capture
the phenomena. The droplet formations were captured using a high-
speed camera (Photron FASTCAMmini UX) by recording the data at
10 000 fps with a resolution of 1280� 480 pixels and an exposure time
of 100 ls. The data are analyzed using Photron FASATCAM viewer
and ImageJ software. All the experiments were carried out at a con-
trolled temperature of 25 �C. Each experiment was conducted three
times, and ld is taken as the average of three experimental runs.

IV. RESULTS AND DISCUSSIONS

Monodispersed droplets of water-in-oil were produced by pump-
ing oil in the continuous phase channel and water in the dispersed
phase channel. Three different droplet breakup regimes were observed
(i.e., squeezing, dripping, and jetting regimes) during the droplet for-
mations. The squeezing regime is observed at small capillary numbers,
and with the increasing capillary number, the droplet breakup transits
to the dripping regime and then to the jetting regime, as shown in Fig. 3.
The experimental images of the droplet breakup are shown for water
droplets in mineral oil. From Fig. 3, it can also be observed that the
length of the droplet decreases with an increase in the continuous
phase capillary number. The droplet’s non-dimensional length mea-
sured from experimental results is plotted against the capillary num-
ber with varying flow rate ratios and varying viscosity ratios, as
shown in Fig. 4. The non-dimensional length ld of the droplet
decreases with an increase in capillary number Cac. The droplet
breakup follows the squeezing regime at low capillary numbers and
transits to the dripping regime and then to the jetting regime. It can
be observed from Fig. 4 that the non-dimensional length increases
with an increase in flow rates for a given viscosity ratio (k). In the
literature,38 it was shown that when k is less than one, there is more
reduction of droplet size as compared to a k greater than one for an

FIG. 2. A schematic of the experimental setup used is shown here. The continuous
phase fluid flows from right to left and the dispersed phase in the perpendicular
channel with the help of a dual-channel syringe pump. Droplets are formed in the
T-junction and move from right to left. The channels are planar having a uniform
depth of 200 lm and widths of 300 lm. The cross section of the channel is
rectangular.

FIG. 3. Experimental images illustrating the water droplet breakup in mineral oil
with varying capillary number are shown. The results are shown for the flow rate
ratio /¼ 1. (a) The droplet breakup occurs in the squeezing regime at a small
capillary number, (b) increase in the capillary number causes the droplet breakup in
the dripping regime, (c) further increase in the capillary number causes the dis-
persed phase thread to elongate downstream of the channel and droplet breakup
occurs in the jetting regime.

FIG. 4. ld is plotted against the Cac for different k and /. k¼ 0.4167 for hexade-
cane �, k¼ 0.0422 for mineral oil (, k¼ 0.0111 for silicone oil $. The non-
dimensional length of the droplet ld decreases with an increasing capillary number
Cac. The non-dimensional droplet length increases with an increase in the flow rate
ratio. However, no particular trend is observed with varying viscosity ratios.
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increase in the capillary number of the continuous phase. It was also
investigated that there is a sharp transition between regimes at higher
k (k �10) for smaller capillary number of continuous phase and
droplets were generated in the jetting regime. However, the effect of
the viscosity ratio on the non-dimensional length of the droplet does
not follow any particular trend. For example, the length of the drop-
let in the region of low capillary numbers is observed to be larger
when mineral oil (with k¼ 0.0422) is used as the continuous phase
as compared to hexadecane (with k¼ 0.4167) or silicone oil (with
k¼ 0.0111). It is important to reiterate that no existing model can
accurately predict the length of the droplet with the varying capillary
number.

In order to understand the effect of the dispersed phase Weber
number Wed on the droplet breakup, the experimental images of
water-in-mineral oil at Cac¼ 0.0220 and with varying Wed are shown
in Fig. 5. All the images shown in the figure were taken immediately
before the kink formation at the interface. At higherWed, the length of
the droplet is observed to be larger. It can also be observed that the
thickness of the neck is larger when the dispersed phase Weber num-
ber is larger. It leads to the conclusion that the dynamic pressure inside
the liquid prevents the formation of kink at the interface until the
forces on the continuous phase become sufficiently large. Thus, the

increase in the dispersed phase Weber number delays the droplet
breakup and causes the length of the droplet to increase.

Because Eq. (4) suggests that the ldCac depends solely on
Wedð1þ /Þ=2/, the length of the droplets measured from experi-
mental results is plotted in Fig. 6(a), where ldCac is shown on the verti-
cal axis and Wedð1þ /Þ=2/ is shown on the horizontal axis. From
Fig. 6(a), it can be observed that ldCac collapses onto a single curve for
a given continuous phase fluid irrespective of the flow rate ratio, as
predicted by Eq. (4). All the data show an increase in ldCac with an
increase in the dispersed phase Weber number until a critical dis-
persed phase Weber number is reached. The curve thereafter flattens
out, and the values of ldCac become constant. It was observed that the
points where the curves flatten indicate the transition from the drip-
ping to jetting regime of droplet breakup. It implies that the jetting
regime is independent of the dispersed Weber number. Since the jet-
ting regime of the droplet breakup is a result of instabilities that occur
at the interface of an elongated dispersed phase, the droplet length in
the jetting regime should depend on the continuous phase capillary
number but could be independent of the dispersed phase Weber num-
ber. To the authors’ knowledge, Eq. (4) is the first relation that shows
the effect of dispersed phase inertial forces on droplet generation in T-
junction microchannels.

The log –log plot ldCac vsWedð1þ /Þ=2/ is shown in Fig. 6(b).
The experimental data with varying flow rate ratios are found to col-
lapse into a master curve for vertical and horizontal axes of Fig. 6(b)
ranging up to four orders of magnitude, indicating the robustness of
the scaling law given by Eq. (4). The plot demonstrates two other note-
worthy points. At high Wedð1þ /Þ=2/, the curve shows a plateau.
As mentioned earlier, the point of change of slope indicates the transi-
tion from the dripping to jetting regime. Second, another plateau is
also observed at very low Wedð1þ /Þ=2/. It is important to note
that the point where the change of slope occurs at low and high
Wedð1þ /Þ=2/ is different for different flow rate ratios and differ-
ent viscosity ratios. The lower plateau represents the transition to the
leaking regime, which occurs at very small flow rates, as suggested by
Korczyk et al.36 The data from Korczyk et al.36 is plotted in Fig. S2,
and similar characteristics are observed as in Fig. 6(b). In their
experiments, Korczyk et al. used channels of 360lm in width and
height, and they used hexadecane as the continuous phase and fluori-
nated oil as the dispersed phase with k¼ 1.138. The results obtained
in the present experiments and from Korczyk et al.36 are consistent
with the model discussed above.

The results obtained show that the length of the droplet can be
estimated using the scaling obtained from Eq. (4), and at varying flow
rate collapse into a single curve for a fixed viscosity ratio. However, the
curves obtained for different viscosity ratios lie parallel to one another
and do not collapse into a universal curve. A universal curve for pre-
dicting the droplet sizes can be obtained by determining the relation
between f ðwc=wgÞ and the viscosity ratios k and flow rate ratios /.
The exact relation cannot be determined in the present study and will
necessitate a significant contribution from high fidelity numerical sim-
ulations. But to verify the effect of f ðwc=wgÞ on the droplet generation,
a crude approximation of the function is made in the present study. It
was experimentally observed that wg varies inversely with the viscosity
ratio (as shown in Fig. S3) and the relation from the empirical data
were approximated as f ðwc=wgÞ � k0:67. By plotting ldCack

0:67 vs
Wedð1þ /Þ=2/, as shown in Fig. 6(c), it can be observed that the

FIG. 5. Experimental images illustrating the water droplet breakup in mineral oil for
varying dispersed phase Weber number is shown. The images were taken just
before the formation of a kink. The neck length is observed to increase with
increasing Wed. It indicates that the increasing dispersed phase inertial forces resist
the neck breakup and lead to larger droplet sizes. (a) Wed ¼ 6:537� 10�4, (b)
Wed ¼ 2:617� 10�3, (c) Wed ¼ 1:046� 10�2, and (d) Wed ¼ 2:353� 10�2.
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data for varying viscosity ratios almost collapses into the single master
curve. We observe that the data points of hexadecane deviate from the
master curve within O(1) magnitudes. Hence, it can be concluded that
by determining the exact equations for the function f ðwc=wgÞ, a uni-
versal scaling for droplet length prediction in squeezing and dripping
regimes can be obtained.

Earlier studies had shown that an increase in the viscosity of con-
tinuous for k < 1 will lead to transition for the droplet generation
regime to jetting regime where the fluid streams flow parallel to each
other. Wehking et al.39 had shown that the transition from plug for-
mation to stable parallel flowing streams increases with an increase in
the viscosity ratio. However, within the squeezing regime and the drip-
ping regime, the effect of viscosity ratio on the droplet size has not
been discussed in detail. Garstecki et al.23 suggested that the droplet
sizes are not affected by the viscosity ratio and are primarily dependent
on flow rate ratios. De Menech40 suggested that the viscosity ratio is
relevant in the droplet formation process when both shear stress and
pressure differences play a role in droplet breakup. However, there is
no simple model predicting the effect of viscosity ratio on droplet
sizes.

From Fig. 6(c), it can be observed that for fixed dispersed Weber
number and the continuous phase capillary number, the droplet size
varies inversely with the viscosity ratio. The change in viscosity ratio at
a fixed continuous phase capillary number and the dispersed phase
Weber number affects the gap between the interface of the droplet and
the main channel wall, wg, thus affecting the droplet sizes. The earlier
studies predicting the effect of viscosity ratio on droplet generation
size in T-junction microchannels had indirectly coupled it to the effect
of capillary number of the continuous phase. The present model allows

the prediction of droplet sizes with viscosity ratio independent of the
continuous phase capillary number.

The present study, however, does not account for the effect of
surfactants on droplet breakup. It was found that the droplet breakup
in the presence of surfactants leads to the same scaling but a different
proportionality constant, which could possibly be due to convection of
surfactants along the interface during droplet breakup. This was
reported by the earlier studies where they had found that the dynamic
interfacial tension affects the droplet sizes during the emulsification
process.41,42 We presently lack a detailed theory to rationalize the
effects of surfactants, and further studies are necessary to incorporate
the effect of surfactant concentration into the present model.

V. CONCLUSIONS

In summary, it is shown that the dispersed phase inertial forces
play an important role in determining the size of the droplet in squeez-
ing and dripping regimes along with the continuous phase capillary
number. While the earlier studies had tried to predict the size of drop-
lets using the continuous phase capillary number and flow rate ratios
between the continuous and dispersed phases, the models could not
provide a universal relation. The present model leads to a new scaling
law, which can be used to predict the size of the droplets in microflui-
dic channels irrespective of the flow rate ratios. The large set of experi-
ments conducted in the present study and those from the literature
clearly demonstrate the validity of present scaling. While the scaling
law used in the present study is not universally applicable as observed
from the data obtained from different viscosity ratios, it is shown that
by accounting for f ðwc=wgÞ in Eq. (4), a universal scaling is possible.
The effect of different parameters on the gap between the wall and the

FIG. 6. (a) ldCac is plotted against the Wedð1þ /Þ=2/ for different k and /. It can be observed that all the data of one viscosity ratio collapses into one curve irrespective of
the / used. Three curves observed in the plot represent three different k. (b) ldCac is plotted against the Wedð1þ /Þ=2/ on a log –log scale for different k and /. It can be
observed that the slope of the y-axis with respect to the x-axis is 0.4. Two plateaus appear on the curves, one at high Wed, indicating a transition for dripping to jetting regime
and another at low Wed, indicating a weak dependence on Wed. Both higher and lower plateau zones vary with k and /. (c) ldCack

0:67 is plotted against the Wedð1þ /Þ=2/
on a log –log scale for different k and /. Here, a crude approximation of f ðwc=wgÞ was considered as k0:67. It can be seen that the data for varying k and / almost collapse
into one master curve. It suggests that the model developed in the present study can be used to obtain a universal scaling law for predicting the droplet sizes in a T-junction
microchannel. However, a detailed analysis on f ðwc=wgÞ will be needed.
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interface of the dispersed phase, which will determine the function
f ðwc=wgÞ, needs a thorough investigation. The present study offers a
scaling law behavior, which predicts the droplet sizes during breakup
in a T-junction microchannel and an important relation that accounts
for the effect of dispersed phase inertial forces on droplet breakup.

However, it should be noted that the model presented in the pre-
sent study is limited to rectangular cross section channels and for the
orthogonal angles of injection. While the cross sections other than
rectangular will need the change in force calculations, injection angles
of the dispersed phase other than being perpendicular to the main
channel have not been verified in the present study. Further experi-
ments to study the applicability of model for varying injection angles
of dispersed phase are necessary.

Prediction of the droplet breakup in microchannels is relevant
for a wide range of applications of droplet microfluidics such as cell
capturing, drug delivery, and emulsion formation.

SUPPLEMENTARY MATERIAL

See the supplementary material for Figs. S1–S3. Figure S1 shows
the viscosity curve for mineral oil and silicone oil. Figure S2 shows the
validation of the presented scaling law with the existing literature data,
and Fig. S3 shows the effect of viscosity ratio on the gap between the
interface and the wall of the main channel, wg.
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