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Abstract. We propose a novel method for producing unequal sized droplets through breakup of droplets.
This method does not have the disadvantages of the available methods and also reduces the dependence
of the droplets volume ratio on the inlet velocity of the system by up to 26 percent. The employed method
for investigating the proposed system relies on 3D numerical simulation using the VOF algorithm and the
results have been obtained with various valve ratios for both the micro- and nanoscale. The results indicate
that the droplet length during the breakup process increases linearly with time. The droplet length at the
nanoscale is smaller than that at the micro scale. It has been shown that the maximum local capillary
number in this system is 2.5 times the average capillary number. Therefore one can use the analytical
theories based on the low capillary number assumptions to investigate the method.

1 Introduction

Droplet-based micro- and nanofluidic systems have found
various applications in recent years [1,2]. In such systems
different processes take place such as droplet transport
through porous media [3], droplet motion on the sur-
faces [4-6], symmetric breakup [7], asymmetric breakup [8,
9], stability [10], stratified suspensions [11], generation [12]
and transport [13,14]. For example, in the chemical in-
dustries we need to transport a corrosive acid. In order to
prevent corrosion of the walls of pipes the acid is placed in-
side a droplet and is transported by a second fluid, namely,
the continuous fluid. The droplet does not disperse in the
continuous phase [15] and does not have contact with the
walls [16] because of the surface tension between two flu-
ids. Also flow circulation inside the droplet increases mix-
ing and homogeneity of the droplet contents [17].

For production of suspensions in the pharmaceutical
industries, it can be used from generation of droplets pro-
cess [18]. The suspensions form by dividing the initial lig-
uids into small droplets.

Over the past decade much research has been con-
ducted on the breakup of an initial droplet into equal sized
parts [6,7,19,20], but there has been little research that in-
vestigates the breakup of droplets into unequal sized parts
in the channels. All the proposed methods for this purpose
have some disadvantages that we will explain in the fol-
lowing parts. Then we will introduce a novel method for
production of unequal sized droplets that does not have
the disadvantages of the available methods.

# e-mail: moosavi@sharif.edu

Table 1 shows the comparison of some of the available
methods for producing unequal sized droplets by breaking
an initial one. Volume ratio (as stated in table 1) is the
ratio of the volume of the small generated droplet to the
volume of the large generated droplet.

In the method of Choi et al. [24], pneumatic valve pres-
sure specifies the volume ratio of the generated droplets.
The disadvantage of this method is that the size of the
generated droplets cannot be controlled precisely, because
the flow pressure affects the valve structure and by change
of the structure of the valve, the droplet volume ratio
changes.

In the method of Ting et al. [25], by heating the fluid
in one of the T-junction branches, the viscosity and hy-
drodynamic resistance of the heated branch reduces and
the larger droplet enters this branch. For example Ting
et al. [25] have stated that for the large capillary num-
bers, a temperature of about 40 °C is needed for produc-
ing droplets with appropriate volume ratios. Such a large
temperature limits the applicability of this method espe-
cially in the biological applications.

Using the T-junction with valve method [26,27] one
can adjust the droplet volume ratio by tuning the valve
after manufacturing the system. The disadvantage of this
system is that the dependence of the volume ratio to the
system inlet velocity is high. But the geometry of this
paper decreases this dependence by up to %26.

There are some other methods for producing unequal
sized droplets from an initial droplet. Some of these meth-
ods do not need a specific geometry such as: droplet
breakup in the turbulent flow [28-30], droplet breakup in
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Table 1. The comparison of the available methods for produc-
ing the unequal sized droplets.

Author Method

Putting an

Disadvantage

Small and large

Link et al. [21] obstacle in generated droplets are

a channel together

T-junction with | Increases the pressure

Link et al. [21]| unequal length drop in the small

branches volume ratios
Bedram T-junction with .
Generation of only
and unequal width .
one volume ratio
Moosavi [22] branches
Small and 1
Sehgal Droplet motion fatl and farge
. . generated droplets are
et al. [23] in a vertical tube

together

Non-precise volume
Passing a droplet P

through

a pneumatic valve

Cho et al. [24] ratio. Also Small and
large generated
droplets are together
Probability of liquids

vaporisation in low

Symmetric
Ting et al. [25]| T-junction with

a heater pressure locations

Bedram High dependence of

et al. [26]

T-junction with )
the volume ratio to the
valve

system inlet velocity

the simple shear flow [31-33] and droplet breakup by mo-
tion of a droplet in a base fluid [34]. Some of these meth-
ods need special geometries such as: bringing two droplets
to the main channel of a symmetric T-junction with a
small time difference [35], T-junction with unequal length
branches [36-38], using the two consecutive convergence-
divergence symmetric T-junctions [39], droplet motion in
the fields with gravity or body forces [40-42] and heat-
transfer-based methods [43]. These methods have disad-
vantages similar to the disadvantages of the previously
mentioned methods.

In almost all of the mentioned methods for increasing
the speed of droplet generation, we should increase the
continuous fluid velocity, however this changes the volume
ratio of the generated droplets. This issue is very impor-
tant especially in the pharmaceutical industries because
the changes of the drugs contents may have substantial
effects. Therefore a system is required that reduces the
dependence of the volume ratio on the continuous fluid
velocity.

In this paper a novel method is introduced for gen-
eration of unequal sized droplets that does not have the
disadvantages of the available methods and also reduces
the dependence of the volume ratio on the continuous fluid
velocity by up to 26 percent. The important parameters
of the system performance (such as droplet length in the
breakup process, the contact lengths of the droplet with
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Fig. 1. The geometry of intelligent system and its parameters.
The droplet is breaking up into unequal parts.

the walls during the breakup zj, zo (see fig. 1), veloc-
ity of channels and pressure drop) are investigated. The
employed research method is a 3D numerical simulation
for both micro- and nanoscales using the VOF algorithm.
Verification of the results are performed by grid indepen-
dence and by comparing the results to a benchmark [44].
The results show that the droplet length and z; and 2z,
in the nanoscales are smaller than that in the microscale.
For times less than a specific value (t*), z; and 29 in-
crease with time linearly, and for times greater than t*,
z1 and 2z reduce with time. This is because of the exis-
tence of two breakup regimes. We have investigated these
regimes in detail. The results indicate that the maximum
capillary number of this system is 2.5 times the average
capillary number. Therefore, the analytical theory with
the assumption of low capillary number [45] can be used
for this system.

2 Description of the system

The geometry of the proposed method in this paper is il-
lustrated in fig. 1. We name this system intelligent as it
senses the continuous fluid velocity and when this veloc-
ity changes, the system adjusts the flow rate of its chan-
nels and the changes of the droplet volume ratio become
smaller. As can be seen in fig. 1, the intelligent system con-
sists of an inlet channel from which the continuous fluid
enters (channel 3) and two branches through which the
fluid leaves the system (channels 1 and 2). The auxiliary
channels (with the numbers 4 and 5) connect the inlet and
branches and, as will be explained, they adjust the system
performance. The angle between the inlet channel and the
branches, the angle between the inlet channel and auxil-
iary channels and the angle between the branches and the
auxiliary channels were assumed to be 45°. The distance
between the system inlet and the beginning of the auxil-
iary channels is 1w and the distance between the system
outlets and the end of the auxiliary channels is 1w, with
w as the width of the inlet channel and branches.

The droplet lengths in channels 1 and 2 are shown by
Ly and Lo, respectively. Each of the channels 1, 4 and 5
has a valve for tuning the flow rate in the channels. The
valves are in fact adjustable orifice plates and after manu-
facturing the system one can adjust the degree of opening
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of the orifices. Therefore, the adjustable orifice can act as
a valve because it can tune the degree of opening of the
channel to an arbitrary amount. Application and structure
of the adjustable orifice valves have been investigated in
a variety of research [46—48].

The initial length of the droplet is long enough to fill
the cross section of the branches, that is, until the end of
the process, z; and zs do not diminish.

Some of the parameters used in the analysis are ex-
plained as follows: Valve ratio is the ratio of the opening
amount of the channel to the channel width (A = h/w, h
and w are shown in fig. 1). For example, for A = 1 the
channel is fully open and for A = 0 the channel is closed.
The volume ratio is the ratio of the small droplet volume
to the large droplet volume after breakup (7 = Vi /Vs).
The capillary number (the ratio of inertial forces to the
surface tension forces) is defined as Ca = u Uiy /o where
e is the continuous fluid viscosity, o is the surface ten-
sion between two fluids and Uy, is the inlet velocity of the
continuous fluid.

In this paper 3D numerical simulations are performed
for both the micro- and nanoscales. The width of the inlet
channel and branches are equal and were considered to be
20 x 107%m and 100 x 1072 m for micro- and nanoscales,
respectively. The width of the auxiliary channels is as-
sumed to be half of the inlet channel. The cross section of
the channels is rectangular and the depth of the channels
in the direction that is perpendicular to the sheet is 10 pm
and 50 nm for the micro- and nanoscales, respectively.

3 Numerical simulation

For the simulation of the two-phase flow a volume of fluid
(VOF) numerical algorithm is applied. The VOF is a sur-
face tracking method for simulation of some immiscible
fluids with unknown interfaces. In this method only one
equation for the momentum and one equation for the con-
tinuity equation are solved. A volume fraction parameter
(¢) is defined in the domain for each fluid to represent the
volume fraction of the fluid in each computational cell.
For each computational cell, the physical properties such
as density and viscosity are calculated using the volume
fraction average of the fluids in the cell.

The flow is assumed to be incompressible and the gov-
erning equations are continuity and Navier-Stokes equa-
tions as follows:

aui
p— ].
ou; ou; oP 0%u;
p(&f+uj8xj>__8xi+Fi+M8x?7 @)

where u; is the velocity vector in the ¢ direction and p and
1 are the average density and viscosity of the fluid, re-
spectively. These are derived from the following relations:

P:Pc¢+Pd(1_¢)a (3)
1= e + pa(l — ¢), (4)
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Fig. 2. Checking grid independence of the results.

where the subscripts ¢ and d represent the continuous fluid
(that carries the droplets) and the fluids of the droplets,
respectively. Also ¢ is the volume fraction of the contin-
uous fluid in each of the computational cells. In each of
the computational cells we have 0 < ¢ < 1. In the VOF
model, the interface has a specific thickness because all
of the cells that are in the location of the exact interface
have 0 < ¢ < 1. So the interface was considered to have
positions with ¢ = 0.5 which were derived by a piecewise
linear interface reconstruction method. In this method,
the interface is supposed to be linear within the cells that
are between the two fluids. Also the advection terms have
been calculated using this linear shape [49]. The parame-
ter ¢ was obtained from the following relation:

¢ ¢
ot T o

=0. (5)

Discretisation of the momentum equation was per-
formed using the second-order upwind and coupling of the
pressure and the velocity was conducted by the SIMPLEC
algorithm. The convergence is achieved when the residuals
R, which are derived from the following relation, become
smaller than 0.0007:

_ Zg:l ! an aannb + & — CLpo’
Zg:1 apXp 7

where X is a general variable in the cell P, N is the num-
ber of all domain cells, nb represents the neighbour cells
of the cell P and @ is the constant part of the source term
(S =S¢+ SpX) and the boundary conditions.

The boundary condition in the inlet and outlet of the
system were considered to be velocity constant and pres-
sure constant, respectively. The densities of the continuous
and droplet fluids are 800 kg/m® and 1000 kg/m?, respec-
tively and the viscosities of the continuous and droplet
fluids are 0.00125 Pas and 0.001 Pas respectively. The sur-
face tension between two fluids is 0.005 N/m.

Grid independence is achieved by solving the droplet
breakup problem. Droplet profiles during the breakup pro-
cess in various grid sizes are given in fig. 2.

As can be seen in fig. 2 for grids with more than 104880
nodes the results are grid independent. In order to ensure
grid independence for all the studied cases 448815 nodes
were considered.

Bretherton [42] has derived an analytical relation for
the velocity of a droplet that transfers through a based
fluid flow in a channel as U = U(1 + 1.29(u.U/0)?/?),
where U is the droplet velocity and o, ji. and U are surface
tension between two fluids, viscosity and average velocity

Rx (6)
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Fig. 3. Comparison of the analytical relation of Bretherton’s
results [42] with the 3D numerical results of the present study.
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Fig. 4. Droplet breakup process in the intelligent system. By
controlling the valves, the channel diameter and the angles be-
tween the channels, a vast performance range can be considered
for the system.
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of continuous fluid, respectively. For verification of our 3D
numerical results, we simulated Bretherton’s problem and
compared our numerical results with Bretherton’s analyt-
ical relation (fig. 3). As can be seen, very good agreement
exists.

4 The system performance

Figure 4 illustrates a sample of droplet breakup process
in the intelligent system. When the droplet is in the inlet
channel and approaches the auxiliary channels it does not
enter them because their width and the flow rate of the
continuous fluid are small. When the droplet reaches the
center of the junction it deforms and the upper surface of
it becomes circular and its thickness becomes low until it
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Valve

Outlet

Valve Inlet

Valve

Outlet
Fig. 5. The droplet deformation at the center of the intelligent
system. Two auxiliary channels connect the beginning of the
inlet channel to the end of the branches.

Regime 1

Fig. 6. The two regimes of the droplet deformation during the
breakup process. At times less than ¢* the droplet is in the first
regime.

breaks up into two unequal parts and each part enters one
of the branches.

Figure 5 shows a 3D representation of the droplet
breakup process in the proposed intelligent system. As
can be seen, the droplet is deforming at the center of the
junction.

One of the important parameters of the system per-
formance is the droplet length during the breakup process
Lyhole = L1 + Ls. Droplet length during the breakup has
a length equal to Lynole as depicted in fig. 1. If this length
is reduced we can use smaller tube length for the branches
and through reduction of the branch lengths the pressure
drop of the system decreases and also the manufacturing
cost of the system reduces.

There are two different regimes during the breakup
process. In the first regime the continuous fluid that ex-
ists on the top of the upper surface of the droplet does
not enter the branches and the droplet closes the branch
cross section entirely (fig. 6). In this regime the two tips
of the droplet that exist in the branches (points A and B
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Fig. 7. Large vortexes inside the droplet during the breakup
process. As can be seen, the tunnel is formed between the wall
and the upper surface of the droplet. To make the illustration
clearer, only the center of the junction has been depicted.

in fig. 6) move together in the direction of the continu-
ous fluid flow. In the second regime the continuous fluid
enters the branches and the upper surface of the droplet
separates from the wall in each of the branches and the
continuous fluid flows between the upper surface of the
droplet and the wall (fig. 6).

In various applications it is necessary that the mixing
of the droplet inside increases. In these applications the
valve ratio should reduce such that z; reaches zero and the
tunnel forms. By tunnel formation, large vortexes form
inside the droplet (fig. 7).

5 Results and discussion

Figures 8, 9 and 10 illustrate the droplet length in chan-
nel 1 (L;), droplet length in channel 2 (Ly) and the whole
length of the droplet during the breakup process for the
valve ratios 0.25 and 0.4 and for the micro- and nanoscales.
In all of the simulations of the study, the initial time
(t = 0) is a moment in which the droplet is in a state
that is shown in fig. 9. As can be seen, for all cases the
droplet length in channel 1 and 2 and the whole length
of the droplet increase linearly with the time. In all cases
Lo is larger than L, at the initial time because before the
droplets arrive at the center of the junction, the flow rate
of channel 2 is larger than channel 1 and therefore when
the droplet reaches the center of the junction Lo is larger
than L;. Therefore according to the definition of Lpole
which is “Ly + Ls”, Lynhole 18 not equal to zero at the ini-
tial time. Considering that the droplet volume is constant
during the breakup process as the droplet length in chan-
nel 1 becomes larger the droplet length in the channel 2
becomes smaller. As depicted in figs. 8 and 9 for the case
micro A = 0.4 with the maximum L, it has the minimum
L5 and for the case nano A = 0.25 with the minimum L,
it has the maximum L.

In the industrial application of the unequal droplet
generator systems it is required that the droplet length
during the breakup process becomes as small as possible in
order to reduce the pressure drop and the manufacturing
cost of the system. The results reveal that in the system

& Ll/w, Micro (A=0.25)
O L2/w, Micro (A=0.25)
Linear (L1/w, Micro (A=0.25))
- = Linear(L2/w, Micro (A=0.25))
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- - - Linear (L1/w, Micro (A=0.4))
— — Linear (L2/w, Micro (A=0.4))

4.0
Micro scale

5
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Fig. 8. Droplet length in the channel 1 (L) and channel 2 (L)
as a function of time in the valve ratios 0.4 and 0.25 in the
microscale. The droplet length becomes dimensionless using
the channel width (w) and the time becomes dimensionless
using the inlet velocity (Uin) and the channel width. The slope
of the curves for the cases L1 (A = 0.4), L1 (A = 0.25), Lo
(A = 0.4) and Ly (A = 0.25) are 1.808, 1.526, 2.108, 2.334,
respectively.

proposed in this study, Ly (L2) in the nanoscale is smaller
(larger) than the microscale but the whole length of the
droplet during the breakup in the nanoscale is smaller
than that in the microscale (see fig. 10). For example, for
the case A = 0.4 and dimensionless time 0.36 the whole
length of the droplet at the nanoscale is 14% smaller than
that in the microscale. The results also show that the valve
ratio does not affect the droplet length (fig. 10). Thus, for
reduction of the droplet length we can use the system in
a nanoscale (unlike the microscale).

The results indicate that at both the micro- and nano-
scales and for any valve ratio, the increase in rate of Lo
is larger than the increase in rate of L;. This is due to
the fact that the continuous fluid velocity in channel 1 is
smaller than channel 2. According to figs. 9 and 10 with
the reduction of the valve ratio, Ly decreases and Ly in-
creases because by decreasing the valve ratio the volume
of the droplet that enters channel 1 reduces and then L
decreases and the volume of the droplet that enters chan-
nel 2 increases and then Lo increases. L reduction and
increase of Ly cancel each other and the whole length of
the droplet remains constant by the change of the valve ra-
tio. With the decrease of the valve ratio the velocity of the
continuous fluid that enters channel 1 decreases and then
the slope of the Ly curve versus time reduces. For this rea-
son it can be seen in figs. 8 and 9 that the slope of Ly curve
for the case A = 0.25 is smaller than the case A = 0.4.

The parameters z; and 29, illustrated in the fig. 1 have
an important effect on tunnel forming during the breakup
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Fig. 9. Droplet length in the channel 2 (L2) as a function of
the dimensionless time for the valve ratios 0.4 and 0.25 and in
the micro- and nanoscales. The slope of the curves for the cases
L1 (A=104), L1 (A =0.25), Ly (A = 0.4) and L2 (A = 0.25)
are 0.796, 0.537, 2.003 and 2.282, respectively.

process. If during the breakup process z; or z, reach zero
the tunnel forms. Tunnel formation has an important role
in some applications (e.g. the applications based on the
mixing of the droplet inside). For this reason the investi-
gation of z; and 2o variation during the breakup process
is an important issue.

Figures 11 and 12 illustrate z; and zy as a function
of dimensionless time in the valve ratios 0.4 and 0.25 and
in the micro- and nanoscales. z; and 2 are scaled by the
channel width (w) and the time is made dimensionless us-
ing the inlet velocity (Ui,) and the channel width. As can
be seen, with respect to time, z; and z; have two linear and
power law function. For the dimensionless time less than
0.12 and 0.16 for the micro- and nanoscale respectively, z;
and z9 increase linearly with time. In order to simplify the
presentation we refer to the dimensionless time 0.12 and
0.16 for the micro- and nanoscale, respectively, as t* in the
following sections. For the times greater than t*, z; and
29 decrease with time in terms of a power law function be-
cause there are two different regimes during the breakup
process.

In the first regime (times less than ¢*) the two tips of
the droplet that exist in the branches (points A and B in
fig. 6) move together in the direction of the continuous
fluid flow. Therefore, z; and 25 increase linearly. In the
second regime (times more than ¢*), over time, more con-
tinuous fluid enters the branches and z; and z9 reduce.
As illustrated in figs. 11 and 12 by decreasing the valve
ratio, a less continuous fluid enters branch 1, z; reduces
and a more continuous fluid enters branch 2 and, as a re-
sult, zo increases. Also the results indicate that z; and zo
in the nanoscale are significantly smaller than in the mi-

0.1

0.3

0.4

0.2
U, t'w

Fig. 10. Whole length of the droplet (Lwhole) as a function
of the dimensionless time in the valve ratios 0.4 and 0.25 and
in the micro- and nanoscales. The slope of the curves for the
cases micro A = 0.4, micro A = 0.25, nano A = 0.4 and nano
A =0.25 are 1.958, 1.930, 1.400 and 1.410, respectively.

¢ Micro 3D (A=0.25)

O Nano 3D (A=0.25)
""" Linear (Micro 3D (2=0.25))
"""" Linear (Micro 3D (2=0.4))
— - = Linear (Nano 3D (2=0.25))
— — Linear (Nano 3D (1=0.4))

2.5

O Micro 3D (A=0.4)

A Nano3D (A=0.4)

Power (Micro 3D (2=0.25))
= = =-Power (Micro 3D (2=0.4))
==+ Power (Nano 3D (2=0.25))
— — Power (Nano 3D (1=0.4))

00 | ! !

0.1 0.2 03
U, t/w

Fig. 11. z; as a function of time. The curves can be ex-
pressed in terms of a power law function of z; for the cases
A = 04 (micro), A = 0.25 (micro), A = 0.4 (nano) and
A = 0.25 (nano) as (z1/w) = 1.327(Uint/w) ™", (z1/w) =
1.045(Uint /w) ™3, (21 /w) = 0.461(Uint/w)~°** and (21 /w) =
0.231(Uint /w) ™%, respectively.

croscale. For example, for the microscale case of A = 0.25
and the dimensionless time 0.12, 2z; in the nanoscale is
about half of that in the microscale. Thus, for applica-
tions in which high mixing is needed, using the nanoscale
is more efficient.
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Fig. 12. 23 as a function of the dimensionless time in the valve
ratios 0.4 and 0.25 in the micro- and nanoscales. The power law
of z for the cases A = 0.4 (micro), A = 0.25 (micro), A = 0.4
(nano) and A = 0.25 (nano) are (z1/w) = 1.796(Uint /w) %15,
(z1/w) = 2.13(Uint/w) ™13 (21 /w) = 2.266(Uint/w) ™% and
(z1/w) = 2.804(Uint/w)70‘13, respectively.

<& Micro 3D (A=0.25)
O Nano 3D (A=0.25)
Poly. (Micro 3D (2=0.25))

O Micro 3D (A=0.4)
A Nano3D (A=0.4)
=== Poly. (Micro 3D (1=0.4))

@ — Poly. (Nano 3D (A=0.25)) — — Poly. (Nano 3D (:=0.4))
~ =
E <
S
-~
-
—S $-0-00600-00-0-0-0-0
%]
= oo
RN
o
) A\ el
L \, A//ﬂ/ A
B}g I 4\ A/’A//
oa =S m\\__E,
S .o e —0
go LR D_/D,-E’Ij‘ﬂ
= (=] O~g—g 4
© p—(
=
— 1 1 1 1
= o
0 0.1 0.2 0.3 0.4
U, t/'w

Fig. 13. Continuous fluid velocity of channel 1 as a function
of the dimensionless time for A = 0.4 and A = 0.25 for both
the micro- and nanoscales. Micro- and nanoscale curves have
been represented by second- and third-order polynomials, re-
spectively.

Figures 13, 14 and 15 represent the continuous fluid
velocity of channels 1, 2 and 4, respectively, as a func-
tion of time for the valve ratios 0.4 and 0.25 and at the
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Fig. 14. Continuous fluid velocity of channel 2 as a function of
the dimensionless time for A = 0.4 and A = 0.25 in the micro-
and nanoscales. Micro- and nanoscale curves are fitted using
second- and third-order polynomials, respectively.
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Fig. 15. Velocity of channel 4 as a function of the dimen-
sionless time for A = 0.4 and A = 0.25 and in the micro- and
nanoscales. All of the curves are expressed by third-order poly-
nomials.

micro- and nanoscales. Although the velocity of channels
1 and 2 are not constant with respect to time, their varia-
tions are very low. For example for the microscale case and
A = 0.4 and A = 0.25 the ratio of the difference between
the maximum and minimum velocity of channels 1 and 2
to the time average velocity is less than 1%. Also for the
nanoscale for both A = 0.4 and A = 0.25 the ratio of the
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Fig. 16. The maximum fluid velocity of the system as a func-
tion of the dimensionless time in the A = 0.4 and A = 0.25 and
in the micro- and nanoscales. All of the curves are expressed
using third order polynomials.

difference between the maximum and minimum of chan-
nel 2 (channel 1) velocity to the time average value is less
than 3.5% (14%). With reduction of the valve ratio the
hydrodynamic resistance of the channel 1 increases and
the velocity of channel 1 reduces and the velocity of chan-
nel 2 increases. This issue has been illustrated in figs. 13
and 14.

Figure 15 illustrates that the velocity of channel 4 in-
creases (decreases) with time for the dimensionless times
less (more) than t* (as stated before, t* is 0.16 for the
nanoscale and 0.12 for the microscale) because the droplet
breakup process has two different regimes before and af-
ter t* (fig. 6). The results also indicate that the velocity
of channel 4 has a low dependence on the valve ratio. For
example at the dimensionless time 0.12, difference of the
channel 4 velocity between valve ratios 0.4 and 0.25 are
less than 4% (2%) for the micro (nano) scale.

Analytical theories that perform for equal and unequal
droplet generator systems usually have low capillary num-
ber assumption [42,44,45]. So for the method in this paper
we present the maximum fluid velocity of the system to
find if it is possible to use the analytical theories in this
method. Figure 16 shows the maximum fluid velocity of
the system for the valve ratios 0.4 and 0.25 in the micro-
and nanoscales. As can be seen the maximum fluid veloc-
ity in the nanoscale is less than the microscale. Also the
maximum velocity of the system increases over time and
in the dimensionless time ¢* reaches its maximum and af-
ter t* reduces. Therefore the maximum fluid velocity of
the system occurs in the dimensionless time ¢*. For this
research the capillary number (based on the inlet velocity
of the system) is 0.04. By consideration of the maximum
fluid velocity of the system according to the fig. 16, the
maximum locally capillary number of the system for mi-
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Fig. 17. The system pressure drop as a function of the dimen-
sionless time for A = 0.4 and A = 0.25 and in the micro- and
nanoscales. All of the curves are represented via third-order

polynomials. The pressure drop in the nanoscale is scaled by a
factor of 0.04.

croscale A = 0.25, microscale A = 0.4 and nanoscale are
0.109, 0.101, 0.0967, respectively. Therefore, the maximum
local capillary number of the system is about 2.5 times the
average capillary number. Thus, one can use the analytical
theories based on the low capillary number assumptions
for the present method.

Figure 17 represents the system pressure drop over
time in valve ratio 0.4 and 0.25 and in the micro- and
nanoscales. As can be seen the pressure drop increases
with time and reaches its maximum and then reduces. The
maximum pressure drop over time occurs at the dimen-
sionless time t*. The results show that the pressure drop
has a low dependence on the valve ratio. Also the pressure
drop in the nanoscale is more than that in the microscale
because the diameter of the channels in the nanoscale is
smaller than in the microscale.

6 Conclusion

In this study a novel method was proposed for genera-
tion of unequal sized droplets. In the suggested method
the operation of the system can be adjusted simply after
manufacturing it (unlike the available methods). Also this
method reduces the changes of the volume ratio due to
the valve ratio change by up to 26 percent. To investi-
gate the system we used a 3D numerical algorithm and
presented the results for both the micro- and nanoscales.
The numerical results were compared with the available
analytical results and very good agreement was observed.
We investigated the droplet length parameters (L, Lo and
Lyhole) that were important in the reduction of the pres-
sure drop and the system manufacturing cost. The results
showed that for all the cases the droplet length (L, Lo and
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Lyhole) increases linearly with the time. Also the droplet
length during the breakup process in the nanoscale is less
than the microscale. The contact lengths, namely, parame-
ters z; and z5 which have an important role in the applica-
tions based on the inside droplet mixing were investigated.
It was found that the z; and zy increase linearly for the
dimensionless time less than t* and decrease in terms of
a power law for the dimensionless time more than ¢t* be-
cause there are two different regimes before and after the
t*. We investigated these regimes in details.

Also the results indicated that z; and z in the nano-
scale are much smaller than those in the microscale and
for applications in which high mixing is needed the use of
the nanoscale is very useful. The velocity of the system in
the channels was investigated and it was found that the
dependence of the velocity with time in channels 1 and
2 is very low. It was shown that the velocity of channel
4 has a low dependence on the valve ratio and for times
less than t* (regime 1) increases with the time and for
times more than t* (regime 2) reduces. We investigated
the maximum velocity of the system and showed that the
maximum local capillary number of the system is 2.5 times
the average capillary number. Thus, the analytical theo-
ries with low-capillary-number assumptions can be used
to study the system. The pressure drop of the system was
investigated and it was found that the pressure drop de-
pendence on the valve ratio is small and its maximum
occurs at t*.
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