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ABSTRACT 

The laminar nature of flow in mini and microchannels has pushed researchers to 

develop novel solutions to overcome reaction rate reduction and heat/mass 

transfer issues. In this regard, Taylor flow is one of the possible solutions that 

could be used to enhance mixing inside mini and microchannels with reasonable 

pressure drop. The hydrodynamics of Taylor liquid-liquid flow is numerically 

studied in this work by employing two different droplet generation methods, 

specifically T-junction and patching methods. To this end, a three-dimensional 

model of rectangular microchannel flow is considered. The computational 

domain was designed and meshed by ICEM CFD and then simulated with 

commercial software ANSYS Fluent. The interface between the two phases was 

captured using the Volume of Fluid (VOF) method. The generating and 

development process of water droplets dispersed in an ethylene/propylene glycol 

carrier phase for both methods is discussed in detail. According to the results, 

both methods show satisfactory performance regarding liquid film and droplet 

shape, with only a slight difference. However, the patching method was found 

to be more economical in terms of computational time. This study would 

improve the state of knowledge on two-phase flow simulation in microchannels 

and thus contribute to the understanding of Taylor flow hydrodynamics. 
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1. INTRODUCTION 

Over the past decades, microfluidic applications have 

attracted considerable interest in various fields, such as 

microelectromechanical systems (MEMS), laboratory-on-

a-chip (LOC), medical and genetic engineering, chemical 

process engineering, and electronic cooling. 

Despite the advantages it offers (e.g. high surface-to-

volume ratio and precise flow control), researchers found 

that laminar flow inside mini and microchannels presents 

a major issue, requiring them to find new solutions to 

overcome this issue and, consequently, improve heat/mass 

transfer and reaction rates. 

Among the various solutions proposed, two-phase 

flows in microchannels, in particular, the slug flow, which 

is also called segmented flow or Taylor flow, has shown 

to be effective in overcoming several difficulties faced by 

conventional single-phase microfluidics. 

In general, two methods are used to create Taylor 

flows in mini and microchannels, passive and active. 

Passive methods are more economical, easier to 

implement, and generate droplets without external 

actuation contrary to active methods. T-Junction is one of 

the most common passive methods of droplet generation, 

used for the first time by Thorsen et al. (Thorsen et al., 

2001) to generate oil droplets in water. 

Earlier, numerical simulations involving two-phase 

flows in microchannels were not widely used compared to 

experimental studies. This is mainly due to the three-

dimensional nature of the flow and the interface between 

the two fluids, and therefore leading to a high 

computational cost. However, the rapid development and 

diversity of interface tracking methods such as Volume of 

Fluid (VOF) (Qian et al., 2019), Lattice Boltzmann (Ba et 

al., 2015), Level set (Wong et al., 2017) and finally 

Coupled Level set and Volume of Fluid (CLSVOF) 

(Chakraborty et al., 2019), as well as the development of 

computational equipment has facilitated the task and thus 

encouraged numerical simulations in the field of droplet-

based microfluidics (Gupta et al., 2009; Talimi et al., 

2012). 

An analysis and observation of the effect of grid size 

on slug flow simulations was conducted by Gupta et al. 

(2009) using computational fluid dynamics (CFD).  
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NOMENCLATURE 

𝑊  Channel width 𝑅𝑒𝑇𝑃   
 Reynolds number of two phase flow 

(ReTP = ρTPUTPDh μTP⁄ ) 

ℎ  Channel height   Viscosity ratio( = μd μc⁄ ) 

𝐷ℎ  Hydraulic diameter Greek symbols 

𝐿𝑒 Length of flow development (patching method)      Film thickness 

𝐴  Cross-section area ρ  Density 

𝑈  Velocity μ  Viscosity 

u Longitudinal velocity (or x-velocity component) σ  Interfacial tension 

Q Flow rate Subscripts 

q Flow rate ratio(q = Qd/Qc) c  Continuous phase 

 𝐶𝑎𝑇𝑃  
Capillary number of two-phase flow (CaTP =
μcUTP σ⁄ ) 

d  Dispersed phase 

𝐶𝑎𝑐  
Capillary number of continuous phase (Cac =
μcUc σ⁄ ) 

TP  Tow-phase 

𝐶𝑎𝐷  
Capillary number based on plug velocity (CaD =
μcUD σ⁄ ) 

D  droplet 

𝑅𝑒𝑐  
Reynolds number of the continuous phase (Rec =
ρcUcDh μc⁄ ) 

f  film 

𝑅𝑒𝑑  
Reynolds number of the continuous phase (Red =
ρdUdDh μd⁄ ) 

Cr Corner 

 

Various grid sizes were tested, ranging from D/20 to 

D/100 elements. However, physical results could only be 

obtained when the mesh was refined to D/200. A basic 

strategy was suggested by the researchers which consisted 

of refining the mesh in the radial direction near the channel 

wall with a minimum of five elements to keep the interface 

sharp near the liquid film. As a result, their simulations 

were extremely computationally expensive. 

Navaneetha et al. (2010) conducted a numerical 

simulation to determine the effect of the momentum 

discretisation scheme and the gradient calculation scheme 

on the simulation of two-phase flow. The volume of fluid 

(VOF) together with the continuum surface model (CSF) 

are used to track the interface and incorporate the surface 

tension force. For the discretization of momentum, the 

results indicate that first order schemes (first order upwind 

schemes, power law) perform better than second order 

schemes (second order upwind schemes, QUICK), while 

for gradient calculation schemes, node-based schemes 

perform more efficiently than cell-based schemes. 

Kashid and Renken (2010) developed a numerical 

model based on the volume of fluid (VOF) method, which 

was used as an interface tracking method. This model is a 

two-dimensional T-junction validated using experimental 

results of Tice et al. (Tice et al., 2004). The results showed 

that the VOF method describes very well the generation of 

plug flow and its key features such as wall film and 

wetting behaviour. 

Using ANSYS Fluent, Asadolahi et al. (Asadolahi et 

al., 2011) simulate Taylor flow in a microchannel using 

two CFD methodologies. In the first approach, bubbles 

and droplets are generated in a long tube in a stationary 

frame (laboratory frame) of reference. In this approach, 

bubbles/droplets of desired size can be generated by 

controlling both phases' inlet flow rates. As opposed to the 

first approach, the second approach solves the flow in a 

unit cell containing one liquid slug and half a bubble on 

each side of the slug in a frame of reference moving with 

the bubble velocity. The results show that moving domain 

approaches require considerably less computational power 

than stationary domain approaches. However, both 

approaches produce the same results, giving confidence in 

their implementation. 

Motivated by the lack of studies that examined the 

effect of viscosity ratio on droplet size, Nekouei et al. 

(2017), using the Volume of Fluid method (VOF), 

conducted three-dimensional numerical simulations of 

droplet formation in T-junction microfluidic devices. The 

authors employed a rectangular microchannel with a 

viscosity ratio between 0.01 and 15. According to the 

findings, droplet size decreases with increasing Ca number 

for all viscosity ratios λ. However, the researchers pointed 

out that this reduction in droplet size was more 

pronounced for λ<1 than for λ>1. They also mapped the 

dependence of droplet volume on the viscosity ratio (0.01 

< λ < 15) and the Ca number (0.001 < Ca < 0.5). The 

droplet formation mechanism was also investigated by 

measuring filling and squeezing times for different Ca and 

viscosity ratios. For a fixed Ca number, the researchers 

reported that the filling stage duration for the entire 

viscosity ratio interval was the same, whereas for the 

squeezing stage duration, changing the viscosity ratio will 

affect the squeezing time. On the other hand, for a fixed 

viscosity ratio, varying the Ca number was reported to 

affect the filling and squeezing times.   

Qin et al. (2018) were among the first researchers to 

use the two-dimensional patching method to generate a 

CO2 droplet dispersed in water. In their paper, the authors 

described the droplet generation process using this 

method, which consisted of two essential stages. The first 

stage involved droplet preparation and development, 

while the second was the stabilization stage. The 

researchers found that the final CO2 droplet length was 

greater than the initial droplet length (initial patch). The 

expansion of the initial droplet was attributed to the effects 

of interfacial tension and the pressure difference across the 

interface. Despite the interesting results presented by the 
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researchers, they pointed out some limitations of this 

numerical method, notably the lack of validation of the 

numerical results and the absence of a droplet generation 

geometry (e.g. a T-junction). 

Bordbar et al. (2020) numerically examined the 

thermal performance of microchannel heat sinks using the 

patch method as one of the CFD methods. The study was 

performed in 3D, with two oil patches placed at the 

microchannel inlet as initial oil plugs and dispersed in a 

water carrier phase. Note that the researchers did not 

validate the results obtained with the patching method. 

However, they did validate the Volume of Fluid (VOF) 

method with numerical and experimental data and 

demonstrating its ability to capture and track the interface 

separating the two fluids. 

Silva et al. (Silva et al., 2020) compared two 

simulation software packages, namely OpenFOAM and 

ANSYS Fluent. The objective was to investigate the 

ability of these two software packages to accurately 

predict Taylor gas-liquid flow hydrodynamics in 

microchannels using interface tracking methods. The 

Volume of Fluid (VOF) method with piewise Linear 

Interface Computation (PLIC) were used for the ANSYS 

software, while the MULES and isoAdvector methods 

were chosen for the OpenFOAM software. The results 

indicate that for high 𝐶𝑎𝐵  (Based on bubble velocity), 

each software correctly predicts the main flow 

characteristics. However, for low capillary numbers 

(𝐶𝑎𝐵 <  0.03), spurious currents start to appear in the 

near-interface region resolved by the OpenFOAM 

software. Therefore, the researchers suggest the use of the 

VOF+PLIC method as a successful option for solving 

Taylor flow hydrodynamics at microscale. 

Other attempts have been made by researchers to 

reduce the computational time required for two-phase 

flow simulations in micro scales, particularly in 

computational domain meshing techniques. A dynamic 

mesh adaptation method with interface tracking has been 

used by several researchers (Mehdizadeh et al., 2011; 

Azarmanesh & Farhadi, 2016; Bordbar et al., 2020). In 

this method, the basic mesh is refined based on the volume 

fraction gradient at the interface. This allows the reduction 

of nodes in the computational domain and, consequently, 

reduces computational time. 

Bayareh et al. (2020) were not satisfied with the 

dynamic mesh adaptation technique based on fractional 

volume gradients in terms of computational time. They 

proposed a boundary mesh adaptation that allows 

refinement of the mesh size in the vicinity of the selected 

boundary zones. Consequently, the computational time 

was about one-tenth that of the uniform fine mesh with the 

same quality of results (Zhou & Ai, 2013). 

Several previous studies that adopted the Patching 

method have not validated its performance against 

experimental results in the literature. Therefore, this 

present work aims to improve the state of knowledge on 

the simulation of two-phase flow in microchannels. It’s a 

comparative numerical study of the hydrodynamics of 

liquid-liquid Taylor flow in a 3D microchannel. Two 

different droplet generation methods, namely the T-

junction method and the patching method were tested. The 

Patching method will be validated by comparing the liquid 

film results with the experimental correlations reported 

previously. We have focussed our analysis on the droplet 

formation mechanism, liquid film thickness, the plug 

shape, and flow structure. Additionally, for the T-junction 

method, the filling time ( tFilling ) and squeezing time 

(tSqueezing) during the droplet formation mechanism have 

not been studied previously in the literature for viscosity 

ratios lower than 0.1 (<0.1). Consequently, 𝑡𝐹𝑖𝑙𝑙𝑖𝑛𝑔  and 

tsqueezing is investigated as a function of viscosity ratio , 

flow rate ratio q, and capillary number CaTP (based on the 

mixture velocity). 

2. METHODOLOGY 

In this work, the ANSYS Fluent software was used 

for both methods. The hydrodynamics of the Taylor 

liquid-liquid flow in a 3D rectangular microchannel with 

a cross section of 600 μm × 300 μm  was studied. The 

Taylor flow characteristics (liquid film, plug shape, 

pressure drop) were analysed for two combinations of the 

working fluids. We have selected the ethylene glycol and 

propylene as carrier phases "continuous phase" and water 

as the dispersed phase in the two cases (see Table 1).  

Finally, to track the interface temporally and spatially, we 

have employed the Volume of Fluid (VOF) method 

together with the geometric reconstruction algorithm. 

2.1 Geometrical Model and Boundary Conditions 

The numerical model consists of two geometries. The 

first is a three-dimensional T-junction with a cross-section 

of 600 μm × 300 μm and symmetry in the xy plane (Fig. 

1). Uniform velocity profile was set at the continuous and 

dispersed phase inlets. At the outlet, a “pressure outlet” 

boundary condition was chosen. At the wall, a non-slip 

condition was imposed. Moreover, a contact angle of 180° 

was chosen to eliminate wettability effects. 

 

 

Fig. 1 Schematic design of the 3D microchannel used 

for the T-junction method 
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Fig. 2 Schematic design of the 3D microchannel used 

the Patching method 

 

The entrance length of the channel required for the 

flow of each phase to fully develop before entering the 

junction was determined using the correlation of 

Dombrowski et al. (1993): 

𝐿𝑒

𝐷ℎ
= 0.379𝑒(−0.148𝑅𝑒) + 0.055𝑅𝑒 + 0.26                    (1) 

While the second geometry is a straight rectangular 

microchannel with the same cross-section. A mixture 

velocity is set at the microchannel inlet, with symmetry 

along the xz plane (Fig. 2). The correlation of Dombrowski 

et al. (1993) was also used here to estimate the flow 

development length before setting the dispersed phase 

patches. 

2.2 Governing Equations 

The continuity, momentum of the two-phase flow are 

as follows: 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌�⃗� ) = 0                                                          (2) 

 
𝜕(𝜌�⃗⃗� )

𝜕𝑡
+ ∇ ∙ (𝜌�⃗� �⃗� ) = −∇𝑝 + ∇ ∙ [𝜇(∇�⃗� + ∇�⃗� 𝑇)] + 𝜌𝑔 +

𝐹    (3) 

The continuity equation for the volume fraction 

function 𝜑 is given by the following: 

𝜕𝜑

𝜕𝑡
+ ∇ ∙ (�⃗� 𝜑) = 0                                                         (4) 

With φ is the volume fraction, which is zero (𝜑 = 0) 

when it is in the continuous phase and one (𝜑 = 1) when 

is in the dispersed phase. However, when it is between 

zero and one (0 < 𝜑 < 1), it signifies that we are in the 

interface region between the two fluids. 

For a two-phase flow with Newtonian fluids and 

constant density 𝜌, the one-fluid approach was used. As a 

result, the physical properties (𝜌, 𝜇) are expressed as a 

volume-fraction weighted average. 

𝜌 = 𝜑𝑑𝜌𝑑 + (1 − 𝜑𝑑)𝜌𝑐                                               (5) 

𝜇 = 𝜑𝑑𝜇𝑑 + (1 − 𝜑𝑑)𝜇𝑐                                               (6) 

The surface tension force per unit volume (F) is 

treated as a source term in equation (3) and calculated as 

indicated below:                    

𝐹 = 𝜎𝜅𝛿𝑖𝑛                                                                     (7) 

Table 1 Properties of the working fluids 

/ Continuous phase 
Dispersed 

phase 

Fluids 
Ethylene 

glycol 

Propylene 

glycol 
Water 

𝜌 (𝑘𝑔
∙ 𝑚−3) 

1109 1035 1000 

𝜇 (𝑃𝑎 ∙ 𝑠) 0.01983 0.05757 0.00089 

𝜎 (𝑁 ∙ 𝑚−1) 0.048 0.0718 / 

 

𝑛 = ∇𝜑                                                                           (8) 

𝜅 = ∇ ∙ �̂� = ∇ ∙
𝑛

|𝑛|
                                                          (9) 

𝜎, 𝑛, 𝛿𝑖, 𝜅  are respectively the surface tension, the 

normal vector at the interface defined as the gradient of 

the volume fraction, the delta Dirac function and the 

curvature of the interface evaluated from the divergence 

of the unit normal surface �̂�. 

2.3 Working Fluid 

In this study, we chose ethylene and propylene glycol 

as the continuous phase, which perfectly wet the 

microchannel walls, and water as the dispersed phase with 

a contact angle of 𝜃 = 180°  with the channel walls. 

Ethylene and propylene glycol were chosen based on their 

dynamic viscosity. The propylene glycol viscosity is about 

three times higher than the ethylene glycol viscosity, 

allowing us to examine viscosity's effect on parameters 

such as liquid film thickness δ and droplet shape. See 

Table 1 for more details. 

2.4 Parameters Settings 

 Simulations for both droplet generation methods 

were conducted in ANSYS Fluent using the finite volume 

method. For interface reconstruction, the geometric 

reconstruction method was applied. The QUICK method 

was adopted to solve the momentum equation, while the 

PISO scheme was chosen to solve the pressure-velocity 

coupling. Green-Gauss node-based techniques were used 

to reduce spurious currents at the interface, whereas the 

PRESTO! scheme was adopted to solve the pressure 

equation. A variable time step was used in this study along 

with a fixed courant number of 0.25. For the continuity 

equation, the residuals were fixed at 10−4  to ensure 

accuracy, while for the other variables, the residuals were 

always less than 10−6. 

2.5 Mesh Grid Independency 

Before conducting the comparative study, we 

performed a mesh independence study on the patching 

method. To this end, ICEM CFD software generates a 

non-uniform structured mesh with different mesh sizes. 

The meshes proposed here are of four different sizes: 

25 μm, 17 μm, 12 μm and 7 𝜇𝑚 . In all four cases, the 

mesh was refined in the wall region with a minimum of 5 

to 10 nodes to capture liquid film thickness successfully. 

Gupta et al. (Gupta et al., 2009) suggested that a minimum 

of five elements is required near the channel wall to 

successfully capture the thin liquid film. The first cell size 

in the near wall zone was kept constant for all cases with 

a cell size of 5 μm and 3 μm, respectively in the y and z  
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Fig. 3 Meshing of the microchannel (T-junction) 

 

 

Fig. 4 Meshing of the microchannel (Patching 

method) 

 

directions. In addition, we maintained an aspect ratio of 1 

far from the channel walls (cubic mesh elements). Gupta 

et al. (Gupta et al., 2009) stated that cubic mesh elements 

for 3D simulations minimise uncertainties and prevent 

spurious currents from being generated (Fig. 3 and 4). 

An inlet velocity of UTP=0.037 m/s was chosen to 

study the mesh independence. Using ethylene glycol as a 

continuous phase, the water patch with a length of 1.1 mm 

was placed about 1 mm from the channel inlet. 

For the different meshes, we compared the results of 

the normalized longitudinal velocity in the y and z 

directions (Fig. 5 and 6) and pressure drop along the plug 

(Fig. 7). 

Figures 5 and 6 show that the four mesh sizes give 

almost the same results near the wall. However, when 

moving towards the microchannel centre (along the y-axis 

or the z-axis), the 17 μm, 12 μm, and 7 μ𝑚 mesh sizes 

give better results in terms of longitudinal velocity than 

the 25 μm mesh size. On the other hand, as shown in Fig. 

7, there is no significant variation among the four mesh 

sizes regarding pressure drop. However, the two meshes 

(7, 12, and 17 μm) provide slightly more accurate results. 

To save computational cost while ensuring better 

results quality, the 17 um mesh size was chosen for the 

remaining analysis. The same mesh size will be used for 

the T-junction approach, using the same mesh refinement 

along the y- and z-axes (5 μm along the y-axis and 3 μm 

along the z-axis) as discussed above.  

\

 

Fig. 5 Longitudinal velocity profile along the y-axis 

for different mesh sizes 

 

 

Fig. 6 Longitudinal velocity along the z-axis for 

different mesh sizes 

 

 

Fig. 7 Pressure drop for different mesh sizes 
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Fig. 8 Validation of the T-junction method using the 

experimental results of Ma et al (Ma et al., 2021) and 

their correlation 

 

3.  RESULTS AND DISCUSSION 

3.1 Validation 

All in this section, we validate the Patching method 

by comparing its obtained results with those of the T-

junction method.  The comparison is performed in terms 

of the liquid film thickness (in the corners δCr and the near 

wall region δy), the curvature radius of the front and back 

of the plug “Rfront;  Rtail” (shape of the plug).  

For the T-junction method, the model was 

successfully validated in our previous work (Said et al., 

2023). The validation was done by comparing the 

droplet/plug length obtained by our simulations with Ma 

et al.'s correlation and experimental results (Ma et al., 

2021) (See Fig. 8). 

The comparison results were performed for a flow 

rate ratio q range from 0.5 to 2. Note that the dispersed 

phase flow rate was kept constant (Qd=0.2 ml/min), and 

only the continuous phase flow rate (Qc) was varied. In the 

case of partial wetting of the working fluids with the 

microchannel walls (the same as in the study by Ma et al.), 

the relative error for each flow rate ratio did not exceed 

15%, with an average relative error of 7%. 

We selected two fluid combinations for the 

comparative study. We chose firstly the combination of 

ethylene glycol and water (EG/W). To further extend our 

comparative study, a second fluid combination, namely 

propylene glycol and water (PG/W) was employed.  Table 

2 shows the input parameters used for the two methods. 

Where L0, l0, UTP, Uc, Ud, q are, respectively, the water 

patch length, the distance between patches, the mixture 

velocity, the continuous phase velocity, the dispersed 

phase velocity, and the flow rate ratio (See Fig. 9). 

It is worth mentioning that the input parameters (patch 

length L0, distance between patches l0) for the patching 

method must be adjusted to provide the same plug/plug 

length as for a T-junction method. The tables below 

(Tables 3 and 4) show the results of this comparative study. 

According to Table 3, the results obtained by the 

patching method, whether in terms of liquid film, plug 

shape or plug/slug length, agree well with the results 

obtained by the T-junction method. 

Table 4 shows the liquid film thickness results 

obtained by the T-junction and the patching methods. Note 

that these results were determined at the mid-axis droplet 

where the liquid film is constant.  

For the liquid film in the corners (δCr), the patching 

method gives satisfactory results for both liquid 

combinations, with a relative error of no more than 2%.  

However, for the liquid film at the sidewalls (δz), the 

relative error was around 15% for both liquid 

combinations. Note that δz was difficult to obtain because 

of the small thickness of the liquid film in this section. 

To further illustrate the reliability of the patching 

method, we performed a comparison based on the liquid 

film obtained by the patching method, both in the corners 

(δCr) and close to the top wall (δy), against the 

experimental correlations presented in Table 5 and the 

numerical results of Said et al. (2023) (See Fig. 10).  

Table 2 The input parameters for both methods 

 Patching method T-junction method 

Fluid combination L0 (mm) l0 (mm) UTP (m/s) Uc (m/s) Ud (m/s) q 

EG/W 1.1 1.445 0.037 0.0185 0.0185 1 

PG/W 0.84 1.36 0.037 0.0185 0.0185 1 

 

 

Fig. 9 Input parameters for the patching method for EG/W 
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Table 3 A comparison between the T-junction and patching methods for the two chosen combinations 

Fluid combination Method 

Studied parameters 

Droplet/slug length Droplet shape 

LD/W Ls/W Rtail/W Rfront/W 

EG/W 

T-junction 2.35 1.76 5.06 ∙ 10−1 4.05 ∙ 10−1 

Patching 2.43 1.68 5.09 ∙ 10−1 4.13 ∙ 10−1 

Deviation % 3.4 4.5 1.9 0.6 

PG/W 

T-junction 2.08 1.53 4.8 ∙ 10−1 3.63 ∙ 10−1 

Patching 2.07 1.48 4.79 ∙ 10−1 3.7 ∙ 10−1 

Deviation % 0.5 3.2 1.9 0.2 
 

Table 4 Liquid film results (δy, δz, δCr) for both methods 

Fluid combination Method 
Studied parameters 

δy/W δz/W δCr/W 

EG/W 

T-junction 0.015 0.006 0.1109 

Patching 0.014 0.0067 0.1112 

Deviation % 6 14 0.3 

PG/W 

T-junction 0.0433 0.01 0.134 

Patching 0.0408 0.017 0.136 

Deviation % 5.7 15 1.5 
 

Table 5 Experimental correlations of liquid film thickness 

Correlation Operation condition Reference 

𝛿𝑦

𝑊
= 0.15[1 − 𝑒𝑥𝑝(−8.221𝐶𝑎𝐷

0.972)] Rectangular microchannel 0.00065 < 𝐶𝑎𝐷 < 0.3 
Yao et al. 

(2019) 
𝛿𝐶𝑟

𝑊
= 0.249 − 0.182exp (−13.9𝐶𝑎𝐷

0.944𝑅𝑒𝑇𝑃
−0.202) 

Rectangular microchannel 0.0003 < 𝐶𝑎𝐷 < 0.15 
Ma et al. 

(2021) 

𝛿𝐶𝑟

𝑊
= 0.35 − 0.25exp (−2.25𝐶𝑎𝐷

0.445) Square channel 𝐶𝑎𝐷 < 3.0 
Kreutzer et 

al. (2005) 
 

 

Fig. 10 Summary of results obtained on the evolution 

of δy and δCr versus the viscosity ratio  
 

To do this, we chose for δy the correlation of Yao et 

al. (2019), originally performed for gas-liquid systems in 

a rectangular microchannel (the same geometry as our). 

Whereas for δCr, we selected two correlations, one 

developed by Ma et al. (2021) and the other by Kreutzer 

et al. (Kreutzer et al., 2005). The Ma et al. (2021) 

correlation was designed for liquid-liquid systems in 

rectangular microchannels (the same channel size as our), 

while the Kreutzer et al. (2005) correlation was first 

developed for gas-liquid systems in square microchannels. 

Figure 10 provides a comparative analysis of the 

liquid film results obtained by the patching method with 

the experimental correlations available in the literature 

(Table 5) and the numerical results of Said et al. (Said et 

al., 2023). We can see that the liquid film thickness results 

(δCr, δy) obtained by the patching method reasonably agree 

with the numerical data of Said et al. (2023). 

Regarding the liquid film in the corners, the results 

obtained by the patching method and the numerical results 

of Said et al. are in excellent agreement with the 

experimental correlation of Kreutzer et al. (Kreutzer et al., 

2005), regardless of the viscosity ratio λ. The average 

relative error between the numerical results of δCr and the 

experimental correlation of Kreutzer et al. (Kreutzer et al., 

2005) does not exceed 4.5%. Compared with the 

experimental correlation of Ma et al. (2021), the numerical 

results of δCr, whether those obtained by the patching 

method (hollow square) or the numerical results of Said et 

al.( 2023), agree well at high viscosity ratios λ. However, 

as λ increases, the numerical results of δCr deviate from the 

correlation of Ma et al. (2021), with an average relative 

error of 14%. 

For the liquid film δy, the numerical results show a 

good agreement with the correlation of Yao et al. (2019) 

at low viscosity ratio λ. The average relative error between 

the numerical results of δy and the experimental 

correlation of Yao et al. (2019) is 17%. 
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Table 6 Dimensionless liquid film thickness (δy/W) by 

patching method versus experimental correlations 

Fluid 

combination 

δy/W 

Patching 

method 

Yao et al. 

(2019) 

correlation 

Deviation 

% 

EG/W 0.014 0.022 36 

PG/W 0.0408 0.0426 4 

 

In the following, we will focus our analysis on the 

liquid film obtained by the patching method.  

For the EG/W combination, the liquid film thickness 

along the y-axis δy (Table 4 or Table 6) is 1.4%W the 

channel width, while for the PG/W combination, the liquid 

film along the y-direction is 4.08%W. Therefore, the fluid 

flow rate passing through the liquid film region is higher 

in the case of PG/W compared to EG/W. However, this 

could be a disadvantage for heat and mass transfer because  

increasing the liquid film thickness 𝛿 causes a decrease in 

the intensity and volume of the recirculation zone. The 

same conclusions were reported earlier by Abadie et al. for 

a gas-liquid system (Abadie et al., 2013). 

Along the z-direction (See Table 4), the liquid film in 

the EG/W case was 1.33% of the microchannel height, 

compared to 2.3%h in the PG/W case. Thus the plug is 

more confined (along the z-axis) in the EG/W case than in 

the PG/W case. 

Table 6 presents the liquid film δy resulting from the 

patching method with the experimental correlation of Yao 

et al. (2019). From Table 6, we can see that the liquid film 

in the near wall region (δy) is overestimated by the 

correlation of Yao et al. (2019) for the EG/W combination. 

Abdollahi et al. (2020) and Ma et al. (2021) noticed the 

same result and stated that for 𝐶𝑎𝐷 < 0.03 (based on plug 

velocity UD), the liquid film is smaller compared to the 

correlation predictions. The viscous stress exerted by the 

dispersed phase on the film interface could be a possible 

reason, especially when we know that the dispersed phase 

in liquid-liquid systems is generally more viscous than 

gases. It is worth mentioning that the capillary number 

(CaD) for the EG/W combination is 0.0173, while for 

PG/W, the CaD is 0.037. 

To date, there is no single correlation in the literature 

capable of predicting the wall liquid film thickness (δy) for 

liquid-liquid systems with fluid combinations having low 

viscosity ratios in rectangular microchannels. Further 

studies are required in this field. 

 

Table 7 Dimensionless liquid film by patching method 

versus experimental correlations 

Fluid 

δCr/W 

Patch

ing 

Ma et 

al. 

(2021

) 

Devia

tion 

% 

Kreutze

r et al. 

(2005) 

Deviat

ion % 

EG/W 0.111 0.116 4 0.118 6 

PG/W 0.136 0.168 19 0.134 2 

 

Fig. 11 Variation of the dimensionless liquid film 

thickness (δy/W) along the z-axis for both fluid 

combinations 

 

Regarding the liquid film thickness at the corners 𝛿𝐶𝑟 

(Table 7), we observed a good agreement with the 

correlations for both EG/W and PG/W combinations. The 

relative error, for the EG/W combination, compared to the 

correlations of Ma et al. (2021) and Kreutzer et al. (2005) 

was 4% and 6%, respectively while for the PG/W 

combination, the relative error was 19% when compared 

to Ma et al.'s correlation (Ma et al., 2021) and 2% for 

Kreutzer et al.'s correlation (Kreutzer et al., 2005). 

Figure 11 illustrates the variation of liquid film 

thickness δy along the z-axis for the EG/W and PG/W 

cases. At first glance, it is evident that the liquid film 

thickness δy for PG/W case is thicker than that of the 

EG/W case. 

For 2z/h=0 (the middle of the cross-section), the 

liquid film thickness δy is minimal for both fluid 

combinations. However, once approaching the sidewalls, 

δy gradually increases, increasing the leakage flow of the 

continuous phase (corner region). 

On the other hand, Fig. 12 represents the variation of 

the dimensionless liquid film thickness (δZ/W) along the 

y-axis for both fluid combinations (EG/W and PG/W). 

As can be seen, the dimensionless liquid film 

thickness (δZ/W) at 2y/W=0 is small regardless of the fluid 

combination, with δz/W of the EG/W combination slightly 

higher than that of PG/W by a few micrometers. 

Even if  2𝑦/𝑊  increases progressively (0 < 2𝑦/
𝑊 ≤ 0.5), the dimensionless liquid film (δZ/W) remains 

constant for both cases, indicating an effective 

confinement of the water plug along the y-axis. Starting at 

2y/W>0.5, the liquid film δz progressively increases until 

it reaches a maximum around 2y/W=0.9 for both fluid 

combinations. This region of liquid film variation is 

known as gutters (microchannel corners). 

3.2 Droplet Shape 

One of the advantages of microfluidics is the ability 

to control the volume and shape of the droplet through the 

control of parameters such as the flow rate ratio (q) and 

mixture velocity (𝑈𝑇𝑃). In this section, we compare the  
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Table 8 Dimensionless front and rear curvature radii of the plug for both methods 

Fluid combination Plug shape T-junction Patching 
Deviation 

% 

EG/W 
Rfront/W 4.05 ∙ 10−1 4.13 ∙ 10−1 2 

Rtail/W 5.06 ∙ 10−1 5.09 ∙ 10−1 1 

PG/W 
Rfront/W 3.63 ∙ 10−1 3.70 ∙ 10−1 2 

Rtail/W 4.8 ∙ 10−1 4.79 ∙ 10−1 1 

 

 
Fig. 12 Variation of dimensionless liquid film 

thickness (δZ/W) along the y-axis for both fluid 

combinations 

 

plug shape through the curvature radii of the front and 

back of the plug (𝑅𝑡𝑎𝑖𝑙;  𝑅𝑓𝑟𝑜𝑛𝑡 ) for both methods (T-

junction and patching) (See Table 8). 

As can be seen in Table 8, the dimensionless 

curvature radii Rtail and Rfront obtained by the patching 

method show almost similar results to those obtained by 

the T-junction method, with a relative error of no more 

than 2%.  

Thus, both methods show almost the same water plug 

shape, regardless of the fluid combination (EG/W and 

PG/W). 

Figure 13 presents the plug shape in the XY plane for 

both the T-junction and the patching methods. 

As shown in Fig. 13, there is no difference in plug 

shape between the T-junction method and the patching 

method for both fluid combinations, indicating the 

reliability of the patching method. In addition, the water 

plug is more confined along the y-axis for the EG/W 

combination than for the PG/W combination. 

 

 
Fig. 13 Water plug shape in XY plan for both 

numerical methods 

 

Fig. 14 Illustration of plug shape for the PG/W 

combination (Patching method) 

 

 

Fig. 15 Illustration of plug shape for EG/W 

combination (Patching method) 

 

For the PG/W flow case, we noticed a concave surface 

on the lateral side of the plug interface (See Fig. 14), which 

was not the case for the EG/W combination (See Fig. 15). 

Wang et al. (2021) reported the same observation in 

their study and attributed it to the dominance of interfacial 

tension on the plug interface over viscous and inertial 

forces (low capillary number). They believe that the 

dominance of interfacial tension causes the shrinkage of 

the plug interface on the lateral side near the plug tail. 

3.3 Droplet Formation Mechanism 

3.3.1 T-Junction Method 

The T-junction is one of the most widely used 

microfluidic devices for drop/plug generation. Indeed, 

Dessimoz et al. (2008) were among the first to use it to 

study flow patterns. 

The T-junction consists of a main and secondary 

channel intersecting at a 90° angle. The fluid that wets the 

channel walls is called the continuous phase 

(ethylene/propylene glycol in our case) and enters through 

(a) 
(b) 
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the main channel. On the other hand, the phase that 

presents poor wettability is called the dispersed phase 

(water) and enters through the secondary channel. Once 

droplets are formed, a liquid film appears in the near-wall 

region. This film separates the dispersed phase from the 

microchannel walls. 

Flow patterns result from the competition between the 

different forces (interfacial, viscous, inertial) at the 

junction. This competition between forces is characterized 

by dimensionless numbers such as Capillary Ca, Reynolds 

Re and Weber We. Note that the gravitational forces are 

negligible, because the Bond number (𝐵𝑜 = ∆𝜌𝑔𝐷ℎ
2 𝜎⁄ ), 

expressing the ratio between the gravitational and 

interfacial forces, is too small. 

The droplet/plug flow pattern appears when the 

surface tension force predominates over viscous and 

inertial forces. Four main droplet/plug formation 

mechanisms could be distinguished (squeezing, transition, 

dripping, and jetting). In the squeezing regime (low Ca), 

the dispersed phase tip penetrates and completely blocks 

the main channel. In addition, the plugs formed have a 

diameter longer than the microchannel width. According 

to the literature, plug size in the squeezing regime doesn't 

depend on the fluid properties (e.g. working fluid 

viscosities, interfacial tension...) and only the flow rate 

ratio controls the plug size (Garstecki et al., 2006; De 

menech et al., 2008). However, in the dripping regime, the 

dispersed phase head partially blocks the main channel. 

Thus, the continuous phase flows faster through the gap 

between the dispersed phase head and the top wall. As a 

result, high viscous shear is applied to the emerging 

droplet, thus accelerating the droplet formation process, 

resulting in droplets with a diameter smaller than the 

channel width. 

We selected the fluid combination (EG/W) to 

examine the droplet/plug formation mechanism. The flow 

rate of the continuous and dispersed phases is the same 

(Qd=Qc=0.2 ml/min), giving a flow ratio of q=1.  

Table 9 presents the dimensionless parameters for both the 

continuous and dispersed phase. Given the continuous 

phase Ca number, plug formation in our study occurs in 

the transient regime (between the squeezing and dripping 

regimes). 

In this regime, the plug formation process is always 

governed by the pressure build-up upstream of the 

junction “Squeezing process”, but this time with the help 

of viscous shear exerted by the continuous phase on the 

emerging plug through the gutters as well as the gap 

between the dispersed phase head and the upper wall (see 

Fig. 16c). 
 

Table 9 Dimensionless parameters for the two phases 

Phase 
𝐶𝑎𝑖

= 𝜇𝑖𝑈𝑖 𝜎⁄  

𝑅𝑒𝑖

= 𝜌𝑖𝑈𝑖𝐷ℎ 𝜇𝑖⁄  

𝑊𝑒𝑖

= 𝜌𝑖𝑈𝑖
2𝐷ℎ 𝜎⁄  

Continuou

s phase 

7.64
∙ 10−3 

0.41 / 

Dispersed 

phase 
/ 8.3 2.85 ∙ 10−3 

 

Fig. 16 Droplet formation process: (a) squeezing 

phase, (b) droplet formation mechanism and droplet 

development  

 

To fully understand this, we perform a simple analysis 

using the dimensionless numbers shown in Table 9. 

Looking at the Reynolds numbers of the two phases, we 

can see that viscous forces dominate the continuous phase 

flow “Ethylene glycol”, while inertial forces dominate the 

dispersed phase flow “water”. However, to understand the 

dominant force in the droplet formation process, we 

compare these two forces (viscous and inertial) with the 

interfacial tension forces. So, we calculated the capillary 

number of the continuous phase, which is the ratio 

between the viscous forces and the interfacial tension 

forces, and the Weber number of the dispersed phase, 

which is the ratio between the inertial forces and the 

interfacial tension forces. 

We can see from Table 9 that interfacial tension dominates 

both the viscous forces of the continuous phase and the 

inertial forces of the dispersed phase. Based on that, we 

can conclude that the interfacial tension force is the 

dominant force in the droplet formation process and that 

the pressure built up upstream of the junction is the main 

reason for droplet detachment, with the help of the viscous 

shear of the continuous phase. 

Two essential steps, filling and squeezing are 

observed in the plug formation mechanism in the 

transitional regime. In the filling stage, the tip of the 

dispersed phase penetrates into the main channel and 

partially blocks it. Simultaneously, pressure rises 

upstream of the junction (Fig. 18 and 19). 

Figure 17 presents a cross-section of the remaining 

gap between the emerging droplet and the main channel 

top wall at the end of the filling stage and just before the 

squeezing stage for the EG/W combination. The cross-

section was chosen close to the junction at the location of 

droplet detachment.  

(a) 

(b) 
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Fig. 17 A cross-section presenting the gutters and 

the gap between the emerging droplet and the top 

wall at the junction 

 

 
Fig. 18 Droplet formation mechanism under the 

transition regime 

 

 
Fig. 19 Static pressure variation upstream of the 

junction during droplet formation processes 

 

According to Li et al. (2012), the gutters near the 

bottom wall (see Fig. 17) could also contribute to the 

droplet formation process through the shear exerted by the 

continuous phase as it passes through. Van Steijn et al. 

(2007) reported in their study that for a channel with an 

aspect ratio equal to unity, 25% of the continuous phase 

flow rate (a leakage flow) passes through the gutters as 

well as the gap between the microchannel top wall and the 

emerging droplet. For the EG/W combination and a 

continuous phase Ca number of 0.00764 (low Ca), the 

emerging droplet approaches the microchannel sidewalls 

with only a thin continuous liquid film separating the 

emerging droplet from the sidewalls. The same 

observations were reported by Li et al. (2012) for low Ca 

number (less than 0.01), with a smaller gap between the 

top wall and the emerging droplet than that found in our 

simulations. 

During the second stage (squeezing stage), the 

pressure built up upstream of the junction accompanied by 

viscous shear causes the squeezing of the neck connecting 

the plug to the dispersed phase. As a result, the plug 

separates from the dispersed phase (Li et al., 2012; Yan et 

al., 2012).  

This formation process is simultaneously and 

periodically repeated. We define Tf as the droplet 

formation period, introduced as the time required for a unit 

cell (plug and slug) to pass through a given cross-section. 

LD, Ls, and UD are respectively the plug length, the slug 

length, and the droplet velocity. 

𝑇𝑓 = (𝐿𝐷 + 𝐿𝑠) 𝑈𝐷⁄                                                      (10) 

In our case, the plug formation period Tf is 0.057 s 

and agrees well with that obtained from expression 10 

giving a value of 0.058 s. This reflects the reliability of the 

numerical model. 

In Fig. 20, we represent the duration of the filling 

stage (tfilling) and the squeezing stage (tsqueezing) as a function 

of the neck diameter dimensionalised by the microchannel 

width (Dneck⁄W). 

It’s worth mentioning here that Dneck is measured at 

the location of the channel where the breakup occurs (see 

Fig. 21). Fig 20 clearly shows that the squeezing time is 

significantly greater than the filling time. Furthermore, the 

transition from the filling to the squeezing stage occurs 

once the neck diameter reaches its maximum. For 0.1 <
𝜆 < 10, Nekouei and Vanapalli (2017) demonstrated that 

tFilling is independent of Ca and viscosity ratio λ, contrary 

to tsqueezing. To our knowledge, none of the previous studies 

have examined the filling and squeezing stage for 𝜆 < 0.1. 

 

 
Fig. 20 Evolution of Dneck versus flow time 
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Fig. 21 Location of Dneck measurement 

 

Figure 22 shows the filling and squeezing stage for 

three different parameters. These are the flow rate ratio q, 

the viscosity ratio λ, and the capillary number based on the 

mixture velocity UTP (CaTP). For each studied parameter, 

remainders are kept constant. 

The filling and squeezing stage were obtained by 

instantaneously measuring the volume fraction of the 

dispersed phase at the location where the breakup 

occurred.  

As shown in Fig. 22, the filling stage is independent 

of the viscosity ratio λ and CaTP number. This is in 

agreement with Nekoui et al's previous observations 

(Nekouei & Vanapalli, 2017). However, for different flow 

rate ratios q, a slight difference was observed in the filling 

stage when changing from a flow rate ratio of 0.5 to 1. 

For various Ca numbers (CaTP), the squeezing time is 

almost the same, with a slightly longer squeezing time for 

CaTP=0.03305. Nevertheless, for t⁄tmax =0.2, the neck 

diameter of the dispersed phase (in terms of volume 

fraction) for CaTP=0.0330 is smaller than for CaTP=0.0165. 

One explanation for this is that increasing the velocity of 

both phases while keeping the same flow rate ratio causes 

both an increase in the viscous and inertia shear of the 

continuous phase. To check this, we calculated the 

continuous phase Cac number (based on continuous phase 

velocity Uc) for both CaTPs and found that the Cac for 

CaTP=0.0330 (Cac=0.0165) was as high as that for 

CaTP=0.0165 (Cac=0.00826). 

When varying the viscosity ratio 𝜆 or the flow rate 

ratio 𝑞 , the squeezing process (or the way the neck 

diameter is compressed) follows the same pattern. 

However, the squeezing time is greatly affected by the 

change in the flow rate ratio q compared with the viscosity 

ratio λ. One reason for this is that at q=1, the continuous 

and dispersed phase velocities are the same, while at 

q=0.5, the continuous phase velocity is two times greater 

than that of the dispersed phase. This superiority in the 

continuous phase velocity Uc causes an increase in the 

viscous forces (expressed by the Cac number), leading to 

a faster squeezing stage and, therefore, to water plug 

detachment. However, when the viscosity ratio is changed, 

the continuous phase Ca number does not change 

significantly (Cac=0.00826 for λ=0.04488 and 

Cac=0.00824 for λ=0.01546), which explains the small 

effect of the viscosity ratio on the squeezing time (see Fig. 

22). 

 
Fig. 22 Filling time and squeezing time versus 𝑸, 

CaTP, and λ 

 

3.3.2 Patching Method 

The patching method also falls into the category of 

methods using a stationary frame of reference (laboratory 

frame). Consequently, it requires more computational time 

than those using a moving frame of reference (a referential 

moving with the droplet). In the present work, we 

implemented a straight, horizontal 3D microchannel with 

a cross-section (the same as the T-junction) of 600 𝜇𝑚 ×
300 𝜇𝑚. 

A constant flow rate of ethylene glycol is applied at 

the inlet, corresponding to a velocity of UTP=0.037 m/s 

(UTP=Uc+Ud).  

It is worth mentioning that the patching method does 

not involve any of the most common geometries (e.g. T-

junctions and Y-junctions) for droplet/plug formation. 

Although the patching method is computationally less 

time-consuming than the T-junction method, it does not 

allow the observation of the droplet/plug formation 

process, which removes a large part of Taylor's flow 

hydrodynamics in the microchannels. 

To create water drops, we mark a zone close to the 

channel entrance immediately after a distance (Le) 

dedicated to the inlet flow development. Four quadrilateral 

zones were marked as initial water droplets. Each zone has 

an initial length of 1.1 mm (initial droplet length) with a 

width and height equal to those of the microchannel 

(W=0.6 mm; h=0.3 mm). Additionally, the distance 

between patches was 1.445 mm. These parameters were  
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Fig. 23 Initial conditions for the patching technique 

 

 

Fig. 24 Development and preparation stage of the 

water patches  

 

chosen to obtain the same droplet and slug length 

generated by the T-junction method (see Fig. 23). 

The initialized water droplets require some time (tdev) 

to become fully developed droplets (see Fig. 24). As we 

progress through the channel (t=0.00223 s), the front and 

tail of the plug start to have a certain degree of curvature 

with slight larger curvature radii at the plug tail than at the 

front one. According to the literature (Eain et al., 2013), 

the plug's shape is maintained through the balance 

between the pressure within the plug and the interfacial 

tension.    

With further progression in the channel (t=0.01094 s), 

a liquid film of ethylene glycol gradually appears and 

extends towards the droplet tail, eventually separating the 

droplets from the channel walls by two thin liquid films 

(see Fig. 25). 

 

 

Fig. 25 Development of the liquid film in the near wall 

region 

 

Fig. 26 Final droplet shape in the 𝒙𝒚 and 𝒙𝒛 plane 

 

Table 10 LD, Rfront, Rtail dimentionalised by the 

channel width W, for different flow time 

EG/W combination 

t=0.0800722 s t=0.104125 s 

LD/

W 

Rfront/

W 

Rtail/

W 

LD/

W 

Rfront/

W 

Rtail/

W 

2.42 0.515 0.401 2.43 0.508 0.402 

 

The following stage concerns the stabilisation of the 

liquid film and the droplet's front and tail, as can be seen 

in Fig. 26. To follow full droplet development, we 

calculate droplet length and their curvature radius at the 

front and rear for different flow times (t=0.104125 s and 

t=0.0800722 s).  

After the first step “development step”, four key 

parameters could be determined, namely the development 

step duration 𝑡𝑑𝑒𝑣 , the droplet/plug and slug length (LD, 

Ls), the liquid film thickness (δy,δz,δCr), and the curvature 

radii of the droplet/plug front and back (Rfront, Rtail). 

The results were almost identical, indicating that 

droplets had attained their final shape (See Table 10). 

Our observations regarding the droplet length indicate 

that LD after development is slightly longer than the initial 

droplet length L0. This is mainly due to droplet 

development in the corners and the liquid film region. 

Once the droplets reach the channel outlet, the simulation 

can be considered complete and manually stopped. 

3.4 Flow Field Inside Water Plug and Near the 

Interface 

Slug flow (also known as Taylor flow) is one of the 

most stable flows, allowing for better heat and mass 

transfer performance. Our purpose in this section is to 

explore the flow field in a unit cell composed of a water 

plug in the center and two half-slugs on either side. 

Figure 27 represents the contours of the x-velocity 

component u(y) and the streamlines within the water plug 

and in the vicinity of the interface separating the two 

liquids for various 2z/h. Note that 2z/h=0 refers to the 

middle of the cross-section "plug centre", where the liquid 

film thickness along y and z is minimal (δy, δz). In contrast, 

2z/h=0.8 is located near the sidewall (see Fig. 11). 

At the 2z/h=0 section, we can see the presence  

of a backflow in the liquid film region, characterized by  
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Fig. 27 Contours of the x-velocity component u(y) for 

various sections along the z-axis and for both the T-

junction and patching methods (EG/W case) 

 

negative longitudinal velocity (The blue region). As we 

move towards the center of the microchannel, the x-

velocity component becomes positive and gradually 

increases, reaching a maximum at y/W= 0, whether inside 

the water plug or in the slug region. These negative 

velocity areas can also be detected in the streamline 

contours, where a vortex appears at the interface near the 

water plug's tail. The formation of vortices in water slugs 

reveals that the shear stress in the wall vicinity is reversed 

relative to the bulk flow. 

Moving towards the side wall, along the z-axis 

(2z/h=0.4), the intensity of u(y) decreases, with a 

maximum velocity remaining at the microchannel centre. 

Furthermore, an increase of the backflow zone in the 

liquid film region is observed, mainly due to the increase 

in the liquid film thickness (see Fig. 11). This backflow 

zone rises further as the liquid film thickness continues to 

increase (2z/h=0.8), causing an increase in the vortex size 

occurring near the water plug tail. Besides, we also noted 

a decrease in the x-velocity intensity, meaning that the 

microchannel sidewall was getting closer and closer 

(2z/h=0.8). 

Figure 28 illustrates the positions chosen for velocity 

profiles before and after the water plug. Sections 1 and 5 

were positioned 0.88W away from the interface of the two 

fluids, whereas sections 2 and 4 were 0.42W away from 

the plug interface. 

Figure 29 shows the velocity profiles for the EG/W 

combination at different positions in a unit cell (a plug and 

half a slug on each side) for the two methods (T-junction 

and patching). The velocity profiles were plotted in the 

same sections (2z/h=0, 2z/h=0.4, and 2z/h=0.8) presented 

in Fig. 27.   

 

 

Fig. 28 Selected sections for collecting the u(y) velocity 

profiles 

 
Fig. 29 Velocity profiles u(y) at various positions 

before and after the water plug for both methods 

(EG/W case) 

 

It is clear from Fig. 29 that the velocity profiles at 

0.88W and 0.42W from the water plug or in the water plug 

centre are similar no matter the method used, i.e., the 

profiles overlap. 

Figure 29 also confirms the observations made in Fig. 

27. As we move from 2z/h=0 to 2z/h=0.8 (along the z-

axis), the x-velocity component decreases progressively 

regardless of the section selected. 

For 2z/h=0.8 and in section 3 (at the water plug 

centre), we can notice the presence of a low u-velocity 

region in the velocity profile at the side walls compared to 

the other two sections (2z/h=0 and 2z/h=0.4). This low u-

velocity zone corresponds to the liquid film region. 

 We can also see that the velocity profiles in the half slugs 

(before and after the plug) are flattened compared with the 

velocity profile in the center of the water plug, with a 

maximum always located at the microchannel centre. As 

you approach the top or bottom walls of the microchannel, 

the velocity gradually decreases until it reaches its lowest 

value. 

Figure 30 illustrates the velocity magnitude contours 

with the streamlines along the XZ plane for both T-

junction and the patching methods. We choose  

three sections along the y-axis. The first section (2y/W=0)  

(a) (b) 
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Fig. 30 Contours of the magnitude velocity for various 

sections along the y-axis and for both the T-junction 

and patching methods (EG/W case) 

 

corresponds to the microchannel centre (see Fig. 12), 

while the 2y/W=0.8 section is close to the top wall. 

As can be seen, 2y/W=0, the velocity magnitude is 

highest at the microchannel centre inside the water plug, 

for. We can also notice an area of low velocity magnitude 

in the plug's head and tail. In the half-slug before and after 

the water plug, the velocity remains high in the 

microchannel centre but not as high as in the water plug 

centre. When moving towards the microchannel's sidewall 

(along the z-axis), the velocity magnitude gradually 

decreases, becoming very small in the liquid film region, 

at the vicinity of the wall. 

As we approach the microchannel's top wall 

(2y/W=0.8), the velocity magnitude continues to decrease, 

with a region of lower velocity located in the liquid film 

zone. This low-velocity region corresponds to the gutters 

(the corners of the microchannel), as shown in Fig. 31. 

For the streamline contour, we can see that the 

streamlines are oriented towards the microchannel centre 

once they pass the plug's rear interface, and then they 

return to the near-wall region once they pass the front 

interface. 

We can also identify a small vortex forming close to 

the plug tail (2y/W=0), whose size increases as the liquid 

film thickness increases (increasing the backflow zone) at 

2y/w=0.4 and 2y/W=0.8. 

The velocity magnitude contours in the YZ plane and 

along the x-axis for the T-junction and patching methods 

are shown in Fig. 31. We selected three cross-sections 

within the water plug and a single cross-section before and 

after the water plug.  

Figure 31 confirms the observations made earlier in 

Figs. 27 and 30. Within the plug, we can see that the 

highest velocity is not at the plug centre (along the x-axis) 

but occurs before reaching the centre. As we progress 

through the plug, the velocity magnitude gradually 

decreases until it reaches a low value at the plug head. 

We can also see the presence of a low velocity 

magnitude in the microchannel corners compared to the  

 
Fig. 31 Contours of velocity magnitude on the YZ 

plane in and around the water plug along the x-axis 

for both T-junction and patching methods (EG/W 

case) 

 

near wall zone in the slug region (continuous phase 

region). This low fluid velocity in the corner regions can 

act as an insulator, preventing the water plug from 

extracting heat properly (Eain et al., 2015). 

Figure 32 shows the u(z) velocity profiles for the 

EG/W case obtained from the T-junction and the patching 

methods. The profiles are presented in the same XZ planes 

discussed previously in Fig. 30 (2y/W=0, 2y/W=0.4, and 

2y/W=0.8), in five different x-sections before and after the 

water plug. 

Figure 33 illustrates the positions of the selected x-

sections. A distance of 0.88W separates sections 1 and 5 

from the plug interface, while a distance of 0.42W 

separates sections 2 and 4 from the water plug. 

The velocity profiles have a parabolic shape 

regardless of the position and method chosen, with a peak 

velocity located at the microchannel centre (z/h=0). It is 

apparent from comparing sections 1 and 5 that the velocity 

profiles are similar, reflecting the periodic nature of the 

fluid flow. 

Moving along the y-axis (from 2y/W=0 to 2y/W=0.4), 

the u-velocity intensity decreases slightly for all the x-

sections considered, with a maximum remaining in the 

microchannel centre (z/h=0).  However, when moving 

from 2y/W=0.4 to 2y/W=0.8, the u-velocity decreases 

significantly, indicating that the microchannel walls (top 

and bottom wall) are getting closer. 

(a) (a) 

(a) 

(b) 

 



M. Said et al. / JAFM, Vol. 17, No. 1, pp. 1-18, 2024.  

 

16 

 

Fig. 32 Velocity profiles u(z) at various positions 

before and after the water plug for both methods 

(EG/W case) 

 

 

Fig. 33 The selected location for collecting the u(z) 

velocity profiles 

 

5. CONCLUSION  

We conducted a comparative study between two 

numerical methods for generating droplets/plugs (T-

junction and patching method). Both methods were 

examined in a rectangular microchannel (Dh=400 μm), 

with water droplets dispersed in an ethylene/propylene 

glycol carrier phase. The comparative study focused on 

the droplet/plug generation mechanism, liquid film 

thickness, and plug shape.  

A refined mesh near the wall region was required to 

capture the liquid film separating the dispersed phase from 

the channel wall. Additionally, a symmetry assumption 

was considered in each geometry to reduce computational 

time. 

• In the T-junction method, two main stages are 

identified for plug generation in the transition 

regime, namely the filling stage and the 

squeezing stage. 

• It was noticed that the filling time was 

independent of the viscosity ratio λ and capillary 

number, in agreement with the previous findings 

of Nekouei and Vanapalli (2017). However, for 

different flow rate ratios q, a slight variation was 

observed. 

• On the other hand, our results for squeezing time 

indicate a significant influence of the flow rate 

ratio q over the viscosity ratio λ and the Ca 

number (CaTP). 

• In the patching method, droplets were formed by 

marking a region close to the channel entrance.  

Due to droplet development at the corners and in 

the liquid film area, the final droplet size LD is 

usually longer than the initial patch size L0. 

• The patching method was validated by 

comparing the liquid film results (δy and δCr) 

against the experimental correlations reported in 

the literature and against our previous results 

(Said et al., 2023). 

• To date, no correlation exists for predicting the 

liquid film thickness δy for liquid-liquid systems 

in rectangular microchannels with low viscosity 

ratios (high continuous phase viscosity). 

• Both techniques performed well regarding liquid 

film (𝛿𝐶𝑟; 𝛿𝑦 ) and droplet shape, with only a 

slight difference between the two methods. 

However, the patching method was 

computationally more economical than the T-

junction method. 

This study would expand and enhance the knowledge 

about the implementation of numerical methods for 

droplets hydrodynamics in mini and microchannels. 
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