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ABSTRACT

Generally, droplet velocity in liquid-liquid two-phase flow in microchannel is obtained via droplet dis-
placement and time interval precise determination in sequential photos/videos. The precision is tightly
related to shutter speed of the camera. In this paper, a novel method called direct image method is
proposed to predict the droplet velocity. The droplet velocity can be easily obtained in one snapshot
by this method. In order to validate the accuracy of this novel method, experiments are carried out in
water-butanol, water-hexane and water-oil (Mogul Trafo CZ-A Paramo) systems. The droplet velocity
predicted by this direct image method shows a good agreement with the experimental data. Although
the assumptions which has been used to determine the droplet velocity still need to be improved, this
method can be useful in industrial application.
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1 INTRODUCTION

Microfluidic systems play an important role in industries such as chemical synthesis, solvent
extraction and emulsion due to their superiority of high efficiency, low consumption, easy
operation and controllable process [1]. Liquid-liquid two-phase flow system in micro-scale
has a great significance in microfluidic systems. Common flow patterns in liquid-liquid two-
phase flow systems are droplet flow, slug flow, deformed interface flow, jet flow and parallel
flow [2]. Compared with other flow patterns, droplet flow is a more stable and preferred flow
pattern because the droplet size and droplet formation frequency can be easily controlled.
More importantly, the large surface-to-volume ratio and internal circulation inside the droplet
can highly promote the mass transfer efficiency [3].

In liquid-liquid two-phase flow systems e.g. oil/water, the dispersed phase and the continu-
ous phase are injected in microchannel, continuously. With the interaction of two phases, the
dispersed phase is cut into small droplets. Many researches have been carried out to investi-
gate the hydrodynamics of droplet flow in microchannel. Garstecki et al. [4] made detailed
discussions to elaborate the forces involved in the droplet breakup process, which included the
surface tension force, the shear stress force and the force arising from the increased resistance
to flow of the continuous phase. Results showed that the pressure drop, which is from the high
resistance, played a dominating role in the droplet breakup process. Characteristics of droplet
flow such as droplet size and droplet formation frequency are mostly studied. Madadelahi e?
al. [5] proposed a fluidic barrier method to produce multiple droplets on a centrifugal micro-
fluidic platform. Effect of rotational frequency on droplet size and uniformity of emulsions
was investigated. Liu et al. [6] experimentally studied the dynamics of water-high-viscosity
ionic liquid two-phase flow in a flow-focusing microchannel. Scaling laws for predicting the
droplet volume and droplet formation frequency were proposed as a function of flow rate ratio
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and capillary number of the continuous phase. In order to achieve production of homogeneous
droplets, both experiments and simulations were carried out by Zhang et al. [7]. The droplet
length and droplet formation frequency were measured at different capillary numbers and
velocity ratios. Correlations based on the capillary number, total velocity and velocity ratio
were proposed for predicting the droplet length and droplet formation frequency. Korczyk et
al. [8] experimentally studied the dependence of droplet size on shear-capillary force ratio.
Especially, leaking regime was detailed discussed. Models for predicting the droplet size
and transition of flow patterns. Liquid properties also have a significant influence on the
droplet size and droplet formation frequency. Yao et al. [9] experimentally studied the effect
of liquid properties on the droplet formation process. Glycerol solutions and octane were
selected as the liquid system. Both the influence of the continuous phase viscosity and the
dispersed phase viscosity were considered. Results highlighted the effect of the continuous
phase viscosity on droplet formation. Bai er al. [10] experimentally investigated the effect
of the continuous phase viscosity on the droplet formation process. The continuous phase
viscosity ranged from 0.5 to 1000 mPa s, which provided a wide range of the continuous
phase viscosity. In addition, comprehensive experiments were carried out by Cao er al. [11] to
investigate the hydrodynamics of droplet flow at different parameters, such as flow rate ratios,
liquid properties and hydraulic diameter. A new correlation involving flow rate ratios, Weber
number and Reynolds number was proposed for predicting the droplet length.

Furthermore, the droplet velocity is a very important parameter. It has a great impact on
the overall transport time in microfluidic systems. In a microchannel with a specified channel
length, a lower droplet velocity implies a higher residence time which means that mole-
cules have sufficient time to transfer between phases. Plouffe er al. [12] investigated the flow
regimes and mass transfer rates in five different micro-reactors. When conducting the exper-
iments, two-phase alkaline hydrolysis of 4-nitrophenyl acetate was used. Flow regimes and
convection of 4-nitrophenyl at different total flow rates were presented. Results showed that
whether in a n-butanol/aqueous NaOH system or toluene/aqueous NaOH system, the vari-
ation of the conversion versus flow rate was similar. In droplet flow regime, an increase of
the total flow rate led to a decrease of the conversion. This was attributed to the insufficient
residence time. Besides, the droplet velocity is a key parameter concerning the droplet coa-
lescence since the precise control of the droplet velocity is vital for the matching between
two phases. Xu et al. [13] investigated droplet fuse using a railroad-like channel network.
The droplet fuse efficiency was influenced greatly by the droplet velocity. Results indicated
that when the droplet velocity was less than 9 mm/s, the two droplets were in contact a longer
time. However, when the droplet velocity was greater than 11 mm/s, the contact time between
the two droplets was too short so that they could not fuse efficiently.

Generally, the measured droplet velocity in a microchannel is always higher than the drop-
let superficial velocity, which is defined as sum of the continuous phase velocity and the
dispersed phase velocity. Salim et al. [14] measured the droplet velocity in oil-water flow in
a glass microchannel and compared them with the droplet superficial velocity. The droplet
velocity was determined by the flow images recorded at intervals of 0.04 s. Results showed
that the measured droplet velocity was approximately 1.28 times higher than the droplet
superficial velocity. Yagodnitsyna ef al. [15] measured the droplet velocity in kerosene-wa-
ter, paraffin oil-water and paraffin oil-castor oil systems. Results showed that the measured
droplet velocity in paraffin oil-castor oil was 1.81 times higher than the droplet superficial
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velocity. However, the measured droplet velocity in paraffin oil-water was close to the droplet
superficial velocity. This difference was attributed to the existence of the wall film between
the droplet and the channel wall. Li ef al. [16] measured the droplet velocity in microchannel
with different diameters. Results showed that for the same droplet superficial velocity, the
measured droplet velocity in the microchannel with a larger diameter was higher than that in
the microchannel with a smaller diameter. In addition, the velocity profiles inside the droplet
were analysed by micro-particle image velocimetry (uPIV). For visualization, 3-um red dyed
polystyrene microspheres were added in the dispersed phase. The droplet velocity obtained
from the uPIV and that determined by the plug displacement were compared.

Characteristics of droplet which include droplet length, droplet formation frequency
and droplet velocity are very important parameters for a precise control of droplet flow in
microchannel. Droplet length and droplet formation frequency are widely studied by many
researchers. However, there are only few research works focussed on the droplet velocity in
microchannel which affects the overall transport time in microfluidic systems. In this paper, a
novel method for measurement of droplet velocity is proposed. Droplet velocity in water-bu-
tanol, water-hexane and water-oil (Mogul Trafo CZ-A Paramo) systems is determined using
the direct image method and is compared with the droplet velocity estimated from sequential
snapshots.

2 EXPERIMENTAL SETUP
2.1 Experimental apparatus

The test rig is shown in Fig. la. There are two high precision syringe pumps (New Era,
NE-4000) for flow control of oil and water phases, a camera (Olympus OM-D E-M1) with
a shutter speed of 1/30 s for capture of high-resolution pictures, a stereo microscope (Motic,
SMZ-171) for flow visualization, a microchannel fabricated with borosilicate glass by Little
Things Factory GmbH and a cold light source (Motic, MLC-150C) with two lighting arms
for supply of brightness. Fig. 1b shows the dimensions of the microchannel. The microchan-
nel is designed with a square cross section of 600 x 600 um. It consists of two inlets for water
injection and one inlet for oil injection. The outlet is exposed to atmosphere. The experiments
were conducted at room temperature.

2.2 Materials

Three liquid-liquid two-phase systems are used for conducting the experiments. Aqueous
phase is de-ionized water, and it is set as the continuous phase. Organic phases are butanol
(Acros Organics, >> 99.5%), hexane (Acros Organics, >> 99.36%) and oil (Mogul Trafo
CZ-A Paramo), respectively. Organic phase is set as the dispersed phase. The two-phase
properties are listed in Table 1.

The interfacial tension values in three systems were measured by a drop volume tensiom-
eter (Lauda TVT 2) with a measurement uncertainty of +5.0%. The viscosities of oil were
measured by a DV-III Brookfield viscometer at room temperature with an uncertainty of
+5.0%. In water-butanol and water-hexane systems, the liquids are injected in the microchan-
nel at equal flow rates O, = Q= 1.30-6.48 ml/h. In water-oil system, the continuous phase
flow rate and the dispersed phase flow rate are both in the range of 1.0-30.0 ml/h. The testing
parameters are listed in Table 2.
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Figure 1: Test rig for conducting the experiment.(a) Experimental apparatus: 1. syringe pump
for water injection; 2. syringe pump for oil injection; 3. camera; 4. microscope;
5. microchannel; 6. cold light source. (b) Dimensions of the microchannel.

3 THE DIRECT IMAGE METHOD FOR DETERMINING DROPLET VELOCITY
Generally, in order to estimate the droplet velocity, a high-speed camera is used to capture
the sequential photos/videos. Then, the video is switched with real small time steps. With
the distance in two photos and the time step, the droplet velocity can be determined [12, 17].
This process needs a relatively high requirement for resolution of camera, and a very careful
capture is needed during the post-process of the experimental data. Mohmmed et al. [18]
proposed an image processing technique which involved approximate medina method and
blob extraction analysis for the measurements of transitional slug velocity and slug length.
However, this kind of method also relies on the image motion tracking steps.

Here, a novel method is proposed for determining the droplet velocity. As shown in
Fig. 2, the dispersed phase is injected into microchannel with a constant flow rate of Q,. With
the interaction of the dispersed phase and the continuous phase, the droplet is produced in a
specified time interval Atz. The droplet volume V can be determined by eqn (1).

V =0Q,At (1)
Meanwhile, in the specified time interval At, the previous droplet flows a distance Ad, where
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Table 1: Two-phase properties used in experiments.

Physical properties

Materials Phase role p (kg/m3) p (mPa-s) o (mN/m)
Water Continuous phase 998.2 1 -
Butanol Dispersed phase 810 2.94 1.8
Hexane Dispersed phase 654.8 0.3 51
Oil Dispersed phase 826 14.5 45.5
Ad =ult 2)

In eqn (2), u represents the droplet velocity in microchannel. Based on eqns (1) and (2), the
real velocity of the droplet flow can be derived as shown in eqn (3).

uzAd& 3)
14

In eqn (3), Q, is set by the user, and Ad and V can be obtained in one picture. Therefore,
the droplet velocity can be easily obtained. Using the novel method, there is only one picture
needed. It should be noted that Ad is the average value based on measurements in five snap-
shots. The maximum relative error is 4%.

4 MEASUREMENT OF DROPLET CHARACTERISTICS
4.1 Film thickness

Considering the wetting behaviour between the phases and walls, two possibilities exist: the
droplet is either surrounded by a thin film of the continuous phase or without a film [19]. The
existence of the thin film facilitates the droplet flow in microchannel. It makes the droplet to
move at a higher velocity than the mixture superficial velocity [15]. Ghaini et al. [20] inves-
tigated the film thickness at several known droplet velocities in a water-kerosene system.
The film thickness was obtained by processing the fluorescence intensity signal at the centre
of the capillary. Results indicated that the film thickness was increased with an increase of
droplet velocity, but when the droplet velocity was higher than 100 mm/s, the film thickness
was kept constant. In the present experiments, the photos reveal that the continuous thin film
always existed in all experiments although the film thickness was related to the working con-
ditions. Due to the extremely thin wall film, the measurement of film thickness becomes very
difficult from the experimental snapshots. Thus, the film thickness is predicted based on the

Table 2: Testing parameters in three different systems.

Liquid-liquid two-phase systems Ca, (x107) Ca, (x107%) @ (0,0
Water-butanol 55-280 160-820 0.5
Water-hexane 1.9-9.8 0.58-3 0.5

Water-oil 0.85-51 24-740 0.05-1
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Figure 2: Illustrations for predicting the droplet velocity in microchannel: snapshot recorded
by camera.

scaling law, which was presented by Yao et al. [21]. When Ca, < 0.01, the film thickness can
be predicted by the scaling law proposed by Fairbrother and Stubbs [22], see eqn (4).

8 =0.5RCa}’ “)
Ca, = 5)
o)

where ¢ represents the film thickness, R represents the radius of the droplet cap and Ca, is the
capillary number of the dispersed phase. Figure 3 shows the characteristics of droplet flow
in different systems.

It can be seen that the droplet contacts the channel wall very closely and the droplet cap is
nearly hemispherical. An assumption is made that the radius of the droplet cap is considered
as half of the channel width i.e. R = w/2. Therefore, the film thickness for each condition
can be predicted. According to eqns (4) and (5), the film thickness is affected by not only
the radius of the droplet cap but also the fluid properties. Figure 4 presents the correlation
between the film thickness and the capillary number of the dispersed phase. It should be
noted that the film thickness in a water-hexane system is remarkably low. This is attributed to
the extremely low ratio of the viscosity to the surface tension.

4.2 Droplet velocity

In this section, the droplet velocity at different conditions are predicted using the direct image
method. The predicted droplet velocity is compared with the droplet velocity which was
determined via the sequential photos.

As mentioned in Section 4.1, in the present experiments, the photos reveal that a continu-
ous thin film always exists in all the experiments. The existing film thickness facilitates the
droplet flow in the microchannel at a higher velocity. Figure 5 depicts the correlation between
the droplet superficial velocity and the droplet real velocity measured via the sequential pho-
tos. It can be seen that the droplet flows in the microchannel at a higher velocity than the
droplet superficial velocity undoubtedly.

Actually, when the droplet velocity is predicted by eqn (3), biggest challenge is how to
calculate the droplet volume precisely. The simplification of the droplet shape is crucial
for accurate predictions. Based on discussion in section 4.1, here, the droplet shape can be
assumed as a combination of a cube and two hemispheres. Figure 6 illustrates the schematic
diagram for the droplet volume determination.
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Figure 3: Characteristics of droplet flow in different systems. (a) Water-butanol system, Q_ =
Q4= 1.3 ml/h; (b) water-hexane system, Q= Q, = 1.3 ml/h.

In Fig. 6, L represents droplet length, and J, R and w represent the film thickness, radius
of the droplet cap and microchannel width, respectively. The droplet lengths at different
conditions are measured, and the dimensionless droplet length at different droplet superficial
velocities is plotted in Fig. 7. The droplet length for each condition is measured with uncer-
tainties of +5%, +8% and +£5% in water-butanol system, water-hexane system and water-oil
system (Mogul Trafo CZ-A Paramo), respectively. In addition, it can be seen from Fig. 4 that
the maximum radius of the droplet cap only accounts for 4.5% of the radius of the micro-
channel. Therefore, the droplet volume can be predicted by eqn (6), where R = w/2. Equation
(6) is also adopted by Di Miceli Raimondi et al. [23] for calculation of the droplet volume.

V= §”R3 +(L-2R)(2R) (6)

In order to validate the accuracy of eqn (6), the droplet volume predicted by eqn (6) and
determined by the experiment is compared, as shown in Fig. 8. The x-axis and y-axis repre-
sent the results determined in experiment and eqn (6), respectively.
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Figure 4: Correlation between the film thickness and the capillary number of the dispersed
phase.
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Figure 5: Droplet superficial velocity versus droplet velocity measured via the sequential
photos in three different systems.

The droplet volume determined by the experiment is determined by eqn (1). Figure 8
shows good agreement between the predicted droplet volume and the determined droplet vol-
ume by the experiments. The relative error is less than 10%. Therefore, based on eqns (3) and
(6), the droplet velocity can be predicted precisely. Figure 9 presents the predicted droplet
velocity versus droplet real velocity determined by the sequential snapshots. It shows a good
agreement between the two velocities. Thus, it can be concluded that the proposed method
can be used for determining the droplet velocity accurately.

4.3 Limitations

Based on above discussions, the droplet velocity can be directly estimated via this new
method. However, limitations still exist.

The film thickness is a key factor to determine the droplet volume. In this paper, it is
roughly estimated by considering the radius of the droplet cap as half of the channel width.
Later, the determination of the film thickness should be further improved.

The proposed method is incapable to calculating the velocity of droplet which formed with
a low frequency since the distance the adjacent droplets may be larger than the frame size.

5 CONCLUSIONS
In this paper, a novel method for determining the droplet velocity is proposed, and exper-
iments are carried out to testify the accuracy of the new method. Remarkable conclusions
are made as follows: three liquid-liquid two-phase systems are selected to produce droplet

@ — - Tr @ . wg

Figure 6: Schematic diagram for droplet volume determination.
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Figure 7: The dimensionless droplet length at different droplet superficial velocities.

flow in microchannel. The droplets formed in the experiments are all surrounded by a thin
film. The existence of the thin film makes the droplet flow in microchannel to have a veloc-
ity higher than the mixture superficial velocity. The droplet velocity predicted by the novel
method is compared with the experimental data. A good agreement is achieved. Although
the measurement uncertainties existed, the proposed method provides an easier approach to
estimate the droplet velocity. It should be noted that, when predicting the droplet real velocity
via this method, precise measurements of the droplet length and droplet flow distance are
necessary. In addition, the droplet shape should be assumed reasonably accurate according
to the snapshots.
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Figure 8: Comparisons of the droplet volume between the predicted one and determined by
the experiment.
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Figure 9: Comparisons of the droplet velocity between the predicted one and determined by
the experiment via the sequential photos.
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NOMENCLATURE
Ca Capillary number Greek symbols
droplet length, pm p  viscosity, mPa-s
o interfacial tension, mN/m p density, kg/m?
. continuous phase flow rate, ml/h 0 film thickness, um
oy dispersed phase flow rate, ml/h o interfacial tension, mN/m
R radius of the droplet cap, um @ flow rate ratio of the dispersed phase to
the continuous phase
u droplet velocity predicted by the subscript

proposed method, m/s

u. . droplet real velocity measured via c continuous phase
sequential photos, m/s

u,  droplet superficial velocity, m/s d dispersed phase
droplet volume, um? e  experimental

w,  continuous phase channel width, um p predicted

w,  dispersed phase channel width, ym s superficial

Ad  droplet flow distance, um rsp real, sequential photos

At time interval, s
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