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Abstract This paper reports experimental investigations on the droplet formation and size
manipulation of deionized water and nanofluids in a microfluidic T-junction at different
temperatures. Investigations of the effect of microchannel depths on the droplet formation
process showed that the smaller the depth of the channel the larger the increase of droplet
size with temperature. Sample nanofluids were prepared by dispersing 0.1 volume % of
titanium dioxide (TiO;) nanoparticles of 15 nm and 10x40 nm in deionized water for their
droplet formation experiments. The heater temperature also affects the droplet formation
process. Present results demonstrate that nanofluids exhibit different characteristics in
droplet formation with the temperature. Addition of spherical-shaped TiO, (15 nm)
nanoparticles in deionized water results in much smaller droplet size compared to the
cylindrical-shaped TiO; (10x40) nm) nanoparticles. Besides changing the interfacial
properties of based fluid, nanoparticles can influence the droplet formation of nanofluids by
introducing interfacial slip at the interface. Other than nanofluid with cylindrical-shaped

nanoparticles, the droplet size was found to increase with increasing temperature.
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1 Introduction

Because of the potential applications of droplet-based microfluidics in various important
fields such as chemical or biochemical analysis, high throughput screening, and fabrication
of microparticles, the formation and manipulation of microdroplets is receiving increased
interest from researchers worldwide (Joanicot and Ajdari 2005; Song et al. 2006;
Whitesides 2006; Christopher and Anna 2007). Although droplet-based microfluidics is
still in its early development stage (Whitesides 2006), applications such as reaction
platforms for protein crystallization (Zheng et al. 2003), cell encapsulation (He et al. 2005),
polymerase chain reaction (PCR) (Guttenberg et al. 2005) and DNA analysis (Burns et al.
1998) have been reported. Several research efforts have been made on droplet formation
devices and techniques, particularly droplet patterns variation in microchannels. For
example, the flow focusing device has been used to form small-sized droplets by simply
increasing the flow rate of the carrier fluid (Ong et al. 2007) or introducing heating effect
(Nguyen et al. 2007). Geometrical techniques have been used to create droplets of various
sizes and size distributions (Link et al. 2004). In microfluidics, T-junction microchannel is
one of the most frequently used configurations for droplet formation and manipulation
(Thorsen et al. 2007; Nisisako et al. 2002; Xu et al.2006). The wide usage of this T-
junction geometry is due to the ease of droplet formation and uniformity of the formed
droplets. Thorsen et al. (2007) used pressure-controlled flow in a T-junction microchannel
to generate water droplets using different types of oils. They reported that the droplet size
increases with increasing dispersed phase pressure. Whereas Nisisako et al. (2002) showed
a decreased in droplet size with increasing flow rate of the continuous phase. The droplet
formation at a T- junction microchannel through shear force between two immiscible fluids

can be controlled by various ways such as fluids’ flow rates, viscosities, the interfacial
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tensions as well as the channel geometry (Link et al. 2004; Schroder et al. 1998; Van der
Graaf et al. 2006; Nguyen et al. 2006). Thermally mediated droplets breakup in
microchannels was also reported in the literature (Ting et al. 2006).

In droplet-based microfluidics, water is most commonly used as the aqueous phase (also
called dispersed phase) to generate droplets through various droplet formation devices such
as T-junction microchannel and flow focusing device. On the other side, nanofluid is a new
and innovative class of fluids, which is engineered by dispersing nanometer-sized particles
in conventional fluids such as deionized water. From the investigations in the past decade
nanofluids were found to exhibit different thermophysical and interfacial properties such as
thermal conductivity, viscosity, and surface tension as compared to their base fluids (Lee et
al. 1999; Murshed et al. 2005; Li and Peterson 2006; Murshed et al. 2008). Apart from the
enhanced thermophysical and interfacial properties of nanofluid, this fluid is suitable for use
in microfluidics because they contain nanoparticles, which are orders of magnitude smaller
than the microfluidic devices themselves. Although the research fields of droplet-based
microfluidics (Christopher and Anna 2007) and nanofluids (Murshed et al. 2008a) have
attracted great interest of from both communities, no effort has been made to study the use
of nanofluids in droplet-based microfluidics.

In this study, we experimentally investigate the formation and manipulation of droplets
of deionized water and deionized water-based nanofluids in T-junction microchannel at
different temperatures. The effects of microchannel depth and dispersed nanoparticles on

the droplet formation process are also studied.

2 Experimental details
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Droplets in microchannels are usually generated by two configurations, which are T-
junction and flow focusing through a small orifice. Usually, the design of the microchannel
is simple and no electrical component is integrated. In this study, two microfluidic T-
junction devices with integrated microheater and temperature sensor were designed and
fabricated for conducting experiments on temperature dependence of droplet formation and

size manipulation.

2.1 Design and fabrication process

The T-junction devices were fabricated wusing micromachining of glass and
polydimethylsiloxane (PDMS). One of the advantages of using PDMS is its better surface
finishing as compared to laser machined polymethyl-methacrylate (PMMA) devices
(Nguyen et al. 2006; Ting et al. 2006). A low cost transparency mask is used together with
lithography process to create the pattern on the glass wafer. After development, titanium
layer of 500 A thickness and platinum layer of 1000 A thickness are deposited on the glass
wafer. Titanium is used as the adhesion layer between glass and platinum while platinum
layer acts as heater and temperature sensor. Thereafter, a lift-off process is used to remove
the excess metal and the glass micro heater and sensor is ready for use. The microchannel
network was fabricated in PDMS using soft lithography. The master mold was fabricated
by photo lithography of the thick-film resist SU-8 using a transparency mask. The glass
wafer with the patterned microheater and microsensor was subsequently coated with a thin
PDMS layer before being bonded to the PDMS part containing the microfluidic network.
This step makes sure that all channel walls have the same properties. Bonding is achieved
using oxygen plasma treatment on both PDMS surfaces. The alignment was performed

manually after the oxygen plasma treatment. The widths of the carrier channel and the
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injection channel of both T-junction devices are 100 um and 50 pm, respectively whereas
the depths of channels of two devices are 300 um and 30 um. While the sensor detects the
temperature at the microchannels, the microheater provides localized heating. The area of
the fabricated microdevices measure 1x 1 cm®. Schematic of the T-junction is shown in Fig.

1.
2.2 Experimental setup and procedure

In order to form droplets at the T-junction, two precision syringe pumps (KD Scientific Inc.,
USA) were used to drive the oil and the aqueous fluids. The flow rates of both the carrier
fluid and aqueous fluids were adjusted to form uniform droplets. The temperature sensor
was calibrated before the experiments so that its resistance values can be used for in-situ
temperature measurement. The temperature was adjusted by changing the voltage of the
heater and was monitored through the resistance of the sensor. An epi-fluorescent inverted
microscope with a filter set (Nikon B-2A) was used to observe the droplets. A sensitive
CMOS camera (Basler A504K, Basler AG, Germany), which has a maximum resolution of
1.3 Megapixels and a maximum frame rate of 500 fps, was employed for recording the
droplet images. The recorded droplet images were then processed by a customized
MATLAB program to obtain the droplet diameter. Since the measured droplet diameter is
larger then the channel height, the droplets have the form of a disc. Based on a recent
correlation by Nie et al. (2008), the equivalent diameter of a spherical droplet with the same

volume can be determined from

D,, :2{%[2D3—(D—h)2(2D+h)]}”3 (1)
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where h is the depth of the channel (i.e. 300 um and 30 um) and D is the measured
diameter of the disk. In this study, the equivalent droplet diameters are determined using

Eq. 1.

2.3 Sample preparation and characterization

In this study, two types of sample nanofluids were prepared by dispersing 0.1 volume
percentage of titanium dioxide (TiO,) nanoparticles of 15 nm (spherical-shaped and anatase
type) and 10x40 nm (cylindrical-shaped and rutile ) in deionized water. While mineral oil
(Sigma 5904, Sigma-Aldrich, Singapore) with 2% w/w Span 80 surfactant (Sigma S6760)
was used as the carrier fluid in microchannel, deionized water (DIW) and nanofluids with
0.05% w/w fluorescence dye (Sigma F6377) were used as the aqueous fluids for the droplet
formation.

Since viscosity and interfacial tension are important parameters in droplet formation and
manipulation, the temperature dependence of these properties of carrier fluid and aqueous
fluids are characterized. The interfacial tension of the aqueous fluids was measured with a
tensiometer system (FTA 200, First Ten Angstroms, USA), while viscosity was measured
with a low-shear rheometer (LS 40, Mettler Toledo, Switzerland) at different temperatures.
The experimental facilities were calibrated by measuring these properties of deionized

water.

3 Results and discussion

3.1 Temperature dependence of viscosity and interfacial tension
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The normalized viscosity and interfacial tensions of carrier fluid and aqueous fluids as a
function of temperature are presented in Fig. 2. These properties are normalized by their
nominal values at 25°C i.e. 0" =n(T)/n(T =25°C) andy =vy(T)/y(T =25°C). While
viscosities of mineral oil with 2 w/w % surfactant (Span 80) and nanofluid at 25°C are 26.4
mPa.s and 0.93 mPa.s, respectively, the interfacial tension of DIW/oil and nanofluid/oil
systems at 25°C are 27.35 mN/m and 15.9 mN/m, respectively. The effective viscosities of
sample fluids are found to decrease significantly with increasing fluid temperature. The
slightly low rate of decreasing viscosity of nanofluid with temperature compared to mineral
oil could be due to nanoparticles clustering, and interaction potential which can mollify the
effect of temperature for nanofluid. Figure 2 also shows that nanofluid exhibits
significantly smaller interfacial tension in mineral oil compared to that of base fluid. In
contrast to deionized water, the measured data for interfacial tension of nanofluid show
nearly linear trend of decreasing with increasing temperature. The results clearly
demonstrate that the interfacial tensions of this TiO, (15 nm)/DIW-based nanofluid are
significantly smaller and decrease more rapidly with temperature than those of the base
fluid. The reason is that nanoparticles can easily experience Brownian motion and interact
with the liquid molecules resulting to a reduced cohesive energy at the interface. Moreover,
an elevated temperature intensifies the Brownian motion and it is known that the lower the
cohesive energy the smaller the surface or interfacial tension. Furthermore, nanoparticles
can be adsorbed at an interface e.g. liquid-liquid and function in similar ways to surfactants

to reduce the surface tension or interfacial tension (Binks 2002).

3.2 Droplet formation
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Although several studies (Song et al. 2006; Xu et al. 2006; Garstecki et al. 2006) discussed
the droplet formation process at T-junction, it will be briefed in this subsection for easy
understanding by non-microfluidic researchers such as those working on nanofluids.

Similar to the mechanism of the interfacial tension measurement i.e. pedant drop
method, the droplet formation process in T-junction holds the same concept. During the
droplet formation, the interfacial tension between the two phases (i.e. carrier fluid and
aqueous fluid) is large enough to hold the droplet from detachment. At the same time, the
extruded aqueous phase volume grows as the flow proceeds which means that the effective
drag force increases as the droplet grows. When the droplet growth reaches a stage
whereby the drag force is large enough to overcome the interfacial tension force, the droplet
will be detached and carried away downstream. Thus, the force balance between the shear
force and the interfacial tension force determine the droplet size formed inside the
microchannel. Recorded images shown in Fig. 3 depict the droplet formation process of DI
water at the T-junction. At the initial stage of droplet formation, the aqueous phase extrudes
into the main channel (channel for carrier fluid) and forms a half disk like extrusion as
shown in Fig. 3a. As the flows proceed the extruded aqueous phase starts to grow and gains
more volume. Meanwhile, the continuous flow of carrier fluid in the main stream deforms
the extruded aqueous phase. Figure 3b illustrates the moment right before the detachment
of the droplet and form into a droplet. The characteristic necking was clearly observed in
our experiments as shown in Fig. 3b. The necking helps to connect the droplet between the
aqueous phase inlets. Figure 3b also represents unconfined breakup of droplet which is
expected because the width of the carrier channel is much larger than that of the injection
channel of the T-junction devices used in this study. This unconfined breakup confirms that
droplet size is primarily controlled by local shear stress (Christopher and Anna SL 2007). A

newly formed droplet whose shape is not yet steady is depicted in Fig. 3c.



Microfluid Nanofluid

3.3 Effect of channel depth

The size of the droplet formed in a T-junction also depends on the dimensions of the
devices (Xu et al. 2006). The effect of channel depth on the droplet formation process is
investigated by using two T-junction devices of different depths (300 um and 30 pm) and
keeping the flow rate ratio and average flow velocity constant. Figure 4 depicts the
normalized (by their nominal values at 25°C) droplet sizes for both channel depths as a
function of temperature. At 25°C, the droplet sizes of deionized water formed in the T-
junctions of 300 um and 30 pm channel depths are found to be 334 pm and 85 um,
respectively. For the experiments with T-junction device of 300 um channel depth, the flow
rates of aqueous fluids (DI water) and the carrier fluid (oil) were 60 pul/h and 120 pl/h,
respectively. It is found that the overall droplet size increased by 12% when the heater
temperature increased from 25°C to 39°C (see Fig. 4). During experiment with T-junction
device of 30 um channel depth, the same flow rate ratio of 1:2 (i.e. DIW flow rate/oil flow
rate) was used. However, as the channel depths of this device is ten times smaller than the
other device, both flow rates are kept ten times smaller which are 6 pl/hr and 12 pl/hr for
aqueous fluid and carrier fluid, respectively. The lower flow rates make sure that the
average flow velocity, which is proportional to the flow rate over the channel depth,
remains same for both channel depths. Figure 4 also demonstrates that the increase of
droplet size with temperature is substantially higher for smaller channel depth than that of
the larger depth channel. For example, for an increase in temperature of about 14°C, the
overall droplet size increase for this T-junction device (30 um depth) was observed to be
about 53% whereas increase in droplet size for larger channel depth (i.e. 300 pm) was only

12%. This is because the heating effect becomes more significant for the smaller channel
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depth compared to the larger one resulting in larger increase in droplet size with
temperature. Due to the smaller cross sectional area, the thermal gradient around the T-
junction of the smaller depth channel is larger compared to the larger depth channel. The

effect of thermal gradient on droplet size will be discussed in the following section (i.e. 3.4).

3.4 Effects of temperature and dispersed nanoparticles on droplet size

Fixing all geometrical parameters as well as the flow rates, the control over droplet size can
be achieved with precise control of the temperature at the T-junction. In addition,
dispersion of nanoparticles in the base fluid can also influence its droplet formation and size
manipulation. In order to investigate these effects, the droplets of DI water and nanofluids
were produced at a T-junction microchannel of 30 um depth at different temperatures and at
constant flow rates 6 pl/h and 12 pl/h for the aqueous fluids (DI water and nanofluids) and
the carrier fluid (oil), respectively. Figure 5 shows the recorded images for the effect of
temperature on droplet size for deionized water. The images clearly demonstrate that with
an increase in temperature the droplet size increases significantly. It can be seen from Fig.
6 that the overall increase of DI water droplet size is about 53% for an increase in
temperature of only 14°C (i.e. from 25°C to 39°C). The heater generates a thermal gradient
in the carrier fluid around the T-junction resulting in a lower viscosity and a reduced
interfacial tension between aqueous fluid and carrier fluid. The increase of temperature
results in a faster decrease in viscosity than the interfacial tension (see Fig. 2). The
extended droplet detachment time leads to larger droplets compared to those formed without
any thermal effect. In addition, the droplet diameter is proportional to the ratio between the

interfacial tension and the dynamic viscosity (Nguyen et al. 2007; Taylor 1934). Therefore,
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the size of formed droplet in a microchannel increases with increasing heater temperature as
shown in Figs. 4-6.

Figure 6 also compares the droplet sizes of deionized water and TiO, (15 nm)/deionized
water-based nanofluid at different temperatures. The droplet sizes for these aqueous fluids
were found to increase nonlinearly with increasing temperature. It can be seen from Fig. 6
that the droplet sizes of nanofluids are smaller than that of the base fluid and the
dependency on temperature is less significant compared to the base fluid. Interestingly, this
is in contrast to the trend observed in our previous work (Murshed et al. 2008). This is
mainly because of different dimensions of microchannels and different flow rates of fluids
used in present study. Nevertheless, the formation of smaller droplets in this study for this
nanofluid compared to its base fluid may indicate the different flow regimes experienced at
the T-junction. The difference between droplet sizes for nanofluid and deionized water
(Fig. 6) is due to the different viscosity and interfacial properties of nanofluids as compared
to DI water. During flowing through microchannels at such small flow velocity the
agglomeration and sedimentation of nanoparticles may take place (Wen and Ding 2006;

Timofeeva et al. 2007), which may also affect the droplet formation process.

3.5 Effect of nanoparticle shape on size of nanofluid droplet

The effect of nanoparticle shape on the droplet formation at different temperatures are also
studied by using two different shapes (spherical and cylindrical) of TiO, nanoparticles in
deionized water and the results are presented in Fig. 7. The T-junction microdevice of 30
pum channel depth was used for these experiments. The droplet size of nanofluid containing
cylindrical-shaped nanoparticles was found to decrease with increasing temperature. This is

in contrast to the trend observed for deionized water and other nanofluid. The reason for

11
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such decreasing trend of droplet size is unclear at this moment and requires further
investigations. Figure 7 also shows that addition of cylindrical-shaped nanoparticles in
deionized water results in much larger droplet size compared to the spherical-shaped
nanoparticles. Besides changing interfacial tension of DI water, nanoparticles can introduce
interfacial slip at the interface. Such interfacial slip reduces the shear and can allow the
droplet to grow. Due to alignments of cylindrical-shaped nanoparticles their interfacial
shear can be smaller leading to larger droplet size as compared to nanofluids with spherical-
shaped nanoparticles. Since no study was reported in the literature regarding the droplet
formation of nanofluids at microfluidic T-junction, no comparison of the present results can

be made.

4 Conclusions

From this study on droplet formation and size manipulation of deionized water and
deionized water-based nanofluids in heat-induced microfluidic T-junctions, the following
conclusions can be drawn.

First, the droplet size of deionized water was found to increase with increasing the
heater temperature. This demonstrates that heating with an integrated microheater at the T-
junction can effectively control the droplet formation and size manipulation.

Second, nanofluids exhibit different characteristics in droplet formation and size control
with the temperature as compared to deiniozed water. Dispersion of small volume fraction
of nanoparticles can substantially change the droplet size of deionized water formed at a
microfluidic T-junction. The addition of small volume fraction of nanoparticles in
deionized water can significantly alter the droplet formation process and its dependence on

temperature. Nanoparticle shape was also found to have influence on the droplet formation

12
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and size control. Apart from changing interfacial tension of DI water, nanoparticles
introduce interfacial slip at the interface and thus influence the droplet formation of
nanofluids particularly for cylindrical-shaped annoparticles.

Third, the dimensions of microchannels such as channel depth can significantly
influence the droplet formation process. The smaller the depth of the channel the larger the
increase of droplet size with temperature. In order to elucidate the mechanisms for droplet

formation of nanofluids in microfluidic devices, further studies need to be conducted.
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Figure captions:

Fig. 1

Fig. 2

Schematic concept of a T-junction with integrated microheater and temperature
sensor

Temperature-dependent viscosity and interfacial tension of the investigated fluids
(Viscosities and interfacial tensions are normalized by their nominal values at 25°C.
At 25°C, viscosities of mineral oil and nanofluid are 26.4 mPa.s and 0.93 mPa.s,
respectively, the interfacial tension of DIW/oil and nanofluid/oil systems are 27.35

mN/m and 15.9 mN/m, respectively)

Fig. 3 Deionized water droplet formation at 30 pm channel depth T-junction (Water and oil

Fig. 4

Fig. 5

Fig. 6

Fig. 7

flow rates are 6 pl/h and 12 pl/h, respectively): (a) forming; (b) before detachment;
(c) droplet after detachment

Effect of microchannels depths on DI water droplet size at a constant flow rate ratio
(DI water/oil) of 1:2 and average flow velocity (Droplet diameters are normalized by
their nominal values at 25°C. At 25°C, the droplet sizes formed in the T-junctions of
300 um and 30 um channel depths are 334 um and 85 pum, respectively.)

Variation of DI water droplet size at different temperatures at 30 um depth
microchannel (flow rates of 6 pl/h for water and 12 pl/h for oil): (a) 25°C; (b) 32°C,
(c) 39°C

Temperature dependence of droplets size of DI water and a nanofluid at 30 um depth
microchannel (Both DI water and nanofluid had same flow rates of 6 pl/h and oil
flow rate was 12 pl/h)

Effect of nanoparticle shape on temperature-dependent droplet size formed in T-
junction of 30 um channel depth at constant flow rates of 6 pl/h and 12 pl/h for

nanofluids and oil, respectively

17



Aqueou

s _
fuid — P Ib‘5°”m

Microfluid Nanofluid

Carrier
fluid

/

Temperature
sensor

Heater

C

)

a= 100pm

Fig. 1 Schematic concept of a T-junction with integrated microheater and temperature

S€nsor

18



Microfluid Nanofluid

1.0 <
0.9 A

0.8 1

0.7 { —®— Viscosity of oil

{ —O— Viscosity of nanofluid

{ —w— Interfacial tension of nanofluid/oil
{ —— Interfacial tension of DIW/oil

Normalized viscosity and interfacial tension (n*,y*)

o6 —+—7/7"—r—4——"7—r————7— 7T 7T 7T T
26 28 30 32 34 36 38 40 42

Temperature (°C)

Fig. 2 Temperature-dependent viscosity and interfacial tension of the investigated fluids
(Viscosities and interfacial tensions are normalized by their nominal values at 25°C. At
25°C, viscosities of mineral oil and nanofluid are 26.4 mPa.s and 0.93 mPa.s, respectively,
the interfacial tension of DIW/oil and nanofluid/oil systems are 27.35 mN/m and 15.9

mN/m, respectively)
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Fig. 3 Deionized water droplet formation at 30 um channel depth T-junction (Water and oil
flow rates are 6 pl/h and 12 pl/h, respectively): (a) forming; (b) before detachment; (c)

droplet after detachment
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Fig. 4 Effect of microchannels depths on DI water droplet size at a constant flow rate ratio
(DI water/oil) of 1:2 and average flow velocity (Droplet diameters are normalized by their
nominal values at 25°C. At 25°C, the droplet sizes formed in the T-junctions of 300 um and

30 um channel depths are 334 um and 85 pm, respectively.)
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Fig. 5 Variation of DI water droplet size at different temperatures at 30 um depth
microchannel (flow rates of 6 ul/h for water and 12 pl/h for oil): (a) 25°C; (b) 32°C, (c)

39°C
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Fig. 6 Temperature dependence of droplets size of DI water and a nanofluid at 30 pm depth

microchannel (Both DI water and nanofluid had same flow rates of 6 ul/h and oil flow rate

was 12 pl/h)
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Fig. 7 Effect of nanoparticle shape on temperature-dependent droplet size formed in T-
junction of 30 um channel depth at constant flow rates of 6 pl/h and 12 pl/h for nanofluids

and oil, respectively
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