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Abstract. Current study proposes a novel mechanism for micro-scale droplet generation.
To this end, a new micro pump consisting of an expansion chamber with two nozzles
on its left and right sides is introduced, which is capable of creating a unidirectional
ow. In the current study, for the �rst time, thermo-viscose expansion method is used
to actuate the ow by assuming that the uid is heated using a laser beam source, leading
to expansion and movement of the uid. Two-phase ow analysis using the Volume Of
Fraction (VOF) method shows that the proposed micro pump can consistently generate
droplets with uniform and micro-scale dimensions.
© 2022 Sharif University of Technology. All rights reserved.

1. Introduction

Microscale droplet generators have a wide range of
applications in various industries including inkjet print-
ers [1], microuidic slug ow systems [2], and lab-
on-a-chip setups [3,4]. Microuid droplet generators
o�er much higher precision and repeatability than
conventional microscale batch processes for continuous
production of highly monodispersed emulsions. By
tuning the relative viscosities, surface tensions, and
velocities between dispersed and continuous phases, it
is possible to create droplets with almost equal size.

The physical properties of micro-scale ows are
di�erent from those of macro-scale ones [5]. For micro-
and nano-scale ows, the higher surface-to-volume
ratio causes better heat transfer [6] than macro-scale
ows. On the other hand, high surface-to-volume ratio
indicates that the skin friction forces between uid and
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walls and consequently, surface tensions are signi�cant
compared to body forces (uid inertia) [7]. Therefore,
in recent years, many studies have investigated ow
control on micro and nano scales. Flow control at these
dimensions is always challenging and existing methods
are unable to meet some of the needs of the researchers.

In droplet generation processes, continuous gen-
eration of small droplets with constant distances and
constant generation speeds is essential [8]. There-
fore, droplet generation and movement processes and
control methods for droplet diameters are of high
signi�cance [9].

The �rst study investigating droplet generation
and formation using continuous jet ows was carried
out by Lord Riley [10] which was the base of inkjet
printers.

Droplet generation methods can be divided into
passive and active methods:

1. Passive methods (hydrodynamic methods),
including T-junction, Cross-junction, and co-
owing methods, are the methods that do not
require external power. The basis of these methods
is the use of a shear strain mechanism, which is
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usually applied from one uid to another based on
their relative placement. In this regard, Kalan-
tarifard et al. [11] demonstrated that reduction
of hydrodynamic pressure loss in T-junctions im-
proved monodispersity of droplets. Hoseinpour
and Sarreshtehdari [12] demonstrated that in a T-
shaped microchannel, for low capillary numbers,
decreasing the junction angle from 90� to 80�
and 60� causes smooth mixing of uids for the
reaction without any vibration or shaking. Teo
et al. [13] demonstrated successful micro droplet
manipulation in T-junctions by applying an AC
electric �eld. In another study, Tan et al. [14] used
a liquid-liquid mechanism in an ori�ce cross-section
to produce micro-scale droplets. They managed to
control droplet diameter by controlling input ow
rates. In another study [15], the e�ect of using
nanouids on droplet formation in T-junction micro
channels was investigated. It was concluded that
using nanouids decreased droplet size. Therefore,
nanouids can be used as good alternatives rather
than chemical additives in droplet generation sys-
tems;

2. Active methods are methods that require exter-
nal power. Some of the active methods are:
- Droplet generation using pneumatic actua-

tors [16,17] in which an air chamber (syringe) is
used for actuating uid and droplet generation;

- Droplet generation using piezoelectric actuators
in which a piezoelectric crystal is used for actu-
ating the uid and droplet generation [18]. For
example, Li et al. [19] developed a resonant piezo-
electric to generate continuous micro-droplets
from high viscosity liquids. They mentioned that
the silicone oil with the large viscosity of 150
cps could be easily manipulated by the proposed
system;

- Droplet generation using optical actuation: Using
optical power to manipulate and control micro-
scale droplets in liquid has attracted growing
attention in the �eld of microuidics [20]. In
this method, cavitation bubbles are created in
water by laser irradiation which pushes water
into the oil to generate aqueous droplets [21]. On
the other hand, the droplet size and generation
frequency can be changed using this method
because heating the uid by optical techniques
reduces the viscosity and interfacial tension, lead-
ing to changes in droplet diameter [22,23].

Acoustic actuators, pneumatic actuators, electro-
static actuators, and electro-hydrodynamic actu-
ators are other actuators used for active droplet
generation [24].

In recent years, ow excitation and mixing of two ows

Figure 1. Viscosity changes with temperature.

using a focused light beam based on the thermo-viscose
expansion method have been proposed [25]. In this
method, a periodic temperature distribution is applied
to the uid via a light beam, which causes the uid
to be alternately heated and cooled. With increase
in uid temperature as a result of the light beam, the
uid expands and its viscosity decreases, which leads to
the movement of the uid. Viscosity variations versus
temperature are shown in Figure 1.

Heating using a laser beam is important because
it is able to create very small temperature oscillations
within fast pulses in the uid and, thus, to fully
control uid movements. According to the �ndings of
Yariv and Brenner [26], even in the absence of gravity,
unsteady temperature �elds in thermally expandable
uids will always be accompanied by ow. Pal and
Chakraborty [27] used this approach to investigate a
generated time-averaged spatially uniform ow pro�le
by imposing traveling temperature wave in a microu-
idic channel. They found that ow rate was a linear
function of Reynolds number. In another work, consid-
ering periodic temperature oscillation over a at plate,
Pal and Chakraborty [28] reported that the entire ther-
mal uctuation and the subsequent thermos-viscous
actuation (for a semi-in�nite uid bounded by a at
plate) were con�ned within a thermo-viscous boundary
layer. They proposed three di�erent layers, namely
the wall layer, the intermediate layer, and the outer
layer, based on the length scales and the analytical
solution for the temperature �eld, and demonstrated
that a unidirectional time-averaged ow within the wall
layer opposite to the direction of motion of the thermal
wave occurred.

Furthermore, several studies on microscale ow
generation and micro mixing by thermo viscous expan-
sion due to laser spot movement were carried out by
Weinert et al. [29{31].

As mentioned in the literature review, to this
day, the thermo-viscose expansion method was used
only for moving the uid or mixing enhancement
in the microchannels and no study has investigated
droplet formation using this method. The aim of
this study is the simulation and feasibility study of
micro-scale droplet generation using thermo-viscose
expansion. To this end, a new geometry is proposed for
droplet-generating microchannel and a new function is
introduced for temperature distribution using a laser
beam.
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2. Governing equations

In the current study, the Volume Of Fraction (VOF)
model is used which is designed for following the
location of free surfaces of two or more immiscible
uids [32]. The success of this method for simulation of
ows and droplet deformations has been demonstrated
in previous studies [33].

The governing equations are continuity, momen-
tum, and energy equations. When two uids are in
contact with each other, mass transfer equation is also
added to these equations.

The general form of continuity equation is as
follows:
D�
Dt

+ ~r � �~V = 0: (1)

The changes in density and viscosity of two phases in
their cross-section are presented by Eqs. (2){(7) [34]:

�(x; t) = �g + (�l � �g)�(x; t); (2)

�l = �l0[1� �T (T � T0)]; (3)

�g = cte; (4)

�(x; t) = �g + (�l � �g)�(x; t); (5)

�l = �l0[1� �T (T � T0)]; (6)

�g = cte; (7)

where �0 and �0 are density and viscosity at the
reference temperature, T0. Given the fact that in
the current study, only water is considered in thermo-
viscose expansion, Eqs. (5) and (6) are suggested in
which �T is the thermal expansion coe�cient that
shows the volume changes in the uid over time based
on the reference temperature, while �T is the thermal
viscosity coe�cient. T is the temperature of each cell
that changes over time. � is the ratio of volume of each
phase to the volume of the cell, which is de�ned using
the following conditions in VOF method:8><>:� = 1 water

0 < � < 1 water-air interface
� = 0 air

(8)

The value of � is determined through the phase transfer
equation [35]:
D�
Dt

=
@�
@t

+ ~V ��� = 0: (9)

The momentum equation for incompressible ows is:
@
@t

�
�~V
�

+r;��~V ~V � = �rP

+
h
�
�r~V +r2~V

�i
+ Fs: (10)

The surface tension model used in this study is the

Table 1. Properties of uids used in this study.

Parameter Value (unit)
�l0 998.2 (kg/m3)
�g 1.225 (kg/m3)
�l0 0.001003 (kg/m.s)
�g 1.7894� 10�5 (kg/m.s)
�T 3:0� 10�4 (K�1)
�T 2:2� 10�2 (K�1)

Continuum Surface Force (CSF) model. In this model,
the forces resulting from surface tension are calculated
using the following equation:

Fs = ��r�: (11)

Interface curvature is calculated using the following
equation [35]:

� = r �
� r; �
jr; �j

�
: (12)

Furthermore, energy equation is:

�Cp
DT
Dt

= �TT
DP
Dt

+ ~r � �k~rT� : (13)

By substituting Eq. (13) in continuum and density
equations, the following equation is produced:

��0�T
DT
Dt

+ �0[1� �T (T � T0)]~r � ~V = 0: (14)

The properties of uids used in the current study
(water and air) are shown in Table 1.

3. Validation

3.1. Comparison with the results of Tan et
al. [14]

Micro- and nano-scale droplet generation using piezo-
electric actuators was investigated in an experimental
study by Tan et al. [14]. The schematic of this
mechanism is shown in Figure 2. The basis of this
mechanism is controlling the mass ow of two uids in
which oil is used as the continuous phase, while water is

Figure 2. Schematic of the mechanism proposed by Tan
et al. [14].
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Figure 3. Formation of water droplets in oleic acid [14].

considered as the separated phase. Both water and oil
uids enter the cylindrical geometry shown in Figure 2
and droplets are formed on the surface of water due to
shear strain derived from one of the uids (oleic acid)
and shape geometry. Figure 3 shows the formation of
water droplets in oleic acid reported by Tan et al. [14].
Figures 4 and 5 show the results of the current study.
Droplet shapes and radii are in good agreement with
the experimental results of Tan et al. [14].

3.2. Comparison with the results of Winter et
al. [29]

Winter et al. [29] investigated the microscale uid
ow induced by thermo-viscose expansion e�ects due

Figure 4. Formation of water droplets in oleic acid
Qoil = 6 �l/min and Qwater = 0:5 �l/min [14].

Figure 5. Droplet radius versus oil ow rate.

Figure 6. E�ects of temperature change on ow velocity
in the study by Weinert et al. [29].

to a traveling temperature wave. They used a
Gaussian temperature distribution function (�T (~r) =

�T0 cos(kx)e
�2

2b2 ) in order to heat and stimulate the
uid in which k is calculated using the wavelength
equation � = 2�

k , b is the wave bandwidth, and �T0
is the range of temperature oscillations. Figure 6
compares the uid velocity obtained by Weinter et
al. [29] with those of the present work. Figure 7(a) and
(b) present the temperature wave induced in the uid
due to the laser beam obtained by Weinter et al. [29]
and the present study, respectively. Good agreement
between the results can be seen.

4. Geometry of microchannel

The novel geometry used in the present paper to create
micro droplets is shown in Figures 8 and 9. This
method uses temperature oscillations produced using
a laser beam to generate droplets. This geometry
consists of two nozzles �lled with water injected in
the air ow in the right-hand channel. An expansion
chamber is placed between these two nozzles in which
water is heated and expanded using a laser beam. In
this model, water is used as the separated uid, while
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Figure 7. Temperature contours presented by (a)
Weinert et al. [29] and (b) the present study.

air is used as the continuous uid. The expansion
chamber is characterized by 300 �m length and 200 �m
width. Diameter of the nozzles changes depending on
the geometry of the setup. However, the geometry of
air injection channel is unchanged (length: 800 �m
and width: 500 �m). The current study proposes the
following Gaussian temperature distribution function
for thermal actuation of the uid:

T (x; y; t)=283+C cos
��
�
x
�
e
�y2

2b2

�
1�sin

�
t�
180

��
;

(15)

where � = 700 �m is the wavelength and b = 200 �m
is the bandwidth of the laser beam. According to
Eq. (15), temperature alternately changes versus x and
t. Heating causes an increase in the volume of water

Figure 9. Technical characteristics of the proposed
microchannel.

inside expansion chamber, causing the uid to exit the
tank. Since the diameter on the left side of the chamber
is very small, water exits from the right side, which
yields micro droplets. Then, due to altering nature
of the temperature, the temperature in the expansion
chamber decreases, causing the water to contract. This
results in water being sucked in from the left side in
order to compensate for the pressure drop. In the next
step, the water is heated again and droplet generation
process is repeated.

This process is simulated using the VOF method.
In order to create initial equilibrium conditions be-
tween two uids so that none of the two phases can
di�use into each other, the pressure in border condi-
tions at the entrance and exit is equal to atmospheric
pressure with the initial temperature being constant in
the entire area and equal to 283 K.

5. Results and discussion

As mentioned before, one of the main novelties of the
current approach is using two nozzles in tandem as
recti�er. The reason is that using one single nozzle does
not lead to suitable results. As mentioned in Figure 10,
using a single nozzle causes air to be sucked into the

Figure 8. Schematic of the simulated microchannel with entrance and exit border conditions.
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Figure 10. Schematic of the simulated microchannel with
a single nozzle.

Figure 11. Droplet generation steps (C = 0:5).

nozzle, which means that the droplets will not have
uniform diameters.

Figure 11 shows the e�ect of using two tandem
nozzles on droplet generation by thermo-viscose expan-
sion. In this setup, the only cause of ow in uid �lm
is the thermo-viscose expansion. Since uid and ow
properties are temperature dependent and temperature
is applied to the uid as a time-dependent heat wave,
uid ow acts similar to this wave. This means that
we see the ow domain changes with a frequency equal
to that of the heat wave.

In order to inject water into the air, it is necessary
to have an actuator. As mentioned before, many
previous studies use piezoelectric actuators for this
purpose. In the present study, for the �rst time,
thermo-viscose expansion is used for uid actuation
and droplet generation. To this end, the �rst uid
behavior was investigated without application of the
Gaussian temperature function of Eq. (15). Pressure

on both sides of nozzle was considered equal to at-
mospheric pressure and Navier{Stokes, continuum and
energy equations were solved for both uids at time
steps of 0.01 microseconds to 1 second. The results
demonstrated that two uids were in equilibrium under
these conditions.

After ensuring the initial equilibrium of uids,
water was actuated by using the Gaussian temperature
of Eq. (15). Figure 11 shows the droplet generation
process and water injection due to thermos-viscose
expansion. By applying the heat function based on
Eq. (15), water temperature increases locally, causing
it to expand and move. Using a second nozzle on
the left side of the main nozzle prevents ow to the
left side. This means that the second nozzle creates
a unidirectional ow. This causes the ow to move
only to the right and generate droplets. Since water
heats and cools in an alternating process, droplets form
uniformly with similar diameters and at orderly time
intervals.

Initially, the uid volume starts to increase from
4.5 �s to 5 �s and begins contraction at 5 �s. Fluid
reaches a semi-stable ow between 8 and 14.5 �s and
thermal expansion starts again at 25 ms leading to the
generation of the next droplet.

Since temperature changes directly a�ect thermo-
viscose expansion, changes in parameters of Gaussian
function (Eq. (15)) can control the volume and pressure
of uid exiting the nozzle, thus causing controlling
droplet diameter. To this end, temperature, density,
viscosity, and pressure were measured at the centerline
of the expansion chamber (Figure 12, black line).

Figure 13 shows the viscosity variations along the
centerline of the expansion chamber for various thermal
wave amplitudes, C. This graph is a cosine graph
and as expected, viscosity decreases with increase
in temperature. Since, according to Eq. (15), the
maximum temperature is at the center of the expansion
chamber, this location will have the lowest viscosity.
Decrease in viscosity decreases uid friction with the
walls and increases droplet diameter.

Figure 14 shows the density variations along the
centerline of the expansion chamber for various thermal
wave amplitudes. This graph is also a cosine graph in
which density is reduced with increase in temperature.
The decrease in density results from the expansion of
the liquid due to heating, leading to droplet generation.

Figure 15 shows the e�ects of changes in output
diameter of the nozzle on pressure distribution along
the central line for C = 0:5 and t = 50 �s. Despite the
symmetrical nature of temperature function (Eq. (15))
and density and viscosity distributions, pressure at the
exit (right) of the expansion chamber is lower than that
at the entrance (left) of the expansion chamber. The
reason is using the second nozzle on the left side of
the expansion chamber, which increases pressure and
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Figure 12. Temperature contour and measurement location for uid properties.

Figure 13. Viscosity variations along the centerline of the
expansion chamber for various thermal wave amplitudes.

Figure 14. Density changes along with central line.

creates a unidirectional ow. The maximum pressure
occurs in a location near the center of expansion cham-
ber which has the highest temperature. The hottest
point has the highest expansion rate and, subsequently,
the maximum pressure.

Increase in nozzle diameter signi�cantly decreases

Figure 15. Pressure changes at the center of expansion
chamber for thermal coe�cient of 0.5 at 50 �s.

Figure 16. Pressure change graphs for di�erent thermal
coe�cients and constant 7 nozzle at 50 �s.

the pressure in the expansion chamber because with
increase in nozzle diameter, the speed of droplet gen-
eration increases, which leads to pressure drop in the
expansion chamber.

Figure 16 shows the e�ects of temperature varia-
tions on pressure distribution in the expansion cham-
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Figure 17. Temperature contour plot for di�erent expansion chamber lengths, from left to right, 300, 250, 200, and 150
micrometers.

ber. With increase in temperature, pressure also
increases. Increase in temperature leads to decrease
in uid density and increase its volume. This increase
in volume leads to increase in the pressure inside
the chamber and uid tends to compensate for this
increase in pressure, which leads to droplet generation.
Then, due to the oscillating nature of temperature, the
water temperature drops below 283 K. This decrease
in temperature leads to decrease in uid volume,
which causes suction at the entrance. This process
remains continuous during the operation. Larger
temperature changes lead to a greater increase and
decrease in uid volume, which can be clearly seen in
pressure graphs. Increase in thermal coe�cient leads
to signi�cant changes in pressure, leading to di�erent
droplet diameters. As can be seen in pressure graphs,
increase in temperature leads to increase in pressure
inside expansion chamber. This means that increase
in temperature increases the volume of the uid inside
the tank, which causes increase in pressure.

Figure 17 shows the temperature contour map
inside the expansion chamber. Since the wavelength,
�, and the wavelength bandwidth, b, of the heat
wave are constant, the number of peak points on the
temperature contour map increases upon increasing the
chamber length.

Figure 18 shows the e�ects of changes in the
length of the expansion chamber on the maximum pres-
sure. As can be seen, increase in expansion chamber
length increases the maximum pressure. This is due
to the fact that the volume of the expansion chamber
increases with increase in the length. This means
that a larger volume of uid is a�ected in expansions
and contractions during temperature variations, thus
leading to higher pressure inside the tank.

Table 2 shows the e�ects of change in the expan-
sion chamber length on droplet formation time and
droplet diameter for C = 0:5. As mentioned before,
increase in the length of the expansion chamber leads to
increase in pressure, which increases droplet formation.
However, droplet generation time is reduced with
increase in the length of the expansion chamber because
increase in the length also increases the number of
waves in the expansion chamber.

Figure 18. The e�ects of changes in expansion chamber
length on pressure at 50 �s.

Table 2. The e�ects of changes in tank length on droplet
diameter.

Droplet
generation time

(�s)

Droplet
diameter

(�m)

Tank
length
(�m)

23.6 5.9 300
24.22 4.96 250
24.8 3.36 200
25.6 2.67 150

Table 3 shows the e�ect of changes in temperature
and nozzle diameter on droplet diameter and droplet
formation time. The e�ect of nozzle diameter on
droplet size is also shown in Figure 19 for thermal
coe�cient C = 0:5. It is obvious that larger noz-
zles generate larger droplets. On the other hand,
increase in thermal coe�cient, C, increases droplet
diameter. The droplet size is directly related to the
viscosity and inversely related to interfacial tension.
Both viscosity and interfacial tension decrease with
increasingtemperature, but the decrease in viscosity
is more severe. Therefore, increasing the temperature
causes the droplets to become larger [24].
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Table 3. The e�ect of temperature and nozzle diameter
variations on droplet diameter and generation time.

Droplet
formation

time
(�s)

Droplet
diameter

(�m)

Nozzle
diameter

(�m)

Thermal
coe�cient

23.6 5.7 6 0.5
24.2 6.1 7 0.5
25 6.3 8 0.5
21 5 6 0.4

21.8 5.2 7 0.4
22.2 5.3 8 0.4
32.5 4.2 6 0.35
33.5 4.35 7 0.35
35 4.7 8 0.35

59.5 2.5 6 0.25
61.5 2.65 7 0.25
62.8 2.75 8 0.25

According to the results, Droplet formation time
is directly proportional to droplet diameter because
with increase in droplet size, a longer time duration
is required for droplet generation. A sharp increase
in formation time is observed for C = 0:25. The
reason is that despite the formation of droplets in one
operational cycle, due to the small size, droplets are
swallowed again into the nozzle and released in the
second cycle with a larger volume.

It can be concluded from Tables 2 and 3 that the
size of the droplets produced by the presented micro
pump not only depends on the working uid properties
and the pump geometry, but also is a function of the
light beam characteristics such as thermal coe�cient,
while for the passive droplet generators, the size of
the droplets is only a function of the properties of the
uids and the channel geometries [13]. This means
that despite the passive droplet generators, the pre-
sented micro pump is a controllable droplet generator.
Furthermore, the minimum droplet size produced by
the passive droplet generators is 10 �m [24], while the
droplet size for the current micro pump is lower.

6. Conclusion

In this study, a novel micro pump including an expan-
sion chamber and two recti�er nozzles was proposed
that could produce continuous droplets through inter-
mittent heating and cooling of the working uid. The
results demonstrated the good ability of the proposed
micro pump for rapid generation of continuous micro
droplets. Increase in nozzle diameter led to larger
pressure drop in the expansion chamber because of
the higher speed of droplet generation. On the other
hand, increase in thermal wave amplitude raised the
pressure in the expansion chamber, hence larger droplet
diameters at the exit of the micro pump. Furthermore,
increase in the length of expansion chamber leads
to greater pressure, which increased droplet diameter
while decreasing droplet generation time.

Nomenclature

b Wavelength bandwidth
C Thermal wave amplitude
cp Speci�c heat capacity
Fs Surface forces
k Thermal conductivity
p Pressure
r; r0 Free variables
Re Reynolds number
t Time
T Temperature
v velocity

Greek symbols

�T Volumetric thermal expansion
coe�cient

� Volume fraction function
�kl Kronecker delta
�th. Thermal penetration length
�T Thermal viscosity coe�cient
� Interface curvature

Figure 19. The e�ect of nozzle diameter on droplet size.
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� Thermal wave length
� Viscosity
� Tension
� Density
� Free function
� Partial derivative symbol
r Partial derivative operator

Subscripts

0 Reference state
! Vector
th. Thermal
l Liquid
g Gas
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