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Abstract 

The Liquid-liquid dispersion process is experimentally investigated to manufacture oil-in-water emulsion 
working at high flowrates in the cross-slot type of microfluidics. Two cross layouts, namely symmetric and 
asymmetric configurations, are compared via characterizing the droplet size and size distribution. Automated 
granulometry is implemented on the images taken by microscopy observations of the emulsion samples. High-
speed shadow photography is carried out to discover the continuous and dispersed phase flow interactions in 
the vicinity of the collision region. The results show that the designed microsystems present great potential in 
terms of fabricating fine oil droplets distributed in the final emulsion. The arithmetic averaged diameter is less 
than 10 𝝁𝝁𝝁𝝁 at all tested flow conditions and the minimum mean diameter reaches 3.9 𝝁𝝁𝒎𝒎 at the highest energy 
consumption case. Because of the higher shear stress and more intensified interaction, the symmetric geometry 
of the cross-slot is beneficial to create fewer amounts of large droplets and dispersing the oil phase more 
uniformly at the same hydrodynamic conditions, especially in the low Reynolds flow case in this study. As the 
flowrate is enhanced, the disparity between them is diminished attributed to the instability inside the channel 
reaches a high level. The mean drop diameter for both systems is capable to be scaled with the emulsion velocity 
based Weber number. The detrimental effect of the symmetric configuration is that the energy required to burst 
the dispersed streams is relatively a little higher than with asymmetric one.   
 
Keywords: O/W emulsification; microchannel; two-phase flow; high throughput; swirl 
 
Nomenclature 

D diameter of the droplet, μm  
D10 arithmetic mean diameter, μm  
D32 Sauter mean diameter, μm  
Dh_d hydrodynamic diameter of dispersed channel, μm 
Dmax maximum droplet diameter, μm  
f oil to water volume ratio,- 
𝑚̇𝑚 mass flow rate, kg/s 
𝑝𝑝𝐿𝐿 Laplace pressure, bar 
P pressure, bar 
R radius of the droplet, μm  
𝑆𝑆𝑝𝑝 specific surface area, μm-1 

𝑉̇𝑉 volume flow rate, mL/min 
U superficial velocity, m/s  

Greeks 
𝛾𝛾 surface tension, mN/m 
𝛿𝛿 standard deviation, - 
𝜇𝜇 dynamic viscosity, mPa·s 
𝜐𝜐 kinematic viscosity, m2/s 
𝜌𝜌 density, kg/m3 
𝜎𝜎 interfacial tension, mN/m 
𝜑𝜑𝑑𝑑  oil volume fraction in the emulsion, mN/m 
𝜏𝜏𝑠𝑠 shear stress, bar 

Subscripts 
c continuous phase (water) 
d dispersed phase (oil) 



2 

 

e emulsion 
Acronyms 

Ca Capillary number,- 
c.d.f Cumulative distribution function, - 
p.d.f Probability distribution function, - 
PdI polydispersity index,- 
Re Reynolds number,- 
We Weber number,- 

 
1. Introduction 

The emulsion is a common system of dispersing one fluid into another one via different emulsification 
methods. It is ubiquitous to our daily life science and has been widely utilized in various industries, for example, 
drug delivery for pharmaceutical application (Lawrence and Rees 2000), food processing (Galus and Kadzińska 
2015), refining of petroleum and its transportation in energy engineering (Kilpatrick 2012), and so on. In an 
emulsion-based product, particle size and size distribution contribute to the physical appearance, stability and 
rheological properties of the finished products. More specifically, they control flocculation (droplet diffusion in 
continuous phase), coalescence, resistance to sedimentation or creaming. As a rule of thumb, fabrication of more 
homogeneous emulsion with finer dispersed droplets inside is one of the most paramount goals for developing 
various emulsification devices. The drop size and size distribution are highly dependent on the working 
mechanism of the facilities, which is further related to the imposed hydrodynamic condition, the configuration 
of the emulsifier as well as the physical and interfacial properties of the two-phase liquids.  

Rayleigh (1878) firstly studied the conditions governing the breaking up of a jet of one fluid projected into 
another, showing the effect of surface tension in making cylindrical liquid thread unstable and breaking into 
drops further. Taylor (1932) addressed the mechanism of emulsion formation in the viscous flow and pointed 
out that the balance of the external disruptive force and the internal cohesive force determines the breakage of 
the dispersed liquids as well as the final droplet size. At low 𝑅𝑅𝑅𝑅 flow conditions, the velocity gradient induced 
shear stress, 𝜏𝜏𝑠𝑠 , acts as the destructive force, and the interfacial resistance force, representing as Laplace 
pressure ( 𝑝𝑝𝐿𝐿 = 2𝜎𝜎 𝑅𝑅 )⁄ , developed across the interface between two fluids prevents the dispersed phase to be 
fragmented. However, the dominant disruptive stress in the turbulent flow for emulsification changes to be the 
dynamic pressure fluctuation inside the flow field resulting from the unstable velocity (Kolmogorov 1949; Davies 
1985).   

Great amounts of work have been carried out to study different methods for emulsification, including 
agitating the mixture of two-phase liquids in a tank using impellers (Chen and Middleman 1967; Solsvik and 
Jakobsen 2015), static mixers (Lemenand et al. 2003; Theron and Sauze 2011), high-pressure homogenizers 
(Paquin 1999; Schlender et al. 2015) and low or high-frequency ultrasonic generators (Abismail et al. 1999; Taha 
et al. 2020). Apart from these relatively mature techniques, other new concepts of liquid-liquid dispersion 
systems are continuously proposed to improve the mixing intensity. For example, Habchi et al. (2009) and 
Lemenand et al. (2014) investigated oil and water mixing by chaotic advection in a specially designed twisted-
pipe flow for generating o/w emulsions. They pointed out that, attributed to the secondary flow inside the helical 
pipe, shear stress for disrupting oil streams gets enhanced greatly, which further leads to the finer and more 
mono-dispersed droplets. Luo et al. (2017) also demonstrated the performance of this kind of helical tube reactor 
in terms of manufacturing a stable water-organic solvent dispersion by characterizing the mean drop diameter 
and its correlation with energy dissipation rate.    

The merit of the above-mentioned emulsification methodologies lies in their usage of greater kinetic energy 
at high-throughput. Thus, the production efficiency is higher but the droplet size is difficult to be well controlled. 
Microfluidics, attracting plenty of focus in recent decades, is another essential technical pathway to handle two-
phase liquids dispersion issues. Basically, it is a droplet-based technology and well known for its superiority in 
manipulating droplet dimensions, so that the created emulsion from the microfluidics is closer to a mono-
dispersed system (Zhao and Middelberg 2011; Moreira et al. 2021). Three conventional types of configurations, 
namely, flow focusing (Anna et al. 2003; Cohen et al. 2014), cross flowing (Y or T junctions) (Thorsen et al. 2001; 
Ushikubo et al. 2014), and co-flowing (Cramer et al. 2004; Perro et al. 2011), are most widely applied and studied. 
Normally, the flow rate imposed in these microfluidic devices is limited (𝜇𝜇𝜇𝜇/𝑚𝑚𝑚𝑚𝑚𝑚 ), which constrains the 
hydrodynamic flow conditions in the microchannels to be in the low 𝑅𝑅𝑅𝑅 regime. The match of Capillary number 
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of continuous and dispersed flows (𝐶𝐶𝐶𝐶𝑐𝑐 and 𝐶𝐶𝐶𝐶𝑑𝑑) corresponds to five breakage mechanisms or modes: squeezing, 
dripping, jetting, tip streaming, and tip-multi-breaking (Zhu and Wang 2017). The final droplet size and 
distribution is associated with the flow conditions and geometric parameters for every category of the 
microsystem. Straight-through microchannels (Kobayashi et al. 2008) or membrane emulsifiers (Nakashima and 
Shimizu 1988; Vladisavljević GT 2012) are also developed, which can be viewed as the parallel arrangement of 
microchannels by adopting porous structures. 

Considering the fact that the possible flow rate can be treated in these microfluidic facilities is far away from 
the demand of industrial applications, Belkadi et al. (2016) proposed the cross-junction microchannel model to 
fabricate emulsified biofuel by impinging continuous and dispersed phase fluids directly. It is designed to work 
at flow rates two or three orders of magnitudes (𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚) higher than with the traditional microfluidic device. 
In fact, the head-on impinging configuration in mini or micro-channels has been utilized broadly for miscible 
fluids mixing, known as micro-mixers, showing significant advantages of efficient mixing (Mahajan and Kirwan 
1996; Ait Mouheb et al. 2011; Bothe et al. 2006; You et al. 2017). Applying two-impinging-streams to emulsify is 
firstly reported by Tamir and Sobhi (1985). They injected streams of the kerosene-water mixture (coarse oil-in-
water emulsion) via spray guns in a face-to-face collision layout to obtain the final finer emulsion. Comparisons 
between this stream-impinging system and homogenizer indicated that the new two-impinging-streams device 
performs better in terms of producing droplets finer and narrow-distributed droplets. Kiljański (2004) 
experimentally investigated the effect of the distance between two injectors in the setup of the Tamir’s device on 
the dispersion process and outcome. They found that there is an optimum gap at which the best disintegration 
of drops would be realized. These reviewed works inspire the idea of impinging two-immiscible liquid jets in a 
microchannel for emulsion generation; mainly taking advantage of transporting and dissipating the higher 
kinetic energy into the confined collision area. Siddiqui and Norton (2012) and Siddiqui (2014) performed 
investigations on confined impinging jets mixer for oil-in-water emulsification working at high-throughput. The 
tested Reynolds number reached as high as 13000. By characterizing the droplet size and its distribution, it was 
shown that the mean drop diameter is highly dependent on jet Reynolds number or energy dissipation rate. 
Tsaoulidis and Angeli (2017) experimentally examined water-oil dispersion in a similar opposed-jets collision 
configuration at varied hydrodynamic and geometric parameters. It is concluded from their results that the sum 
of two jets velocity influences the drop size and interfacial area most.  

To sum up, the literature points out that most efforts have been made on measuring the droplet size and 
revealing breakage mechanism of two liquids dispersion in the conventional microchannels. But studies on the 
oil in water emulsification via cross-slot impinging configuration, especially working at high throughput, are 
relatively rare. This work is aimed to characterize droplet size and size distribution in cross-slot microsystems 
employing head-on impingement of oil and water jets for emulsifying. The flow rate imposed is at mL/min level, 
which is much higher than most of those implemented in microfluidics. Except for the hydrodynamic conditions, 
the effect of the cross-junction layout on the emulsion quality is the main focus of the present study. As a 
complementary part of this work, flow visualizations in the microfluidics is also carried out to disclose the two-
phase fluids interaction at different flow conditions in two configurations.  
 
2. Methodology 
2.1 Experimental setup 

The experimental test bench used to obtain oil-in-water (o/w) emulsion with the studied microfluidic 
devices is outlined in Fig.1. The continuous phase (water) and dispersed phase (rapeseed oil) are supplied into 
the device by two Armen pumps (AP TRIX 500). Fluid at a flow rate up to 500 mL/min is possible in the 
microsystems thanks to these pumps as their working pressure can reach up to 200 bar. Two weighing scales 
(Sartorius-MSE 2203) with an accuracy of 0.001 g are used to measure flowrates of water (𝑚𝑚𝑐𝑐̇ ) and oil (𝑚𝑚𝑑𝑑̇ ).  To 
assess the pressure drop through the microchannels, two Gems 31IS series pressure transducers (0-250 bar) 
with an accuracy of 0.25% are assembled at the inlet channels for both phases. The measurements of flow rate 
and static pressure are synchronized by connecting to a NI DAQ module (USB-6009 analog to digital). All 
connection pipes between the pumps and microchannel are Fluoropolymer tubing with an inner diameter of 1.55 
mm. The emulsion issues from outlets at atmospheric pressure condition and then is collected in a container to 
perform sampling microscopy analysis.    

 
2.2 Microchannels  
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The microsystem designed for highly efficient oil-in-water emulsification utilizing the impingement 
configuration of two streams is shown in Fig.2; one of them, depicted in Fig.2(b), has been investigated previously 
by Belkadi et al. (2016) for the emulsified biofuel (water-in-oil emulsion) production. Fig.2(a) depicts the general 
3D layout of the devices. Each microsystem is composed of two PMMA plates. For the asymmetric system, the 
channels and a groove for a seal are (mechanically) etched into one of the plates (bottom plate). The sealing of 
the system is ensured by a gasket and closing the system with nuts and screws. The thickness of the plates and 
the positioning of the screws are studied in order to prevent the deformation of the plates under the effect of the 
pressure. The symmetrical system, as indicated in the manuscript, is more complex because the two plates are 
engraved. Due to their design, each system can be opened for maintenance, if necessary, but usually cleaning in 
place is sufficient to preserve it. The tubes are inserted on a commercial connector, a flat-bottomed fitting, which 
is screwed on a threaded hole made in the upper PMMA plate. A ferrule is used to ensure a tight seal. The details 
of the microchannels layout and dimensions are shown in Fig.2(b) and Fig.2(c). Water and oil streams develop 
in the feeding channels (in the X direction) and form a head-on impingement to strengthen the interactions and 
breakup. The water channel and emulsion outlet channels have the same square cross-section dimensions, which 
is 600 𝜇𝜇𝜇𝜇×600 𝜇𝜇𝜇𝜇 . Recognizing the dispersed phase fraction is normally not exceeding 20-30% for most 
emulsification applications, the flow rate of the dispersed phase flow is usually several times smaller than the 
continuous phase. In order to enhance the further impact intensity between the two phases and disperse oil 
streams into the final emulsion as finer droplets consequently, the inlet channel size for the dispersed phase 
transportation is designed to be only half of that for the continuous phase, that is, 300 𝜇𝜇𝜇𝜇×300 𝜇𝜇𝜇𝜇 . This 
dimensional inequality of the two inlet channels naturally leads to the possibility of designing different cross-slot 
geometric layout plans. Therefore, based on the relative positions in the YZ plane for the two inlet axes, two 
configurations will be compared here; they are respectively designated as, asymmetric and symmetric. The 
asymmetric configuration (Fig.2(b)) is characterized by an offset of water and oil feeding channels axis in the 
depth direction (Z) with a magnitude of 150 𝜇𝜇𝜇𝜇. As mentioned, it has previously been investigated. It has to be 
emphasized that there is no off-axis in the Y direction to ensure two emulsion outlets still symmetrical. As for the 
symmetric one (Fig.2(c)), oil and water channels are simply coaxial by grooving the same “half-depth” channels 
on both slabs. Overall, the water and oil channels are in the X direction with a total length of 20 mm respectively. 
The emulsion outlet channels also have a length of 20 mm. Generated emulsion flows firstly towards along the 
two opposite Y directions. Then, 90° bends in a middle way turn it to flow following the negative X direction, as 
illustrated in Fig.2(d). These bends are intended to enhance the breaking-up of droplets (Belkadi et al. 2018). It 
has to be noted that previous works have led to the current design of the asymmetric system. For example, the 
effect of the number of bends (Bellettre et al. 2017) and the length of the outlet channels (Belkadi et al. 2018) 
have been studied. It has been observed that the length of the outlet channels should be selected depending on 
the viscosity ratio of the fluids. For the vegetable oil like sunflower oil and water, a length of 20 mm is beneficial, 
while for the couple of gasoil/water using a shorter length (10 mm) should be preferred. This is correlated to the 
flow pattern developed inside the outlet channels. Dispersion of or within a viscous fluid needs a longer length 
to make efficient the break up mechanisms. The presence of a bend has been shown to be beneficial compared to 
a straight outlet channel, but incrementing the number of bends from one to six has shown that it does not help 
to improve the break-up. For sure, the role of singularities remains to be explored more thoroughly, in particular 
the spectrum of possible geometric changes is still wide. 

Fig.2(e) presents the XZ section plane of the two systems with imposed velocity profiles. The important 
feature of asymmetric configuration is that swirl flow structure can be formed in the impingement zone due to 
the offset axis arrangement for the two impinging channels. The effect of this macro swirl flow in the asymmetric 
configuration on the two-phase flow patterns in the vicinity of the impact area and single drop breakage behavior 
has been recently specifically studied (Ji et al. 2020; 2021). The results indicate that the swirl flow can promote 
emulsion quality, that is, finer and less poly-dispersed droplets, especially at high 𝑅𝑅𝑅𝑅 conditions. Also, the swirl 
flow resulting in low-pressure center favors drops to be trapped into it, and thus the kinetic energy is efficiently 
dissipated for fragmenting. Concerning the symmetric configuration, which is investigated for the first time in 
this contribution, the oil jet penetrates into the facing water streams. Velocity gradient in the shear layers where 
two-phase flows contact could also induce a counter-rotating swirl pair. The comparison of the two cross-slot 
configurations in terms of fragmenting the dispersed phase is the main purpose of the present study.   
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2.3 Droplet size measurement & automated granulometry  
The size of oil droplets is measured in the o/w emulsion sample collected from the container, this one 

receiving emulsion from both outlet microchannels (shown in Fig.1). There is no significant difference between 
the emulsions from the two outlets in terms of droplet statistical results since it has been verified that the flow 
patterns are similar in each outlet channel. Thus, the collected testing sample from the container can be viewed 
as a comprehensive result of the final emulsion from the two outlet channels. An Olympus upright optical 
microscope is utilized with assembling 5× and 50× objective lens chosen case by case. The high-resolution image 
shoot by the microscope is then analyzed by a granulometry code in Matlab. The characteristic dimension of 
dispersed drops is obtained from a sample of a sufficient number of droplets, taking into account the statistical 
size dispersion as explained hereafter. One typical example of the microscopy image can be seen in Fig.3. The left 
one is observed with the lower magnification objective lens (5×), which gives an overall view of how oil droplets 
distribute inside an emulsion sample drop. Zoomed-in images with higher magnification (50×) at two regions 
respectively, A and B, are presented also. Some heterogeneities in size distribution from an area to another one 
make that it is necessary to consider a high number of droplets. Indeed, if only droplets picked up near region A 
or B are analyzed and even if the convergence of the drop mean diameter is obtained, it can’t represent the 
comprehensive situation and reflect true averaged drop size as well as size distribution. To avoid the problem, 
we carry out the measurements according to the following steps. Firstly, the emulsion is collected after a stable 
emulsification process reached at each testing condition, and a dilution of the emulsion proceeds with a factor of 
10 in the continuous aqueous phase. Then only one sample emulsion drop is dripped by syringe on the 
microscopy slide. Normally, the area of emulsion drop spreading on the glass slide is roughly 2mm*2mm. Then, 
a 5× objective lens is utilized to get a full image of the sample drop and anchoring its XY locations in the 
microscope system. Lastly, the highest magnification accessible (50×) is switched to scan the measured emulsion 
drop from the left-top edge of the drop to the right-bottom one. At this magnification, the spatial resolution is 
0.068 𝜇𝜇𝜇𝜇/pixel. Meanwhile, snapshots are taken and recorded. In this way, all the oil droplets in the sample 
emulsion drop are captured and statistically analyzed from nearly 100 images, and around 5000 droplets in total 
will be identified correspondingly.  

Acquired images are processed via in-house automated granulometry coding by Matlab. The procedure for 
microscopy images analysis is shown in Fig.4. The original image is converted to the gray image in the first step. 
The contrast of the image is then enhanced to make the oil-water interface clearer for binarization. In the 
binarized image, the edges of the oil droplets are kept. Border clearing to avoid the mistake of considering two 
bonded droplets as one and holes filling are performed consecutively. Finally, the distributed regions marked as 
white dots are identified as the final droplets and their region properties are then extracted. What has to be 
mentioned, from a previous work performed using the asymmetric microsystem and based on laser diffraction 
particle size analysis, is that droplets with a diameter less than 1𝜇𝜇𝜇𝜇 are statically much less frequent in the 
obtained emulsions. So the lower cutting threshold is set to escape from counting noise on the images. After all-
drops information is obtained from image sequences, statistical analysis of drop size and size distribution is 
performed.  

From the statistical analysis of droplet diameter, emulsification quality is evaluated by several parameters 
defined as follows. 

The arithmetic mean diameter of the droplets 𝐷𝐷10： 
𝐷𝐷10 = 1

𝑛𝑛
∑ 𝐷𝐷𝑖𝑖𝑛𝑛
1                                                                                           (1) 

Where n is the number of the analyzed droplets, 𝐷𝐷𝑖𝑖 denotes the diameter of each droplet. 
Based on the arithmetic mean diameter, the standard deviation is calculated as: 

𝛿𝛿 = �∑ (𝐷𝐷𝑖𝑖−𝐷𝐷10)2𝑛𝑛
1

𝑛𝑛
                                                                                          (2) 

The Sauter mean diameter (SMD), 𝐷𝐷32 , is defined as the diameter of a sphere that has the same 
volume/surface area ratio as a collection of droplets. This parameter is important since the active surface 
between oil-water two phases in the emulsion implies the potential interfacial energy stored. The calculation is 
given as: 

𝐷𝐷32 = ∑ 𝐷𝐷𝑖𝑖3𝑛𝑛
1

∑ 𝐷𝐷𝑖𝑖2𝑛𝑛
1

                                                                                             (3) 
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Another essential parameter is the polydispersity index (PdI), which is the indicator of the size distribution 
uniformity. A low value of PdI implies that droplets are rather monodispersed. The ideal monodispersed 
emulsion has PdI value equaling to zero. Polydispersity index is defined as the square of the standard deviation-
to-arithmetic mean diameter ratio: 

𝑃𝑃𝑃𝑃𝑃𝑃 = � 𝛿𝛿
𝐷𝐷10
�
2

                                                                                          (4) 

Fig.5 shows the evolution of the arithmetic mean diameter of the droplets (𝐷𝐷10) versus the considered 
number of droplets in an emulsion obtained from the asymmetric configuration for one flow rate example case. 
It is confirmed that the mean drop diameter gets convergent via this automated granulometry procedure. Also, 
it has been verified that the final results of 𝐷𝐷10 from automated granulometry and these from manual analysis 
agree well, which validates the fidelity of the automated granulometry method. 
 
2.4 Flow visualization 

The flow visualization is carried out to observe the interaction of oil and water streams by a Photron fast 
speed camera (FASTCAME SA-X2 1080K M4), whose maximum frame rate is 1080 kHz. To balance the spatial 
and temporal resolutions, the shooting frame rate in the present study on flow patterns is selected to be 300 kHz, 
hence the exposure time is limited to be the longest available (1/583784 in seconds) for this frequency. A 
Lavision high magnification (12×) zoom lens is used to allow observations at the micrometer scale in the 
emulsification facility. The focus of the lens is adjusted in the channel depth. Considering the region of interest in 
the observation, the spatial resolution is 4 𝜇𝜇𝜇𝜇 /pixel. Because of high speed capturing images with such a large 
zoom lens at so short exposure time, an external powerful light source is necessary to illuminate the 
microchannel crossroad. This one should generate a signal strong enough to be recorded by the camera. 
Therefore, a 50 W Halogen lamp is located on the opposite side and facing the camera beyond the transparent 
microchannel to enhance the brightness to a great extent. Attention is paid to the fact that the use of the lamp 
does not warm up the fluid flowing through the studied microsystem.  

 
2.5 Test conditions 

As mentioned above, the continuous and dispersed phases used for o/w emulsification are water and 
rapeseed oil, respectively. Their main characteristics at 25℃ are recapped in Tab.1. The surface tension and 
interfacial tension have been measured using a Kruss K-12 tensiometer using the Wilhelmy method. The viscosity 
of the fluids has been obtained using a Thermo Scientific Haake Mars ΙΙΙ rheometer. The uncertainty of the 
tension and viscosity measurements are estimated to be respectively 5% and 1%. 

 
Tab.1. Characteristics of the used fluids (at 25℃). 

Liquids 
at 25℃ Tap water Rapeseed oil 

𝜌𝜌 (kg/m3) 998 865 
𝜇𝜇 (mPa s) 0.91 52.2 
𝛾𝛾 (mN/m) 73.5 33.7 

𝜎𝜎 (mN/m) 27.6(without surfactant)/ 
7.4 (with 0.5% Tween as surfactant) 

 
To compare the two configurations at different flow conditions, flowrates of water and oil are pre-set and 

input into the pump control systems based on targeted Reynolds number and oil volume fraction in the emulsion, 
as summarized in Tab.2. Reynolds number based on the aqueous phase is designed to be in so-called “low”, 
“medium” and “high” levels by modulating water flowrate as 50 mL/min, 100 mL/min, and 150 mL/min. 
Accordingly, Reynolds number based on the continuous phase properties and water inlet channel dimension 
(𝑅𝑅𝑅𝑅𝑐𝑐) are 1524, 3047, and 4570. And oil to water volume ratio (𝑓𝑓 = 𝑉𝑉𝑑̇𝑑/𝑉𝑉𝑐̇𝑐) in the emulsion is set from 10% to 
25% with an interval of 5%. Moreover, to allow correct microscopy imaging, 0.5% TWEEN 20 is dissolved in the 
water to stabilize the emulsion sample for microscopy imaging.  Tween 20 is polyoxyethylene sorbitol ester. It is 
an anionic tensioactive molecule which belongs to the polysorbate family and that is largely used for stabilizing 
oil in water emulsions. Its molecular weight is about 1225 Daltons. 
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Tab.2. Test matrix for studying asymmetric configuration and symmetric one.  
𝑉𝑉𝑐̇𝑐 

(𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚) 
𝑉𝑉𝑑̇𝑑 

(𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚) 𝑅𝑅𝑅𝑅𝑐𝑐 𝑓𝑓 

50 5, 7.5, 10, 12.5 1524 10%, 15%, 
20%, 25% 100 10, 15, 20, 25 3047 

150 15, 22.5, 30, 37.5 4570 
 
Measurement trails on droplet size and size distribution without Tween 20 has been done to elucidate the 

effect the surfactant. However, it is inappropriate to do this by current non-in-situ microscopic method because 
the droplets will coalescence quickly during the sample collection, preparation of the microscopic slice and 
images recording, especially in our studied case where the oil phase can be fragmented into very small drops 
initially. On the trial of microscopic observation of emulsion sample without surfactant added, the merging 
process of several small drops into a large one is even witnessed. 

 
3. Results and discussion 
3.1 Drop size distribution  

With abundant drops size measurements allowed by automated granulometry, statistical analysis is thus 
carried out to check its distribution for both configurations. Fig.6 plots the comparison of cumulative distribution 
function (c.d.f) at the smaller flow rate conditions with varied dispersed oil fraction. It can be noticed from Fig.6(a) 
that the cumulative probability ramps up rapidly at the range where drops are small, i.e. 1 to 10 𝜇𝜇𝜇𝜇. For instance, 
drops with a diameter less than 10 𝜇𝜇𝜇𝜇 occupy as high as 80% in the final populations. Within this range of droplet 
size, no significant difference between two cross-slot geometries can be distinguished. The ability and efficiency 
of the studied two-stream impinging microfluidics working at high throughput in terms of producing fine 
dispersed drops is proven. Disparities between the two configurations show up in the range of relatively bigger 
drops size as marked with the green box in Fig.6(a) and zoomed-in details are presented in Fig.6(b). In general, 
the flow pattern inside asymmetric cross-slot configuration induces the formation of more large drops than with 
the fully symmetric one, so the cumulative probability distribution curves for the symmetric configuration 
converge to 100% faster at all tested oil fraction cases. As for the effect of the dispersed phase volume ratio in 
the emulsion, increasing oil fraction in such emulsifiers leads to higher oil flowrates transported into the collision 
region. Thus, more momentum is carried, leading to more intense interactions with the head-on water flow. As a 
result, oil streams are dispersed as finer droplets at higher oil fraction cases. 

Not demonstrated by the cumulative probability, variations of the drop size distribution for the two 
configurations in the small-drop size range [0-20𝜇𝜇𝜇𝜇] is plotted in Fig.7 at 𝑅𝑅𝑅𝑅𝑐𝑐 of 1524, with the oil fraction of 
10%. The probability distribution agrees well with the lognormal distribution; this is consistent with the fact that 
the dispersed phase undergoes statistically mostly several successive events of break-up (Ji et al. 2021). It 
indicates that the symmetric configuration shows strength in generating finer dispersions than the asymmetric 
one. To be specific, concerning the peaks of the droplets granulometries, a frequency of droplets in the range [2-
3 𝜇𝜇𝜇𝜇] of (30%) is obtained in the symmetric cross-slot microchannel, while a frequency of 25% is observed for 
a relatively larger diameter range [3-4 𝜇𝜇𝜇𝜇] in the asymmetric device. Besides, the drop size distribution of the 
asymmetric configuration spreads in a wider diameter range, meaning that the created emulsion is more 
polydisperse.    

Both c.d.f and p.d.f results show that the studied microchannel with the symmetric cross-slot geometric 
layout is more efficient to disperse the oil phase into the water as relatively smaller droplets than the asymmetric 
one at studied low 𝑅𝑅𝑅𝑅 conditions. This can also be directly observed by the microscopy images taken at one 
example case, as shown in Fig.8. The maximum diameter (𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚) measured respectively in the symmetric and 
asymmetric configurations at this condition (𝑅𝑅𝑅𝑅𝑐𝑐 =1524 and 𝑓𝑓 =10%) in the symmetric and asymmetric 
configurations are 117 𝜇𝜇𝜇𝜇 and 135 𝜇𝜇𝜇𝜇, as shown in Tab.3.  The reason could be that shear stress involved in the 
symmetric configuration is higher than that in the asymmetric one. This may be explained by the rearrangement 
of the velocity profile in the impingement region, allowing the disruptive force exerted on the dispersed oil phase 
to be greater, which will be disclosed in the following discussion on flow visualizations. However, the single 
macro swirl previously observed (Belkadi et al. 2016) in the asymmetric one changes to a counter-rotating swirl 
pair in the symmetric configuration, which is expected to enhance the mixing of the two-phase flow better. On 
the other hand, it has to be pointed out that the disparities between the two geometries are not so great. The final 
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o/w emulsion quality is not only determined by the configurations of the crossroad where the two inlet streams 
impact, the downstream elbows also helps to breakdown the instability generated inside the microchannel and 
refine the emulsion further. 

As the flowrate is elevated, not only the velocity gradient, which determines the disruptive shear stress but 
also the kinetic energy induced into the collision region to mix the two-phase flows gets higher. Consequently, 
the oil droplets size is reduced, as presented in Fig.9, which shows the cumulative probability distribution at 
medium 𝑅𝑅𝑅𝑅 studied condition (𝑅𝑅𝑅𝑅𝑐𝑐=3047). Again, taking the reference c.d.f value (80%) to compare with the low 
𝑅𝑅𝑅𝑅 conditions (𝑅𝑅𝑅𝑅𝑐𝑐=1524), more than 80% of drops are smaller than 7 𝜇𝜇𝜇𝜇 at 𝑅𝑅𝑅𝑅𝑐𝑐=3047 for all oil fraction cases 
(see Tab.3). Regarding the configuration comparison, the cumulative probability curves keep almost same for 
two cross-slot layouts under different oil fraction conditions in the range of smaller drop size regime [0-4 𝜇𝜇𝜇𝜇]. 
As pointed out with the box framed in green in Fig.9(a) and magnified in Fig.9(b), a slight difference of the c.d.f 
curves can also be noticed in the range of larger droplets size, like what has been illustrated at the low 𝑅𝑅𝑅𝑅 
condition, the symmetric configuration tends to generate more small drops than the asymmetric one resulting in 
the c.d.f climbing up to reach 100% a little more rapidly. The maximum diameters for the asymmetric and 
symmetric geometries are 112 𝜇𝜇𝜇𝜇 and 105 𝜇𝜇𝜇𝜇, respectively (see Tab.3). The effect of the oil fraction is also 
similar to the low 𝑅𝑅𝑅𝑅 case.  

As stated, symmetric configuration exhibits a certain superiority in promoting the dispersion process thus 
causing finer oil droplets distributed in the final emulsion. But as the flow rates of both phases increase further, 
the geometry of the cross-lot seems to have less and less influence on the drop size distribution. Fig.10 shows 
cumulative probability evolution at the highest 𝑅𝑅𝑅𝑅  condition investigated in the present study (𝑅𝑅𝑅𝑅𝑐𝑐=4570). 
Surely, two phases with higher momentum impinging with each other at the compact microchannel allow getting 
smaller droplet size generally. The maximum diameter detected at this high  𝑅𝑅𝑅𝑅 condition is below 70 𝜇𝜇𝜇𝜇 (shown 
in Tab.3). The drop size distributions obtained after emulsification with varying oil fraction rate are also very 
close, the cumulative probability curves being quite coincident.     

More in detail, Fig.11 presents the drop diameter probability distribution for two configurations in the 
small-drop range [0-20 𝜇𝜇𝜇𝜇] at  𝑅𝑅𝑅𝑅𝑐𝑐 of 4570 with the oil fraction of 10%. The log-normal distribution function is 
fitted well for both configurations. There is little difference between the two configurations since fitting curves 
are nearly consistent. If compared with Fig.7, it is observed that the peak probability is over 35% for the diameter 
range [2-3 𝜇𝜇𝜇𝜇] for both configurations, while this peak value is below 30%, especially for the asymmetric 
configuration at low 𝑅𝑅𝑅𝑅 condition. 

A significant decline of the drop size can also be seen from microscopy images directly in Fig.12. At the same 
oil fraction condition, oil droplets are more densely and uniformly at the high 𝑅𝑅𝑅𝑅  condition. Similarly, the 
emulsification performance of the symmetric and asymmetric geometries layouts is close to each other in terms 
of similar dispersed distribution performance.  

Drop size distributions give detailed information of o/w emulsion quality fabricated by studied head-on 
impingement microfluidic device, which is useful to compare the asymmetric and symmetric configurations of 
the cross-slot layout. In general, it can be concluded that the symmetric configuration works better than the 
asymmetric one because of generating finer oil droplets, especially at low 𝑅𝑅𝑅𝑅 tested conditions.  Except for the 
drop size distribution, averaged outcomes will also be discussed in the following to further disclose the 
hydrodynamic and geometric effects on the global emulsion quality in the microchannel. 
 
3.2 Mean drop size & emulsification efficiency  

Fig.13 depicts the arithmetic mean drop diameter (𝐷𝐷10)  for tested conditions. Overall, the particular 
designed microfluidic microsystem tested in this study at the conditions of great amounts of dissipated kinetic 
energy leads to averaged drop diameters less than 10 𝜇𝜇𝜇𝜇  at all experimental cases. The efficiency of the 
microchannel utilizing continuous and dispersed phase streams to impinge with each other is exhibited here. No 
matter how the cross-slot is arranged geometrically, the averaged drop diameter decreases with 𝑅𝑅𝑅𝑅. At a given 
dispersed volume fraction, higher flowrate continuous phase flow induces higher disruptive stress acted on the 
oil streams for fragmentation, thus making it highly finely dispersed in the water environment. This phenomenon 
has already been described by previous studies implemented with several microfluidic configurations, using 
different flow range conditions and for oil in water or water in oil emulsions. Tan et al. (2006), for example, have 
pointed out that the decreasing of the droplet radius follows a simple power-law function where the flow rate of 
the continuous phase (oil) is at the power of -0.27 to -0.34, depending on the fixed dispersed phase (water) 
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flowrate. These experiments concerned very tiny values of the flowrates (~𝜇𝜇𝜇𝜇/𝑚𝑚𝑚𝑚𝑚𝑚) and the smallest value of 
the drop diameter measured was about 30 𝜇𝜇𝜇𝜇. The trends indicate that drop size can’t unlimitedly be reduced 
for a given geometry and flow conditions. Under the present conditions, it is not possible to break the oil droplets 
less than 1 𝜇𝜇𝜇𝜇. It is also confirmed that the gap between the medium and high 𝑅𝑅𝑅𝑅 conditions is less than that 
between the low and medium  𝑅𝑅𝑅𝑅 conditions. The minimum averaged drop diameter measured is presently 3.9 
𝜇𝜇𝜇𝜇. In the same order of ideas, at a given water flow rate, 𝐷𝐷10 reduces as the oil flowrate increases if the water 
flow rate is kept because of the higher oil flow momentum imposed. However, it seems to converge to a critical 
value, which is reasonable because emulsion conversion from o/w to w/o emulsion will take place if more and 
more oil is input. Fig.13 indicates the better performance of the symmetric configuration, especially at low 𝑅𝑅𝑅𝑅 
conditions. It then can be summarized that cross-slot geometry shows greater influence at the small flow 
conditions. As 𝑅𝑅𝑅𝑅 increases, the averaged drop diameter is mainly dependent on the hydrodynamic situation 
inside the microchannel, so the impact of the impingement configuration weakens. To be specific, the mean drop 
diameter in the symmetric head-on collision microchannel is averagely 11% smaller compared with the 
asymmetric configuration at low 𝑅𝑅𝑅𝑅 conditions (𝑅𝑅𝑅𝑅𝑐𝑐=1524).  At high 𝑅𝑅𝑅𝑅  conditions (𝑅𝑅𝑅𝑅𝑐𝑐=4570), this scatter is 
reduced to 7%. 

The Sauter mean diameter presents the same trend as the arithmetic mean diameter, as plotted in Fig.14. It 
also declines as  𝑅𝑅𝑅𝑅 or 𝑓𝑓 is promoted. And the difference between the two configurations is consistent with that 
characterized by arithmetic diameter. 𝐷𝐷32  is shown to be much larger than  𝐷𝐷10  because the oil-in-water 
emulsion fabricated by the studied microsystem is polydisperse. The correlation between the Sauter mean 
diameter and the arithmetic mean diameter for symmetric and asymmetric configurations are shown in the 
following formula (5) and (6) respectively:  
Symmetric configuration:                                            𝐷𝐷32 = 6.15 ∗ 𝐷𝐷10 − 15.7                                                                       (5) 
Asymmetric configuration:                                         𝐷𝐷32 = 5.06 ∗ 𝐷𝐷10 − 10.1                                                                       (6) 

Our microchannel is designed to work at high throughput, thus the emulsion produced is not a typical mono-
dispersed system like with conventional droplet-based microfluidics. Polydispersity defined in Eq.(4), is 
presented in Fig.15. This figure indicates that enhancing the value of the Reynolds number or the oil fraction 
allows narrowing the size scattering range of the oil fragments. For example, at the lowest 𝑅𝑅𝑅𝑅𝑐𝑐 condition (𝑅𝑅𝑅𝑅𝑐𝑐 =
1524), the polydispersity is as high as 2.54 when the oil fraction is only 10% for the asymmetric configuration, 
and it decreases to 1.65 (by 35%) at the highest 𝑓𝑓 case (𝑓𝑓=25%). When the flow rate grows to the maximum case 
investigated (𝑅𝑅𝑅𝑅𝑐𝑐 = 4570), 𝑃𝑃𝑃𝑃𝑃𝑃 drops a lot, from 1.13 to 0.84. It can also be noticed that polydispersity varies 
less with adjusting dispersed oil phase fractions at higher 𝑅𝑅𝑅𝑅. Impinging the continuous and dispersed phase co-
axially is beneficial to make the final emulsions less heterogeneous. This advantage of the symmetric 
configuration is not that significant when the flowrate is promoted to the highest. Specifically, at the highest oil 
fraction condition (𝑓𝑓=25%), 𝑃𝑃𝑃𝑃𝑃𝑃 for the symmetric configuration is 1.16 when 𝑅𝑅𝑅𝑅𝑐𝑐 is low (𝑅𝑅𝑅𝑅𝑐𝑐 = 1524), and it is 
1.75 for the asymmetric configuration, which enhances 51%. But this enhancement declines to 12% as 𝑅𝑅𝑅𝑅𝑐𝑐 is 
elevated to 4570 (𝑃𝑃𝑃𝑃𝑃𝑃 = 0.75 for the symmetric configuration and 0.84 for the asymmetric one).     

Discussion on the averaged drop diameter confirms the conclusion reached from the drop size distribution. 
The symmetric configuration generally is superior to the asymmetric one in terms of smaller oil droplets created 
in the emulsions. From the perspective of uniformity of the distributed oil droplets, the symmetric configuration 
also performs better. But the advantage vanishes as the working flow rate is increased. 

For scaling the droplet size with the hydrodynamic conditions including both continuous and dispersed 
phase, it is found that the arithmetic mean drop diameter is in a power law correlation with Weber number 
defined as the following: 

𝑊𝑊𝑊𝑊 = 𝜌𝜌𝑑𝑑𝑈𝑈𝑒𝑒2𝐷𝐷ℎ_𝑑𝑑
𝜎𝜎

                                                                                         (7) 
Where 𝜌𝜌𝑑𝑑 is the density of the dispersed phase. 𝑈𝑈𝑒𝑒  is the velocity of the emulsion in one outlet channel, which is 
driven  by both water and oil flowrates and 𝐷𝐷ℎ_𝑑𝑑 is the hydrodynamic diameter of the oil channel. Data and their 
fitting curves are superimposed in Fig.16. The arithmetic mean diameter is in a relation of 𝑊𝑊𝑊𝑊−0.25  for the 
symmetric configuration, and it is 𝑊𝑊𝑊𝑊−0.27 for the asymmetric configuration. Also, the red dot line is the result 
for integrating results of both configurations, showing the power index of the scaling law is between that for two 
configurations separately.  Assuming the power index is roughly -0.25 for both configurations, it means that 
𝐷𝐷10 ∝  1

𝑊𝑊𝑊𝑊0.25  ∝ 1
𝑈𝑈𝑒𝑒0.5 . So 𝐷𝐷10 is in a linear correlation with 1

�𝑈𝑈𝑒𝑒
. It indicates that the averaged drop size of o/w 
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emulsions generated by the investigated microfluidic device is dominated by the flow velocity of the emulsion 
flow.  

It is not enough to determine whether an emulsifier is good or not only by evaluating the outcome emulsion 
quality only, the cost of dissipated energy per mass of emulsion is also a paramount parameter. To this end, the 
energy consumption per mass of emulsion is estimated as: 

𝐸𝐸 =
𝑚𝑚𝑐𝑐̇

∆𝑃𝑃𝑐𝑐
𝜌𝜌𝑐𝑐

+𝑚𝑚𝑑𝑑̇
∆𝑃𝑃𝑑𝑑
𝜌𝜌𝑑𝑑

𝑚𝑚𝑐𝑐̇ +𝑚𝑚𝑑𝑑̇
                                                                               (8) 

Where, ∆𝑃𝑃𝑐𝑐 and ∆𝑃𝑃𝑑𝑑 are the pressure drops for the continuous and dispersed phase, respectively. The dissipated 
energy is compared to the created liquid-liquid interface surface area per volume of emulsion, i.e. a specific 
surface area (𝑆𝑆𝑝𝑝). 

𝑆𝑆𝑝𝑝= 6𝜑𝜑𝑑𝑑/𝐷𝐷32                                                                              (9) 
Where 𝜑𝜑𝑑𝑑  is the oil volume fraction in the emulsion [𝜑𝜑𝑑𝑑 = 𝑉𝑉𝑑̇𝑑/(𝑉𝑉𝑐𝑐 + 𝑉𝑉𝑑̇𝑑)̇ ]. 

Fig.17 presents the created specific surface area, 𝑆𝑆𝑝𝑝, as a function of the energy dissipated by per unit mass 
of emulsion. It can be observed that the created interface per volume of emulsion increase roughly linearly with 
the energy expended. The asymmetric configuration appears to be more efficient considering this criterion. 
Although the symmetric configuration assists to manufacture smaller and more uniform oil droplets than the 
asymmetric configuration, it requires relatively more energy to fulfill this. Fig.18 also illustrates this point by 
unrevealing the correlation of mean drop diameter to energy dissipation in different systems. From this point of 
view, the asymmetric cross-slot geometry is slightly more energy-saving.  

It has to be noted that the asymmetric device has been originally designed for fabricating W/O emulsion 
(water emulsified in biodiesel) as it was developed for energy application (Marchitto et al. 2018; Belkadi et al. 
2016), which can be realized by simply switching the inlet phases in practice. Since the device works at high 
throughput, the effect of the surface energy is negligible. Therefore, PMMA and aluminum systems, for example, 
provide same quality of emulsions. It can be viewed as another advantage of the current microsystem. 

   
3.3 Flow visualization  

Optical visualization of flow in the vicinity of the impingement region is carried out using high-speed camera 
photography. Fig.19 displays the oil and water flow interactions at the low 𝑅𝑅𝑅𝑅 condition for both configurations 
with the oil fraction varying from 10% to 25%. The oil/water interface appears in black. The observation window 
is diagramed on the top of Fig.19. When the oil fraction is the lowest, Fig.19(a), the macro swirl flow triggered in 
the asymmetric configuration rolls up the oil stream after impacting with the oncoming water stream in the 
crossroad: the interface firstly takes the form of a tile, the concave part of which is located in the direction of the 
water inlet. The oil phase is then twisted and flows towards the outlet as a stable filament having a thickness of 
about 200 𝜇𝜇𝜇𝜇. This means that the break-up of the oil phase mainly occurs downward, at this flowrate. In these 
conditions, the oil filament is located on the side of the oil inlet. On the opposite, in the symmetric configuration 
at the same flow condition (Fig.19(e)), the water stream rolls the oil stream more intensely and the interface 
longer keeps the shape of a large tile. Developing to the downstream, the instability shows up at the two ends of 
the observation window, which is caused by the higher shear stress between two-phase liquids.  

With the increment of oil fraction, instability is also generated in the asymmetric configuration (Fig.19(b)), 
resulting in the creation of unstable long strips of the interface, as marked in the red dashed circles. Thanks to 
the improvement of shear stress, oil streams tend to split into many long and thin filaments in the symmetric 
configuration at comparable conditions, as shown in Fig.19(f). What can be expected is that these thin filaments 
will be disrupted into droplets further downstream. The interaction between two-phase liquids is more 
intensified when the flow rate of oil is further promoted to 15%, making the oil-water impacting interface more 
corrugated for the asymmetric configuration (Fig.19(c)) and much thinner filaments shedding off from the oil 
streams (Fig.19(g)). Finally, the enhancement of the shear-stress induced instability is not that evident in the 
asymmetric configuration (Fig.19(d)). Only some local instability is captured near the edge of the water channel 
exit, as shown in Fig.20 in detail. The corrugated thin filament is cut off (𝑡𝑡=0.137 ms). The instability continues 
to develop on the residue portion (marked with the red circle) and propagates to the downstream with a great 
extension (𝑡𝑡=0.683 ms), which disappears at last (𝑡𝑡=1.230 ms). What is interesting is that fine helical filaments 
(Fig.19(h)) are observed in the symmetric configuration, which is attributed to the effect of the dual swirl motion. 
Moreover, oil flows with higher momentum push the oil-water initial interface away from the side of the oil inlet.   
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The most dominant external force imposed on the dispersed phase at low 𝑅𝑅𝑅𝑅 conditions is the shear stress, 
which is dependent on the velocity gradient across the interface. However, it will switch to turbulent pressure 
fluctuations of the flow inside the microchannel as the 𝑅𝑅𝑅𝑅 increases a lot. So the interaction between the two-
phase flows looks more chaotic, especially at high 𝑅𝑅𝑅𝑅 conditions, as displayed in Fig.21. In the medium 𝑅𝑅𝑅𝑅 regime, 
both shear stress and turbulent fluctuation could be possibly responsible for the dispersed phase breakage, 
therefore visible large drops begin to appear along with filaments (Fig.21(a)&(d)).  At the highest 𝑅𝑅𝑅𝑅 investigated 
here, a great amount of small drops is formed from the oil phase fragmentation (Fig.21(b)&(e)); finer structures 
are observed in the symmetrical geometry. Oil streams in the outlet are rapidly burst into clouds of small drops 
at the elevated oil fraction (Fig.21(c)&(f)). The difference is difficult to be distinguished between two 
configurations in this most intensified case, even if the area involved by the formation of interfaces seems to be 
a bit larger in the symmetric geometry, which is globally consistent with the conclusions reached in the drop size 
and size distribution part. 

The modulation of the velocity profile in the impingement region by arranging different cross-slot layouts 
enhances the velocity gradient thus the shear stress for the symmetric configurations, which results in the finer 
and more uniform oil droplets distributed in the created emulsions in the low 𝑅𝑅𝑅𝑅 regime. With the increase of 
the flow rate of oil and water phases, the instability inside the flow augments greatly and even fully turbulent 
emulsification can be reached. At this status, the disparity between two configurations in terms of drop size is 
diminished since the interaction intensity is high enough. On the other hand, the intrinsic property of higher 
instability in the symmetric configuration causes the higher energy cost at the same flow conditions. 
 
4. Conclusions 

In the present study, experimental work is carried out to characterize the oil-in-water emulsification 
performance in the head-on impingement microchannels designed to work at high throughput. Effect of the 
layout of the water and oil inlet channels in the cross-slot is examined by measuring the drop size and size 
distributions at varied continuous and dispersed phase flowrates via microscopy analysis associated with 
automated granulometry. Depending on the relative positions of the two inlet channels axes, the symmetric and 
asymmetric configurations are denoted. Emulsification efficiency in terms of the energy cost for per created 
emulsions is compared. Flow visualization is also performed to get the insight of the two-phase flow interactions 
in the studied microfluidic devices. 

The microsystems utilize the kinetic energy carried by two face-to-face streams for o/w emulsification 
through collision in the extremely compact confinement, which helps to fabricate very fine oil droplets 
distributed in the created emulsion. The arithmetic mean diameter is less than 10 𝜇𝜇𝜇𝜇 at all experimental cases, 
and the minimum mean drop diameter, 3.9 𝜇𝜇𝜇𝜇 , is obtained at the highest energy dissipation condition. The 
difference of droplet size distribution between the two configurations is not distinguished in the small drop 
diameter range but tends to show up in the relatively larger drop size range. Generally, the symmetric cross-slot 
geometry works better than the asymmetric one allowing to produce a smaller number of large droplets and 
dispersing the oil phase more uniformly at the same hydrodynamic conditions, especially when 𝑅𝑅𝑅𝑅 is low. As 
flowrates of both phase increases, the disparity is diminished. The arithmetic mean drop diameter in both 
systems is found to be scaled with the Weber number, which is defined based on the velocity of the emulsion. 
The symmetric configuration shows an advantage in manufacturing finer and less poly-dispersed emulsions than 
the asymmetric one at given flow conditions. However, it demands relatively higher energy cost and its 
manufacturing is less simple.     

The mechanism of the strength showed by the symmetric configuration in generating better quality o/w 
emulsions is discovered by observing the oil and water flow interactions when they collide. It is concluded that 
the velocity profile in the impingement region is significantly modulated by arranging different cross-slot layouts. 
Thus, velocity gradient induced shear stress in the symmetric configurations is greater than in the asymmetric 
one, which leads to smaller and more uniform oil droplets disrupted in the two liquids dispersion system in the 
low 𝑅𝑅𝑅𝑅 flow regime. Instability in the symmetric configuration also exceeds the other one, which brings in more 
intensified interaction and mixing. The gap between two configurations in terms of drop size is narrowed when 
the interaction is intense enough with the increment of the flowrates. The intrinsic higher instability feature in 
the symmetric configuration is responsible for the higher energy cost at the same working flow conditions as the 
asymmetric configuration. Considering the choice of an adequate configuration, the balance has to be considered 
between flowrates involved, needed quality, and cost of dissipated energy as well as device manufacturing. 
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Fig. 1. Experimental setup for oil-in-water emulsification. 
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Fig. 2. The microchannel system: (a)microfluidic emulsification device; (b)asymmetric cross-slot configuration; 
(c)symmetric cross-slot configuration; (d)XY plane; (e)XZ plane. 
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Fig.3. Typical microscope image at 5× and 50× magnification. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



18 

 

 

Fig.4. Microscopy images processing procedure. 
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Fig.5. Convergence of mean droplet diameter measured by automated granulometry and manual analysis. 
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Fig.6. Cumulative distribution function of droplet diameter at 𝑅𝑅𝑅𝑅𝑐𝑐=1524: (a)[0-80 μm]; (b)[5-60 μm].  
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Fig.7. Probability distribution function of droplet diameter for two configurations at 𝑅𝑅𝑅𝑅𝑐𝑐=1524 and 𝑓𝑓=10%. 
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Fig.8. Microscopy images of emulsion sample for two configurations (a:symmetric configuration; b:asymmetric 
configuration) at 𝑅𝑅𝑅𝑅𝑐𝑐=1524 and 𝑓𝑓=10%. 
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Fig.9. Cumulative distribution function of droplet diameter at 𝑅𝑅𝑅𝑅𝑐𝑐=3047: (a)[0-80 μm]; (b)[3-30 μm].  
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Fig.10. Cumulative distribution function of droplet diameter at 𝑅𝑅𝑅𝑅𝑐𝑐=4570: (a)[0-80 𝜇𝜇𝜇𝜇]; (b)[5-60 μm].  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



25 

 

 

Fig.11. Probability distribution function of droplet diameter for two configurations at 𝑅𝑅𝑅𝑅𝑐𝑐=4570 and 𝑓𝑓=10%. 
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Fig.12. Microscopy images of emulsion sample for two configurations (a: symmetric configuration; b: asymmetric 
configuration) at 𝑅𝑅𝑅𝑅𝑐𝑐=4570 and 𝑓𝑓=10%. 
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Fig.13. Arithmetic mean drop diameter for all cases. 
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Fig.14. Sauter mean drop diameter for all cases. 
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Fig.15. Polydispersity index for all cases. 
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Fig.16. Correlation of arithmetic mean diameter with Weber number. 
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Fig.17. Variations of specific surface area with the energy cost. 
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Fig.18. Variations of mean drop diameter with the energy cost. 
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Fig.19. High-speed images of oil and water stream interactions at 𝑅𝑅𝑅𝑅𝑐𝑐=1524: (a)-(d)asymmetric configuration with 𝑓𝑓 
varying as 10%, 15%, 20% and 25%; (e)-(h)symmetric configuration with 𝑓𝑓 varying as 10%, 15%, 20% and 25%. 

 

 

 

 

 

 

 

 

 

 



34 

 

 
Fig.20. Evolution of filament instability in the asymmetric configuration at 𝑅𝑅𝑅𝑅𝑐𝑐 = 1524 and 𝑓𝑓 = 25%. 
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Fig.21. High speed images of oil and water stream interactions at medium and high 𝑅𝑅𝑅𝑅 conditions: (a)-(c)asymmetric 
configurations; (d)-(f)symmetric configurations; (a)&(d)𝑅𝑅𝑅𝑅𝑐𝑐 = 3047,𝑓𝑓 = 10%; (b)&(e)𝑅𝑅𝑅𝑅𝑐𝑐 = 4570,𝑓𝑓 = 10%; (c)& 

(f)𝑅𝑅𝑅𝑅𝑐𝑐 = 4570,𝑓𝑓 = 25%.  
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