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Abstract
A three-dimensional (3D) numerical simulation of a two-phase flow liquid/liquid is performed in a rectangular microchannel 
with a T-junction. The volume of fluid (VOF) method was used under ANSYS Fluent to capture the interface between the 
two phases. The dynamic mesh adaptation technique together with the assumption of symmetry plane helps us to reduce the 
computational cost. The study focuses on the flow patterns and hydrodynamics of plugs. So, the influence of the flow rate 
ratio q , the capillary number Ca , and the viscosity ratio on the liquid film, the plug/droplet shape, and velocity are examined 
here. Particularly, the plug/droplet lengths predicted by the simulation show good agreement with the experimental and cor-
relation available in the literature. The results revealed six distinct flow patterns by dispersing water in a continuous phase of 
silicone oil. By decreasing the flow rate ratio as well as the viscosity ratio, the liquid film thickness increases in the corners 
and side planes. In turn, this greatly impacts the liquid film velocity and the plug velocity. Furthermore, capillary number 
(based on two-phase flow velocity) is also shown to have a greater impact than viscosity ratio and flow rate ratio on plug 
shape, with the curvature radii of the tail always larger than the front one.
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Nomenclature
W   Channel width, m
h  Channel height, m
Dh  Hydraulic diameter, m
A  Cross-section area,  m2

U  Velocity, m/s
Q  Flow rate,  m3/s
q  Flow rate ratio;q = Qd∕Qc

CaTP  Capillary number of two-phase 
flow; CaTP = �cUTP∕�

Cac  Capillary number of continuous 
phase; Cac = �cUc∕�

CaD  Capillary number based on plug 
velocity; CaD = �cUD∕�

Rec  Reynolds number of the continuous 
phase; Rec = �cUcDh∕�c

Red  Reynolds number of the dispersed 
phase; Red = �dUdDh∕�d

ReTP  Reynolds number of two phase 
flow; ReTP = �TPUTPDh∕�TP

Bo  Bond number; Bo = gΔ�D2

h
∕�

λ  Viscosity ratio; λ = �d∕�c

Greek symbols
δ  Film thickness
ρ  Density, kg/m3

μ  Viscosity, mPa/s
σ  Interfacial tension, mN/m

Subscripts
c  Continuous phase
d  Dispersed phase
TP  Tow-phase
D  Plug
f   film
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Introduction

In recent years, researchers from various areas of science 
have become interested in two-phase flow, especially the 
flow of immiscible liquids in microchannels. The high 
surface-to-volume ratio, highly uniform size, and high-
precision control of flow rate make microchannels an 
attractive tool for many technological processes (Kashid 
et al. 2011) (Murphy et al. 2018; Qian et al. 2019a, b).

Liquid–liquid two-phase microfluidics is particularly 
the most important subject of research in this field (Oishi 
et al. 2009; Qiao et al. 2012; Song et al. 2006). Further-
more, it is widely used in a variety of applications, includ-
ing extraction, nitration, and nanoparticle synthesis. These 
processes benefit from either their favorable mass transfer 
characteristics or their droplet formation that allow the 
encapsulation of fluids.

For such applications, the precise and efficient genera-
tion and control of droplets are essential. For this purpose, 
droplet generation methods can be classified as either pas-
sive or active.

Passive techniques are generally more economical, eas-
ier to implement, and generate droplets without external 
actuation. The purpose of these techniques is to identify 
the mechanisms and characteristics of droplet breakup 
modes that can occur in microfluidic cross-flow (e.g. 
T-junction or Y-junction) (Muijlwijk et al. 2016; Nisisako 
and Hatsuzawa 2010; Paquin et al. 2015), co-flow (Zhang 
et al. 2021), flow-focusing (Fu et al. 2012), and step emul-
sification configurations (Chakraborty et al. 2017).

In contrast, active techniques use additional energy input 
by promoting interfacial instabilities for droplet generation. 
Generally, these methods either use external forces from 
electric (Gompper and Schick 2007), magnetic (Zhang et al. 
2018), and centrifugal fields, or methods that modify intrin-
sic properties of flows or fluids.

A T-junction is one of the most commonly used geom-
etries for creating droplets. Thorsen et al. (Thorsen et al. 
2001) presented it for the first time as a way to produce 
oil droplets in water. In this configuration, the continu-
ous phase enters directly into the main channel, whereas 
the dispersed phase is fed perpendicularly through the 
secondary channel. The drop generation mechanism was 
described earlier by Garstecki et al. (2006) and differ-
ent regimes can be observed, depending on the capillary 
number Cac.

To date, much of the experimental and numerical research 
on droplets flow has been focused on the hydrodynamics 
of liquid–liquid flow, such as droplet formation mechanism 
and their length control (Abdollahi et al. 2020; Chandra 
et al. 2016; Garstecki et al. 2006; Santos and Kawaji 2010; 
Wehking et al. 2014), liquid film thickness (Bandara et al. 

2015; Dai et al. 2015; Mac Giolla Eain et al. 2013), pres-
sure drop (Abdollahi et al. 2020; Eain et al. 2013; Jovanović 
et al. 2011), heat transfer (Abdollahi et al. 2020; Dai et al. 
2015; Fischer et al. 2010) and viscosity ratio λ (Kovalev 
et al. 2021; Ma et al. 2021; Tice et al. 2004).

In most studies, the effect of the fluid viscosity of the 
continuous phase is examined. Tice and al (Tice et al. 2004) 
investigated the formation of plugs in multiphase flows of 
fluids more viscous than water in a rectangular microchan-
nel with a hydraulic diameter Dh = 50�m . They observed 
that the capillarity number, Ca, can be used to predict the 
conditions required for plugs to form reliably when the flu-
ids in the flow have approximately the same viscosity. In 
contrast, when there is difference in viscosity between the 
two fluids (continuous phase and dispersed phase), threshold 
values of Ca differed by a factor of 1.5 − 3.4 from those of 
fluids with matched viscosities.

Based on a 2D microchannel T-junction with the same 
entry width ((Wc = Wd = 100�m) for the two phases), Liu 
and al (Liu and Zhang 2009) investigate numerically the role 
of viscosity ratio � in the droplet break-up process. They 
found that the viscosity ratio λ has a more significant effect 
at high Ca ( Ca > Cac ) where the large viscosity ratio forces 
the droplet detachment point to move downstream. They 
also found that the predicted drop diameter in the squeezing 
regime is practically independent of the viscosity ratio, how-
ever, in the dripping regime, the influence of the viscosity 
ratio becomes more obvious as Ca increases.

At the same period, Gupta and al (Gupta and Kumar 
2010) in a three-dimensional simulation of two immiscible 
fluids through a T-junction revealed that the transition to 
stable jets can be delayed and droplets can be formed even 
at very high flow rate ratios Q by decreasing significantly 
the viscosity ratio � . Furthermore, for a fixed Ca and Q , 
they mentioned that the droplet formation frequency can 
be increased by increasing the viscosity ratio � . The same 
results were highlighted by Wehking and al (Wehking et al. 
2014) who reported specific characteristics during droplet 
generation for the different regimes (Droplet regime in a 
T-junction “DTJ”, Droplet regime in the channel “DC”, 
and Parallel flow “PF”). Particularly, the authors confirm 
the earlier observation of Gupta and al (Gupta and Kumar 
2010) by finding that the transition region from DC to PF 
shifts to a high flow rate ratio due to the high shear stress of 
the continuous phase on the dispersed phase at low viscosity 
ratio, which facilitates droplet formation.

Droplet formation involving highly viscous fluids is stud-
ied experimentally in a square microchannel T-junction by 
Bai and al (Bai et al. 2016). They noticed that in the drip-
ping regime, the effect of high viscosity �c of the continu-
ous phase on the droplet size is so significant that Ca is not 
enough to correlate droplet size. Besides, they noticed that 
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the critical Ca number increases with the continuous phase 
viscosity, which shows that there is no single critical Ca value 
to identify the various flow patterns when various combina-
tions of fluids with various viscosity ratios λ are involved. 
Characteristics of liquid–liquid slug flow in a microchan-
nel are investigated experimentally by Yao and al (Yao et al. 
2018) in a square microchannel with a hydraulic diameter of 
Dh = 600um . Their results reveal that both the continuous 
and dispersed phase viscosities affect the formation of drop-
lets, though the latter has a more profound impact. Addition-
ally, low channel wetting leads to an earlier transition from 
squeezing to a dripping regime (i.e., a smaller Ca number).

The effect of viscosity ratio � on the size of droplets is 
considered in the 3D numerical simulations by Mahdi and 
al (Nekouei and Vanapalli 2017). They used the volume-
of-fluid (VOF) method to perform droplet formation of 
Newtonian fluids in a microfluidic rectangular T-junction 
device with width and height ratios set to W = 0.5 and 
H = 0.33 respectively. In the range of the viscosity ratio 
0.01 < 𝜆 < 15 , the researchers found that increasing the Ca 
number decreases the droplet size. However, the reduction 
in the droplet size with the capillary number is stronger for 
𝜆 < 1 than for 𝜆 > 1 . Furthermore, they announced that at a 
particular capillary number Ca, the droplet size is not sig-
nificantly influenced for 𝜆 < 1 , but it increases when 𝜆 > 1.

Li and Angeli (Li and Angeli 2017) explored the hydro-
dynamics of the liquid–liquid plug through an experimental 
and numerical study in circular microchannels of 0.2 and 
0.5 mm in diameter. According to their results, the liquid 
film thickness does not increase linearly with capillary, and 
for the same Ca, it is slightly lower in the 0.2 mm channel 
than in the 0.5 mm one. Additionally, the researchers noticed 
a change in shape for the front and rear menisci of the plug 
with high Ca . The size of the channel, however, has no sig-
nificant effect on the shape of the plug.

Recently, Kovalev et al. (2018) present an experimental  
study of the liquid–liquid system with an extremely low 
viscosity ratio ( � = 10

−3 ) in a T-shaped microchannel. 
The researchers observed new flow patterns including 
plug, droplet, plug with suspended droplets, slug, throat-
annular and parallel flow and that the transition between 
the flow regimes is mainly described by dispersed phase 
Reynolds number. The authors used a typical parameter 
(Qd∕Qc × Cabulk) to describe the plug interface geometry 
and flow structure. An increase of this parameter leads to a 
transition from the typical Taylor bubble shape of the plug 
to a dumbbell-like plug shape. Furthermore, the velocity 
distributions, measured by Particle Tracing Velocime-
try (PTV) technique, inside plugs are essentially three- 
dimensional in contrast to other previous studies reported 
in the literature. Finally, they found that the curvature radii 
of the plug at the rear decreases linearly with increasing Ca , 

whereas the curvature radii at the front is almost constant 
in contrast with Li and Angeli (Li and Angeli 2017) results.

More recently, Kovalev and al (Kovalev et al. 2021) con-
ducted a more in-depth study of the influence of viscosity 
ratio on liquid–liquid two-phase flow in a T-shaped micro-
channel with 200 × 200�m inlets and a 400 × 200�m outlet 
channel where the two fluids enter in opposition. The castor 
oil was used as a continuous phase while distilled water and 
water-glycerine solutions as the dispersed phase. In the range 
of these parameters, the researchers observed three basic 
flow patterns and pointed out that the boundary between  
segmented (plug and droplet) and continuous (parallel) types 
of flow was found to shift depending on � . Particularly in 
the plug flow case, at low viscosity ratios, � = 0.0013 and 
� = 0.0067 the plug interface shape deforms downstream 
of the flow which requires a channel length downstream  
of the junction of about 38 × wout . Finally, the researchers 
confirm the observation mentioned earlier by Liu et al. (Liu 
and Zhang 2009) about the effect of viscosity ratio in the 
squeezing and dripping regimes.

In the experimental investigation of Ma and al (Ma et al. 
2021), aqueous glycerol solutions and a mixture of toluene 
and dimethyl silicone oil were chosen to vary the viscosity 
of the continuous and dispersed phases respectively within 
a rectangular microchannel. The researchers confirm the 
overall observations made by Kovalev and al (Kovalev et al. 
2021) and mentioned the shift of the slug-drop flow tran-
sition to be at a higher capillary number of the continuous 
phase (Cac) while the slug-parallel flow transition to a higher 
Reynolds number of the dispersed phase (Red) . The authors 
indicated that for a lower Ca number based on the plug veloc-
ity ( CaD < 0.03 ), the film is thinner in liquid–liquid flow than 
in gas–liquid flow. There is a distinct plug shape characteristic 
under high CaD that is marked by both sharpened caps with 
a more sharpened cap at the rear end. Besides, the research-
ers revealed that the shape of the plug deforms slowly under 
squeezing regimes when compared to dripping regimes.

Wang et al. (2021) studied the liquid–liquid two-phase flow 
patterns and hydrodynamics of plugs in a circular channel of 
2mm diameter. Silicone oil and water are used as working flu-
ids. Their results present five distinct flow patterns. By increas-
ing the capillarity number based on the two-phase flow, CaTP , 
the curvature radius of the plug head becomes smaller, while 
the tail plug one increases gradually with CaTP . Besides, the 
researchers revealed, at low CaTP , the appearance of a con-
cave surface on the lateral side of the plug which slowly relaxes 
until it completely disappears for high CaTP . For predicting 
the plug length, the researchers proposed a correlation based 
on the Reynolds number ReTP (based on the velocity of the 
two phases) and the flow rate ratio. Satisfactory results were 
reported using this correlation compared to the experimental 
data as well as to the data available in the literature.
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From what has been reviewed in the literature, most of the 
available numerical studies on liquid–liquid two-phase flow 
have been carried out in microchannels of width or diam-
eter less than 300�m . Furthermore, there were no numerical 
studies that address the flow patterns and hydrodynamics of 
liquid–liquid plugs in rectangular microchannels with fluid 
combinations that provide a low viscosity ratio. To this end, 
the present work aims to investigate the effect of parameters 
such as CaTP , flow rate ratio Q , and viscosity ratio λ on 
the hydrodynamics of plugs in a rectangular microchannel 
with a cross- section of 600 × 300�m . The liquid film, plug 
shape, and plug velocity will be discussed as well as the 
flow patterns.

Methodology

Geometrical Model and Boundary Conditions

A 3D T-junction rectangular microchannel was chosen to 
study the flow patterns and hydrodynamics of liquid–liquid 
plugs in various conditions. The schematic diagram of the 
microchannel geometry with boundary conditions is shown 
in Fig. 1. The geometry and dimensions are the same as those 
of Ma and al (Ma et al. 2021). It is a microchannel T-junction 
with a width Wc = Wd = 600�m and a height of h = 300�m . 
To minimize computational costs, we took a smaller compu-
tational domain than the whole channel. However, the length 
of inlet channels is fixed to be sufficiently long to ensure 
fully developed flow (Ookawara et al. 2006; Reddy Cherlo 
et al. 2010). This length is determined by the correlation 
introduced by Dombrowski and al (Dombrowski et al. 1993).

Dh is the hydraulic diameter ( Dh = 400�m in this study) 
and the entrance length Le of the inlet channels is conse-
quently calculated for different Reynolds.

A uniform velocity is established at both inlets, while at 
the outlet the outflow condition is used. With this bound-
ary condition combination, mass conservation is provided 
for liquid systems (Reddy Cherlo et al. 2010). Notice that 
Raj and al. (Raj et al. 2010) found that using pressure outlet 
or outflow as the outlet boundary condition did not affect 
predicted slug length. In order to eliminate the effects of 
wall wettability on plug formation, the contact angle is set to 
180

◦ . A non-slip boundary condition is used on all the walls.
To further reduce the computational cost, a symmetry 

along the XY plane (see Fig. 1) is considered.

Mathematical Model

To capture the different positions of the interface between 
phases, two main approaches are commonly used: Lagrangian 
and Eulerian methods. If the interface deformations are very 
significant, Eulerian methods are generally the most efficient. 
Three models including VOF (Malekzadeh and Roohi 2015; 
Mastiani et al. 2017; Khan et al. 2018; Qian et al. 2019a, b), 
Lattice Boltzmann (Ba et al. 2015), Level set (Wong et al. 
2017) and Coupled Level set and volume of fluid (CLSVOF) 
(Chakraborty et al. 2019), are mainly adopted. The volume of 
fluid method (VOF) introduced by Nichols and Hirt (Hirt and 
Nichols 1981) is one of the multiphase models implemented 
in ANSYS Fluent and used in this simulation. It is based on 
the fact that two or more fluids (or phases) are immiscible. 
The total volume fraction of all phases in each control volume 
is equal to one. In addition, all variables shared the volume 
fraction of each phase and represent volume-average value, 
as long as the volume fraction of each phase is known within 
a calculation cell (Canonsburg 2012).

Governing Equations

The isothermal two-phase flow of Newtonian fluids of con-
stant density was described using the one-fluid approach.

The continuity and momentum equations are as follows:

The volume fraction φ allows tracking the phase: it equals 
zero in the continuous phase, and one in the dispersed phase. 

(1)
Le

Dh

= 0.379e(−0.148Re) + 0.055Re + 0.26

(2)
��

�t
+ ∇.(�u) = 0

(3)

�(�u)

�t
+ ∇.(�uu) = −∇p + ∇.

[
�
(
∇u + ∇uT

)]
+ �g + F

Fig. 1  Schematic diagram and meshing of the T-junction microchan-
nel
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So, the physical properties such as density � and dynamic 
viscosity � are expressed as the volume-fraction weighted 
average between the two fluids.

Where the indices c and d denote the continuous and dis-
persed phase, respectively.

Finally, the continuity equation for the volume fraction 
function � is expressed as follows:

Surface tension is treated as a source term in the momen-
tum equation using the continuum surface force CSF model 
(Brackbill et al. 1992). The surface tension force per unit 
volume F in Eq. (3) was calculated as:

Where � is the surface tension, n is the interface normal 
vector defined as the gradient of the volume fraction, �i is 
the Dirac delta function specifying the interface, � is the 
interface curvature evaluated from the divergence of the unit 
normal surface n̂.

Working Fluids

In this investigation, a variety of fluid combinations were 
employed with various viscosity ratios λ. We used silicone 
oil or glycerol/water mixture as continuous phase, and tolu-
ene or water as a dispersed phase. Tables 1 and 2 summa-
rized details of the combinations.

These fluid properties are identical to those used in previous 
studies by Ma et al. (Ma et al. 2021). and Wang et al. (Wang 
et al. 2021).

(4)� = �d�d +
(
1 − �d

)
�c

(5)� = �d�d +
(
1 − �d

)
�c

(6)
��

�t
+ ∇.(u�) = 0

(7)F = ���in

(8)n = ∇�

(9)� = ∇.n̂ = ∇.
n

|n|

Parameter Settings

The simulation parameters used in this investigation are 
given in Table 3.

Mesh Grid Independence

A structured mesh was generated using ICEM CFD and differ-
ent mesh sizes were used in order to achieve grid independence. 
For the third combination  (C3), where the superficial velocity 
of the dispersed phase was set to 0.0185m ∙ s−1 and the con-
tinuous phase velocity was fixed at 0.02763m ∙ s−1 , four mesh 
size was chosen, 2 × 10

−5m, 1.7143 × 10
−5m , 1.5 × 10

−5m and 
1.33 × 10

−5m respectively. In order to further reduce the com-
putational cost, a dynamic mesh adaption based on the gradient 
of the volume fraction was used. The mesh adaption param-
eter, which includes the refinement and coarsening thresholds, 
is fixed equal to 0.15 and 0.1, similar to Mehdizadeh and al 
(Mehdizadeh et al. 2011) and Alireza and al (Alireza et al. 2018) 
and the mesh is generated every five-time step.

The results showed that the four basic meshes used gave 
almost identical results in terms of droplet length, detachment 
time (Table 4), and static pressure in the centerline along the 
channel (Fig. 2), and that differences could be attributed to the 
sharpness of the interface between the two phases. Finally, we 
chose the mesh that gave us the appropriate results, a sharp 
interface, and an acceptable computational time.

Validation

The results of the simulations are validated by comparing 
the dimensionless droplet length with the experimental 

Table 1  Properties of the 
working fluids

/ Continuous phase Dispersed phase

Liquid 60% Glycerol 70% Glycerol 80% Glycerol Silicone oil Toluene Water

�(kg ∙ m−3) 1150.6 1177.8 1205.1 963 866 998.2
�(mpa ∙ s) 8.84 18.2 45.6 103.4 0.58 0.98
�(mN ∙ m−1) 26.42 25.22 23.76 35.6 / /

Table 2  Fluid combinations

Combination 
number

Continuous phase Dispersed phase λ

C1 60% Glycerol Toluene 0.0656
C2 70% Glycerol Toluene 0.0318
C3 80% Glycerol Toluene 0.0127
C4 Silicone oil Water 0.0086
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results and correlation performed by Ma et al. (2021), in a 
range of flow rate ratios varying from 0.5 to 2. Throughout 
the validation, the flow rate of the dispersed phase was 
kept constant Qd = 0.2ml∕min while that of the continuous 
phase was changed.

Figure 3 shows the present simulations for two contact 
angles ( 158◦;180◦ ) in terms of dimensionless plug/droplet 
length (L∕W) compared with the experimental results of 
Ma et al. (2021) and their correlation.

As can be seen, the present simulation results are in good 
agreement with the experimental data as well as the correla-
tion proposed by Ma et al. (2021).

For a flow rate ratio q ≤ 1 , there is no clear difference in 
plug/droplet length when moving from a contact angle of 
158

◦

to180
◦ . Furthermore, the simulation results deviate slightly 

from the experimental data.
On the other hand, for q > 1 , the contact angle starts to 

affect the plug/droplet length progressively with increas-
ing q . Besides, the deviation between the simulation and 
experimental results gradually decreases until it becomes 
negligible for q = 2.

Generally, and for a partial wetting of the dispersed phase 
with the channel walls same as (Ma et al. 2021), The aver-
age relative error between the simulation and the experi-
mental data does not exceed 7% . This indicates that the VOF 
method can be used to correctly simulate the liquid–liquid 
two-phase flow, even with a high viscosity ratio λ.

Mean Results and Discussion

Flow Patterns

The fourth fluid combination  (C4) (Table 1) with a viscosity 
ratio λ = 0.0086 is considered to analyse the flow patterns 
for a liquid/liquid system. A contact angle of 180◦ was used 
to overcome wettability effects.

According to Tsaoulidis et al. (2013), the flow pat-
terns are not affected by the channel configuration (T or 
Y junction). However, flow parameters such as the flow 
rate of the two phases, the properties of the two fluids, or 
even the wettability of the walls can strongly influence 
the flow patterns.

As can be seen in Fig. 4, six flow patterns were observed 
in this study: jet flow, droplet flow, plug flow, throat annular 
flow, annular flow, and stratified flow.

The appearance of flow patterns results from competition 
between the forces present at the junction. These forces are 

Table 3  Simulation parameters Parameter/criterion Value/range/scheme

Courant number Cr 0.25
Time step Variable time step with initial time step of 10−6

Continuous phase (inlet 1) Water and aqueous glycerol solution
Dispersed phase (inlet 2) Toluene and dimethyl silicone oil
Convergence criteria for continuity and velocity solver 10

−5

Coupling scheme for pressure velocity Pressure implicit with staggering option (PISO)
Pressure interpolation scheme Pressure staggering option (PRESTO!)
Implicit body force Taken into account
Momentum equation QUICK scheme
Volume fraction (interface) Geo-Reconstruct
Spatial discretization Least Squares Cell Based

Table 4  The results of grid independence study

Basic mesh Droplet length (m) Detachment time (s)

W/30 8.1 × 10
−4 0.0724

W/35 8.1 × 10
−4 0.0720

W/40 8.1 × 10
−4 0.07225

W/45 8.1 × 10
−4 0.0720

Fig. 2  Static pressure along the microchannel for the four basic mesh



Microgravity Science and Technology (2023) 35:8 

1 3

Page 7 of 21 8

respectively the surface tension force, the viscous force, and 
the inertia force. The predominance of one force over the 
other can be determined from the dimensionless numbers 
such as the Reynolds number Re , the capillary number Ca , 
and the Weber number We (Yao et al. 2021). In contrast, 
for gravitational effects, the Bond number is very small 
( Bo = 1.55 × 10

−3 ), which means that gravity effects are 
neglected in this study.

When the surface tension force is the dominant force 
compared to the viscous and inertia of both phases, regular 
flow patterns (Plug and droplet) are generated (Darekar et al. 
2017; Guan et al. 2019).

Plug flow (Fig. 4c) is observed at low and comparable 
flow rates of both phases. In this flow pattern, plugs are 
usually produced under the squeezing or shearing regime 
in a microchannel, with a length usually equal to or greater 
than the width. Under certain conditions, a liquid film of 
the continuous phase appears, separating the plug from the 

channel walls. Besides, the plugs preserve a defined shape 
after the flow has fully developed.

By increasing the flow rate Qc of the continuous phase 
while keeping the dispersed phase flow rate fixed, the drop-
lets pattern was observed (Fig. 4b). The main difference 
between droplet flow and plug flow is the size of the drop-
lets and the detachment mechanism.

In this flow pattern, the Reynolds number of the dispersed 
phase Red remains small and the dispersed phase was easily 
broken into droplets due to the high shear exerted by the 
continuous phase (Rec > 0.4) (Wang et al. 2021). This leads 
to a short detachment time and droplets with a length smaller 
than the channel width.

By further increasing the flow rate of the continuous 
phase Qc while keeping that of the dispersed phase fixed, 
jet flow (Fig. 4a) was formed. This pattern is dominated 
by the strong shear and drag forces of the continuous phase 
(Lei et al. 2021).

In this pattern, the dispersed phase remains stuck to the 
channel wall and pulled away from the junction due to the 
drag force exerted by the continuous phase. Then, the high 
shear of the continuous phase causes the dispersed phase 
to break up rapidly into small droplets (Lei et al. 2021). 
These droplets are usually much smaller than the width of 
the microchannel.

When the flow rate ratio becomes large with an increase 
in the flow of the dispersed phase, the throat annular flow 
was observed. In this flow pattern, the inertial force of the 
dispersed phase becomes so great ( Red = 66.4 ) that the con-
tinuous phase is no longer able to break it up into plugs.

According to Wang et al. (Wang et al. 2021), the interface 
shape and periodic waves observed in this flow pattern are 
mainly caused by surface tension effects in the junction region.

The same flow pattern was observed in the study of Liu 
et al. (Liu et al. 2018) with a large viscosity of the continu-
ous phase. Yagodnitsyna et al. (Yagodnitsyna et al. 2016) 
observed the throat annular flow with a partial wetting of both 
fluids with the channel walls. However, a contact angle of 
180◦ is set in this study to eliminate the effects of wettability.

If the dispersed phase flow rate continues to increase 
while the flow rate of the continuous phase remains low, 
the flow pattern changes to an annular flow. In this flow pat-
tern, the inertial force of the dispersed phase ( Red = 132.8 ) 
can no longer be ignored and has an important role in the 
appearance of the annular flow by overcoming the surface 
tension force.

As seen in (Fig. 4e), the dispersed phase (water) occu-
pies the middle of the channel continuously, while the con-
tinuous phase (Silicone oil) is spread out at the sides of the 
channel, forming a thin liquid film that wets the channel 
walls. It should be noted that this flow pattern was observed 
far from the junction. Therefore, a 33 mm channel was used 
to observe it.

Fig. 3  Comparison between simulation results, experimental Data, and 
correlation made by Ma et al. (2021)

Fig. 4  Flow patterns for a liquid–liquid system in a rectangular micro-
channel
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At high flow rates for both phases, a stratified flow 
can be observed. From the Re numbers of both phases 
( Rec = 0.9;Red = 121 ), it is clear that the inertial force of 
the dispersed phase overcomes the viscous and surface 
tension forces.

From Fig. 4f, it can be seen that the dispersed phase 
moves in the middle of the channel with a non-regular wavy 
interface. This wavy interface is caused by shear instability 
as a result of the difference in velocities between the two 
phases (Wang et al. 2021).

This stratified flow is similar to that of Wang et al. (Wang 
et al. 2021). However, the one of Wang et al. remains attached 
to the channel wall, which is not the case in our simulations.

This may be due to the effects of the contact angle 
which is one of the important parameters affecting the 
flow patterns in small channels (Barajas and Panton 1993; 
Tsaoulidis et al. 2013). According to (Kovalev et al. 2018; 
Yagodnitsyna et al. 2016), a high contact angle of the dis-
persed phase with the channel walls favours the develop-
ment of a stratified flow. In such a case, the dispersed phase 
is easily transported by the high shear of the continuous 
phase (Wang et al. 2021).

The competition between viscous and inertial effects at 
the junction is a major factor in the formation of the plug/
droplet regime. In our simulations, the plug/droplet was 
formed in a transition regime (between the squeezing and 
dripping regime). The pressure built up upstream of the 
junction along with the viscous shear exerted by the continu-
ous phase on the emerging plug/droplet contributes to the 
formation mechanism. On the other hand, the inertial force 
of the dispersed phase resists detachment, thus giving the 
plugs/droplets a certain length (Wang et al. 2021).

Different flow rates of the two phases were used in our 
simulations, leading to a change in the period of plug/droplet 
formation. This is mainly due to the change in the competi-
tive relationship between the viscous and inertial forces at 
the junction.

Figure 5 shows the time period of plugs/droplets TP meas-
ured and estimated as a function of flow rate ratio q . The 
flow rate of the dispersed phase was constant in this section 
(Qd = 0.2ml∕min) . In addition, two combinations of the fluid 
were used for two different viscosity ratios λ (see Table 1).

The time period of plugs/droplets Tp was estimated by 
measuring the time interval required for a unit cell (plug 
and slug) to pass through a cross-section. Thus, our results 
were compared to the time period calculated using the fol-
lowing equation:

As can be seen, the time period TP increases with increas-
ing q . This indicates the resistance of the dispersed phase to 

(10)TP =
LD + LS

UD

detachment as q increases, resulting in longer plugs. Besides, 
the estimated and measured TP are in good agreement for 
both viscosity ratios λ, with an average relative error of no 
more than 2% for both λ.

Effect of Ca Number

A series of simulations were performed using silicone oil 
as the continuous phase and water as the dispersed phase 
(see Table 1). Along this section, the viscosity ratio is set to 
� = 0.0086 and a fixed flow rate ( q = 1 ). The capillary number 
is calculated based on the mixing velocity UTP . So, we chose 
CaTP = 0.054, 0.11, 0.21 and 0.43 to study the effect of Ca 
number on particularly: the liquid film in the corners �Corner 
and at the side walls �y , the plug shape, the plug velocity.

Film Thickness

The liquid film separating the dispersed phase from the 
microchannel wall and the liquid film on the corners are 
two important parameters affecting heat and mass transfer 
in the microfluidic systems (Ma et al. 2021).

Currently, most studies have focused on the liquid film in 
gas/liquid systems in circular, rectangular and square micro-
channels (Aussillous and Quere 2000; Han and Shikazono 
2009; Kreutzer et al. 2005; Yao et al. 2019). However, few 
experimental and numerical studies are available in the lit-
erature that concern the liquid film in liquid/liquid systems 
with square or rectangular microchannels.

It should be noted that the calculus results, for plug 
lengths greater than 1.57 ( LP∕W > 1.57 ) (see Fig. 6), show 
a uniform liquid film area. For this purpose, we considered a 
cross-section in the middle of the plug to calculate the liquid 
film thickness in the sidewall ( �y) and in the corner ( �Corner).

Fig. 5  TP estimated and measured versus flow rate ratio q
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However, for plug lengths less than 1.57 ( LP∕W < 1.57 ) 
(see Fig. 6), the liquid film varies along the plug (non-uniform). 
Therefore, the liquid film thickness is obtained by averaging the 
film thickness in 5 sections along the plug. The same observa-
tion was noted by Li et Angeli (2017).

The Bond number Bo is less than 0.022 in this study 
(Bo ≪ 1) which means that the effects of gravity are neglected 
at this scale. Therefore, viscosity, surface tension, and inertia 
are the only forces governing the flow in general and the liquid 
film thickness in particular.

The evolution of the dimensionless liquid film ( �∕W  ) as 
a function of CaTP is represented in Figs. 7 and 8.

From Fig. 7, it can be seen that increasing the mixture 
velocity UTP is traduced in an increase in the liquid film in 
the corners and sidewalls of the microchannel. Increasing 
the mixture velocity leads to an increase in the viscous stress 

of the continuous phase and will also increase the inertial 
force of the dispersed phase. It’s the competition between 
these two forces which define the thickness and shape of the 
liquid film in the corners �Corner and side walls �y.

As can be seen in Fig. 8, for UTP = 0.0185m∕s , a thin 
and uniform liquid film surrounds the plug. As the mixture 
velocity increases, viscous and inertial stress start to affect 
the shape and thickness of the liquid film ( �y , �Corner ). So, at 
UTP = 0.037m∕s , the liquid film becomes thick, non-uniform 
and a non-negligible flow of the continuous phase around 
the plug appears.

Plug Shape

In this section, we discuss the effect of UTP on the interface 
shape at the front and tail of the plug as well as the sidewall. 
As previously stated, the flow ratio is kept constant, q = 1.

The UTP and the flow rate ratio q are the most important 
parameters affecting the shape of the plug (Kovalev et al. 2018).

The dimensionless curvature radii Rtail and Rfront are shown 
in Fig. 9. Globally, we notice that Rtail and Rfront decrease with 
increasing CaTP under a fixed flow ratio (q = 1).

Furthermore, we can see that the curvature radius of the 
plug tail is always greater than that of the front. The shape of 
the plugs is affected by the viscous and inertial forces as the 
only factor that we change here is UTP . This result agrees with 

Fig. 6  Diagram showing the zones close to the liquid film: A L
P
∕W =

2.02 ; B LP∕W = 1.57

Fig. 7  Evolution of the dimensionless liquid film versus CaTP

Fig. 8  Liquid film zone and plug shape as a function of CaTP
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Ma et al. (2021) explanation that increasing Uc increases both 
viscous stresses (Cac) and inertial stresses (Rec).

For CaTP < 0.2 , the back of the plugs is more affected 
than the front. However, for CaTP > 0.2 , there is a minor 
difference between the front and the back of the plug.

As like mentioned in Fig. 8, for a low UTP (low CaTP ), 
there is a concave surface on the lateral side of the plug 
surface. Wang et al. (2021) explain this by the fact that the 
interfacial force causes the interface to shrink which leads 
to the formation of a concave surface on the lateral side of 
the plug.

By increasing UTP ( CaTP increases) the concave surface 
disappears and the plugs/droplets take on an oval shape at 
high CaTP.

Plug Velocity

The plug velocity UD versus mixture velocity UTP is shown 
in Fig. 10 for a constant flow ratio (q = 1).

Two methods are used to determine the plug/droplet veloc-
ity ( UD ) in this section.

The first method entails the displacement of a plug/droplet 
through a cross-section. This cross-section is chosen away from 
the junction, thus ensuring a fully developed flow. Hence, the 
plug velocity is derived by dividing the plug/droplet length by 
the time required for it to pass through the cross-section.

The second method consists of averaging the bulk veloc-
ity obtained inside the plugs/droplets for different planes 
(seven) along the z-direction.

The bulk velocity in each plane is determined by dividing 
the flow rate obtained inside the plug/droplet by its width.

As can be seen, the UD (based on the first method) increases 
linearly with UTP . Moreover, UD is always higher than the UTP . 
This is normal as the film surrounding the plug increases with 

increasing UTP as can be seen in Fig. 8. This leads to a gap 
between UD and UTP . The same observations were reported 
by Li et al. (2017).

The present simulation results are compared to the litera-
ture correlations listed in Table 5.

Globally the results are in good agreement with the cor-
relation of Liu et al. (2005) with a mean error of 14% . For 
the second correlation proposed by Kovalev et al. (Kovalev 
et al. 2018), for low viscosity ratio (λ = 0.001) liquid/liquid 
systems in a rectangular channel, an average relative error 
of 11% is observed for UTP < 0.12 range.

Figure 10 also presents the plug velocity UD determined 
from the bulk velocity inside the plug (second method). It 
can be seen that the two methods have a very good agree-
ment with an average relative error that doesn’t exceed 6%.

In the following sections, the UD obtained from the first 
method is used to calculate the Capillary Number CaD.

Effect of Flow Rate Ratio q

In this section, we analyse the effect of flow rate ratio q on 
the liquid film, droplet/plug shape, and velocity. We fixed 
the flow rate of the dispersed phase (Qd = 0.2ml∕min) , while 

Fig. 9  Rtail and Rfront as a function of CaTP with q = 1 Fig. 10  Evolution of the plug velocity UD as a function of the mixture 
velocity UTP for q = 1

Table 5  Correlations that predict plug velocity for gas/liquid and liquid/
liquid systems

Correlation Parameters Reference

UD

UTP

=
1

1−0.61Ca0.33
TP

2 × 10
−4 < CaTP < 0.39 

for a gas/liquid system
Liu et al. (Liu 

et al. 2005)

UD = 1.925 × U1.068

TP
0.0026< CaTP < 1.064 for 

a liquid/liquid system
Kovalev et al. 

(Kovalev et al. 
2018)
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that of the continuous phase is varied. Also, two viscosity 
ratios λ (� = 0.0127 and � = 0.0086) are considered in this 
section. For each λ, different flow rate ratios are used.

Film Thickness

Figures 11 and 12 present the evolution of the dimensionless 
liquid film thickness ( �Corner, �y ) as a function of the CaD 
number (based on the plug velocity) for two viscosity ratios 
λ. The figures also present the predictions obtained from the 
correlations available in the literature (see Tables 6 and 7).

For CaD < 0.12 , the liquid film thickness obtained in 
the corner (�Corner) with our simulation seems to be in good 
agreement with the correlation proposed by Kreutzer et al. 
(Kreutzer et al. 2005) for a gas/liquid system in square 
microchannels. As CaD increases, the gap between our sim-
ulation and the correlation also increases with a deviation 
between 4 and 26% ( 15% on average) for λ = 0.0086 and 
between 1 and 19% ( 6% on average) for λ = 0.0127.

However, when comparing our results with the correla-
tion of Yao et al. (Yao et al. 2019) and the correlation of 
Ma et al. (2021), �Corner is overestimated by both correla-
tions. The deviation between our results and the Yao et al. 
correlation doesn’t exceed 15% for (λ = 0.0086) and 20% 
(λ = 0.0127) and 28% for (λ = 0.0086) and 27% (λ = 0.0127) 
for the Ma et al. correlation. This discrepancy between our 
results and the correlation of Ma et al. may be attributed to 
the partial wetting of both phases with the channel walls 
used in the Ma et al. study (2021), which may affect the 
liquid film thickness ( �Corner and �y).

Aussillous and Quéré (Aussillous and Quere 2000) 
suggest that the liquid film at high Ca (high velocity) is 
governed by the competition between inertial and viscous 
forces. This implies the presence of the dimensionless 

numbers as Re,We,Ca in the correlations that predict the 
liquid film. To date, no correlation has been able to predict 
�Corner accurately for high CaD and low viscosity ratios �.

The liquid film thickness �y evolution versus λ, as can be 
seen in Figs. 11 and 12, agrees quite well with the correla-
tion proposed by Yao et al. (Yao et al. 2019) with a devia-
tion between 4 and 15% ( 10% on average) for λ = 0.0086 and 
between 2 and 34% ( 9% on average) for λ = 0.0127.

In contrast, we can see that �y deviate from the correla-
tions proposed by Aussillous et Quéré (Aussillous and Quere 
2000) and Irandoust et Andersson (Irandoust and Andersson 
1989) as CaD increases.

It’s worth mentioning that both correlations are based 
on experimental results for gas/liquid systems in a circular 
microchannel. Furthermore, the �y predicted by these two 
models ignores the inertia effects (Re or We) at high veloc-
ity and is based only on the competition between the surface 
tension force and the viscous force (Ca) . This would explain 
the discrepancy with our simulations and indicates that both 
models are adequate for predicting the liquid film at low Ca 
(Li and Angeli 2017).

Han and Shikazono (2009) in a gas/liquid system propose 
a correlation that takes into account the effects of inertia, 
viscosity, and surface tension (see Table 7). However, this 
correlation underestimates the liquid film at high capillary 
(high velocity) by 28% → 48% ( 36% on average) and by 
8% → 70%(37% on average) for the two cases λ = 0.0086 and 
λ = 0.0127 respectively. This is probably due to the viscos-
ity of the two phases (Li and Angeli 2017). Moreover, the 
shape of the channel along with the competition between 
forces (interfacial, viscous, inertia) at the junction may also 
contribute to this discrepancy.

Fig. 11  Dimensionless film thickness as a function of Ca number (λ =  
0.0086)

Fig. 12  Dimensionless film thickness as a function of Ca number (λ =  
0.0127)
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Using experimental results obtained with a liquid/liquid 
system in circular microchannels, Li et Angeli (2017) propose 
a correlation to predict the liquid film. This correlation is based 
on the Ca number to highlight the effects of the interfacial  
tension and viscosity, and on the We number to incorporate 
inertia effects. However, there is poor agreement between our 
results and �y predicted by this correlation. The deviation is 
between 9 and 90% ( 52% on average) for λ = 0.0086 while 
it is about 9% and 95%(57% on average) for λ = 0.0127. One 
possible reason for this discrepancy is the channel size and 
shape which plays an important role in the behaviour of the 
liquid film in the liquid/liquid system. Li and Angeli (2017) 
noted an average difference of 13.66% in liquid film thickness  
between the 0.2 mm and 0.5 mm microchannel.

Figure 13 shows the dimensionless liquid film as a func-
tion of flow rate ratio q . The flow rate of the dispersed phase 
Qd is kept constant.

As can be seen in this Fig. 13, the dimensionless liquid 
film decreases as q increases. At low q (high Cac ) the liquid 
film ( �Cr, �y ) is the result of competition between the vis-
cous effects of the continuous phase and the inertia effects 
of the dispersed phase. By increasing q ( Cac decreases), the 
viscous effects of the continuous phase decrease and the 
liquid film result from the competition between the surface 
tension force of the continuous phase and the inertia force 
of the dispersed phase.

Plug Shape

For two viscosity ratios and different flow rate ratios, the 
shape of the plug/droplet is shown in Figs. 14 and 15.

Under the influence of the viscous effects of the continuous 
phase, a typical plug/droplet is observed (i.e. Rtail of the plug/
droplet greater than the Rfront ). Kovalev et al. (2018) and Ma 
et al. 2021) reported a slender plug/droplet under high Ca with 
a sharper tail of the plug/droplet than the front. It is noted that 
both studies used partial wetting of the dispersed phase with 
the microchannel walls, which is probably the main reason 
for the observed trend.

Furthermore, for λ = 0.0127, a concave surface in the 
lateral sides of the interface is observed for a high flow 
ratio (low Ca ). The interfacial tension force is behind this 
shrinkage of the interface (Wang et al. 2021). By decreas-
ing q ( Ca increases) the interface in the lateral sides 
becomes flat.

The front and rear curvature radii of of the plug/droplet 
( RtailandRfront ) dimensionalized by the channel width, are 
shown in Fig. 16.

As can be seen, the tail curvature radii of the plug (Rtail) 
increases with increasing flow rate ratio for both viscosity 
ratios. Similarly, the curvature radii of the front (Rfront) also 
increases with increasing q . However, for � = 0.0086 , there 
is not much difference in the front curvature radii when we 

Table 6  Correlations predicting the liquid film at the corners

Correlation Operating condition Reference

�Cr

Dh

= 0.35 − 0.25exp(−2.25Ca0.445
D

) CaD < 3.0 For a square channel Kreutzer et al. (Kreutzer et al. 2005)
�Cr

W
= 0.217 − 0.154exp(−8.428Ca0.628

D
) 0.00065 < CaD < 3.0 for Rectangular channel (gaz/

liquid system)
Yao et al. (Yao et al. 2019)

�Cr

W
= 0.249 − 0.182exp(−13.9Ca0.944

D
Re−0.202

TP
) 0.00025 < CaD < 0.2 for Rectangular channel

(liquid/liquid system)
Ma et al. (Ma et al. 2021)

Table 7  Correlations predicting the liquid film in the sidewalls

Correlation Operating condition Reference

�y

Rc

=
1.34Ca

2∕3

D

1+3.35Ca
2∕3

D   
CaD < 1.4

Circular channel
(Gas/liquid system)

Aussillous et Quéré (Aussillous and Quere 2000)

�y

Rc

= 0.36
[
1 − exp(−3.08Ca0.54

D
)
]
   CaD < 2

Circular channel
(Gas/liquid system)

Irandoust et Andersson (Irandoust and Andersson 1989)

�y

Rc

=
1.34Ca

2∕3

D

1+3.13Ca
2∕3

D
+0.54Ca0.672

D
Re0.589−0.352We0.629

CaD < 0.4

Circular channel
(Gas/liquid system)

Han et al. (Han and Shikazono 2009)

�y

Rc

= 0.385Ca0.265
D

We0.098 0.02 < CaD < 0.3

0.001 < We < 0.27

Circular channel
(liquid/liquid system)

Li et Angeli (Li and Angeli 2017)

�y

W
= 0.15

[
1 − exp(−8.221Ca0.972

D

]
0.00065 < CaD < 0.3 Rectangu-

lar channel
Yao et al. (Yao et al. 2019)
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move from q = 1.5 to q = 2 . According to these observa-
tions, it is clear that not only CaTP affects the front and back 
curvature radii of the plug but also the flow rate. The same 
conclusion is made by Kovalev et al. (2018).

The plot of Rtail-Rfront scaled by the channel width is also 
given in Fig. 16. It shows that Rtail is always greater than 
Rfront and there is no significant change in the Rtail-Rfront plot. 

This indicates that the change in q affects nearly the same 
way the front and the back of the plug.

For, � = 0.0086 , q = 1 (Qc = Qd = 0.2ml∕min) , the plug 
transverse interface is shown for different locations along 
the microchannel in Fig. 17.

As we can see, there is not much difference in the plug 
interface along the microchannel. It implies that the plug 

Fig. 13  The dimensionless liquid film thickness versus flow rate ratio q

Fig. 14  The plug/drop shape versus flow rate ratio for λ = 0.0086

Fig. 15  The plug/drop shape versus flow rate ratio for λ = 0.0127

Fig. 16  The dimensionless radius of the front and tail plug/drop versus q
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shape stabilises very quickly downstream of the junction. 
With a smaller viscosity ratio (𝜆 < 0.0086), Kovalev et al. 
(Kovalev et al. 2021) observed deformation of the plug inter-
face downstream of the junction.

Plug Velocity and Velocity Profile

In this section, the plug/droplet velocity and velocity profiles 
inside the plug and in the liquid film region are investigated. 
We fixed the viscosity ratio (λ = 0.0086) and the flow rate of 
both phases to Qc = Qd = 0.2ml∕min;(q = 1).

The velocity vector field in the plane of symmetry (z = 0) 
is shown in Fig. 18.

As can be seen, the velocity vectors are oriented from the 
rear interface of the plug to the centre, and from the centre 
to the front interface of the plug. It should be noted that the 
velocity vectors at the plug centre are more important com-
pared to the plug side interfaces. Furthermore, in the region 
of the liquid film, the low velocity vectors indicate a low 
flow rate through this region compared to the total flow rate.

In the case where the continuous phase is more viscous 
than the dispersed phase (which is the case in our study), 
the continuity of the viscous stresses in the region of the 
liquid film drags the liquid of the dispersed phase (water 
in our case) which is near the interface. The same topology 
was observed in similar conditions by Sarrazin et al. (2006).

At seven locations distanced by 150�m between them inside 
the plug, the longitudinal velocity profiles dimensionalized by 
Umax , are presented in Fig. 19. The maximum velocity Umax  

is located close to the plug centre, specifically at the location ( 
XC − Δx).

As we can see, most of the profiles show a parabolic shape, 
with a peak in the middle of the channel ( y∕W = 0 ). The maxi-
mum velocity is always located in the central region of the 
plug. As it moves towards the side interfaces of the plug, the 
velocity gradually decreases until it is no longer present at the 
wall. Besides, in the area near the front and tail cap interface, 
the velocities are relatively low with a flattened velocity profile.

Figure 20 shows the longitudinal velocity profile normal-
ised by the maximum velocity at the middle of the plug for 
different positions along the channel.

The longitudinal velocity profiles are almost superposed for 
all positions. This indicates that the plug develops rapidly down-
stream of the junction, which makes the longitudinal velocity 
profile independent of the longitudinal position. The same result 
was obtained by Sarrazin et al. (2006).

As can be seen in Fig. 21, even if the inlet flow for both 
phases is the same, the velocity values in the liquid film are 
lower than the velocities inside the plug. This confirms what 
was mentioned earlier about the low flow rate in this region.

Under the no-slip condition, the velocity is zero at the wall 
and then increases progressively as one approaches the inter-
face between the two phases.

Fig. 17  Plug interface for 
different locations along the 
microchannel

Fig. 18  Velocity vector field around and inside the plug for q = 1 and 
λ = 0.0086

Fig. 19  The longitudinal velocity profiles inside the plug normalized 
by the maximum velocity
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To predict the plug/droplet’s velocity, the following expres-
sion is used.

Where AD , Af  , A , Uf  and UD are respectively the droplet area, 
the film area, channel cross section area, liquid film velocity 
and droplet velocity. In our study, the plugs/droplets are sur-
rounded by a liquid film with a low flow rate compared to the 
total flow rate. A flow rate of less than 5% of the total flow 
rate is observed in the liquid film area for λ = 0.0086, while for  
λ = 0.0127, a flow rate of less than 4% was observed.

(11)ADUD + AfUf = AUTP

This confirms the literature results where it is reported 
that the flow rate in the liquid film region is less than 5% of 
the total flow rate (Morris 1995; Abdollahi et al. 2019). So, 
the previous expression becomes:

This linear relationship between UD and UTP was observed 
in the literature (Gupta et al. 2013; Taha and Cui 2004). 
However, a power function was employed by Kovalev et al. 
(Kovalev et al. 2018) which they claim gives better results 
compared to a linear function.

In the present study, for λ = 0.0086 and 0.08 ≤ Ca ≤ 0.16 , 
the constant C was estimated as 1.65 , while for λ = 0.0127 
and 0.053 ≤ Ca ≤ 0.107 the constant is 1.44.

Figure 22 shows the predicted and measured plug/droplet 
velocity as a function of the mixing velocity for two viscos-
ity ratios. Two correlations from the literature are used in 
this section (Table 5).

From Fig. 22 it can be seen that UD is always higher 
than the UTP . This is due to the presence of the liquid film 
around the plug/droplet. As the film increases, the gap 
between UD and UTP also increases (Li and Angeli 2017). 
Finally, for both λ, the present calculus results approved 
the linear tendency.

Moreover, UD obtained from simulations agrees well with 
the UD predicted by both expressions. The average relative 
error for both cases (λ = 0.0086; λ = 0.0127) is less than 5%.

Compared with Kovalev's correlation (Kovalev et al. 
2018), the correlation correctly predicts UD for both viscos-
ity ratios. In general, there is an average error of 8% and 
7% respectively for λ = 0.0086 and λ = 0.0127. It is worth 

(12)UD =
A

AD

UTP = CUTP

Fig. 20  The longitudinal velocity profile for different positions along 
the channel

Fig. 21  Velocity profiles along the liquid film region for λ = 0.0086 and 
q = 1

Fig. 22  Predicted and measured plug/droplet velocity versus the mix-
ture velocity
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noting that Kovalev's correlation was originally proposed for 
liquid–liquid systems with low viscosity ratios (λ = 0.001) 
in a rectangular microchannel.

When compared to Liu et al. 's correlation (Liu et al. 
2005), the UD obtained from simulations follows the same 
trend as predicted by the correlation for both λ. Our results 
are slightly different from those predicted with an average 
error of 17% for λ = 0.0127 while for λ = 0.0086, an average 
error of 7% is noticed.

Effect of Viscosity Ratio λ

In this section, with a flow rate of 0.2ml∕min for both 
phases, the effect of the viscosity is analysed by considering 
four viscosity ratios λ. In this sense, we varied the viscosity 
of the continuous phase and kept the dispersed phase one 
fixed. However, for � = 0.0086 the viscosity of both phases 
was changed using the same combination of fluids reported 
in Wang et al. (2021) (see Table 2).

Film Thickness

Figure 23 shows the evolution of the dimensionless liquid 
film thickness versus the viscosity ratio λ. As we can see, the 
dimensionless liquid film ( �Corner; �y ) decreases non-linearly 
as the λ increases.

The thickness of the liquid film results from the compe-
tition between the interfacial tension and the viscous force 
of the continuous phase (Ca number), as the Re number of 
the dispersed phase is practically constant throughout this 
part. Therefore, a decrease in λ (�C increases) leads to an 
increase in the viscous stress of the continuous phase ( Cac 
increases). This means that the film thickness is governed 
by the viscous force of the continuous phase.

As λ increases (�C decreases), the viscosity of the dis-
persed phase becomes comparable to the continuous phase 
one. This induces a strong shear force at the interface between 
the two phases, resulting in a decrease in the liquid film thick-
ness (Li and Angeli 2017; Tsaoulidis and Angeli 2016).

For the low viscosity ratio (� = 0.0086;� = 0.0127) con-
sidered in this section, a non-uniform liquid film region is 

Fig. 23  Evolution de �y et �Corner as a function of viscosity ratio λ. 
Qc = Qd = 0.2ml∕min

Fig. 24  The liquid film region for different viscosity ratio λ

Fig. 25  Dimensionless Rtail and Rfront versus viscosity ratio λ
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observed (Fig. 24). A non-negligible leakage flow of the 
continuous phase is observed in this region as mentioned 
early by Liu et al. (2005).

The liquid film region becomes uniform and thinner 
between the sidewalls and the interface separating the two 
phases by increasing �.

Plug Shape

The effect of the viscosity ratio on the shape of the front 
and tail interface as well as on the interface along the lateral 
sides is discussed below.

Globally, as we can see in Fig. 25, an increase in the λ ( �c 
decreases) leads to an increase in the Rfront and Rtail interface 
of the plug.

For λ = 0.0086, Rtail and Rfront are strongly influenced by 
the viscous stress of the continuous phase. This effect gradu-
ally decreases as λ increases.

Indeed, at low Cac ( Cac < 0.007 ), the plug/droplet shape 
becomes independent since Rtail and Rfront are not affected 
by the operating parameters ( Uc , �c ), and only the plug 
length changes in this range (Gupta et al. 2013; Lac and 
Sherwood 2009). However, for Cac ( 0.006 < Cac < 0.054 ) 
as is the case here,  Rtail and Rfront are strongly influenced by 
the change in λ.

Plug Velocity and Velocity Profile inside Plug

The velocity profile inside the plug and in the film region as a 
result of the λ is shown in Fig. 26. The profiles were taken in a 
section at the middle of the plug, normalized by the maximum 
velocity derived from the velocity profile of λ = 0.0086.

From Fig. 26, we can see that all profiles show a parabolic 
shape independently of the viscosity ratio λ. Moreover, a 
peak is located in the midline of the channel (y/W = 0), and 
this is for all λ.

By increasing λ, the maximum velocity value decreases but 
remains at the centre of the plug. Furthermore, a flattened veloc-
ity profile is observed moving from λ = 0.0086 to λ = 0.0656. 
This is mainly due to the decrease in the liquid film thickness.

The velocity profile in the liquid film region, on the two sides 
of the plug, is shown in Fig. 27 for different viscosity ratios λ.

As can be seen, the velocity profiles in the region of the 
liquid film are almost similar on both sides of the plug's lateral 

Fig. 26  The velocity profile in the middle of the plug versus the viscos-
ity ratio λ

Fig. 27  Velocity profile in the liquid film region versus viscosity ratio λ
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interface. However, for λ = 0.0127, The flow appears to be 
disturbed in the targeted section, resulting in a slightly dif-
ferent velocity profile on both sides in the liquid film region.

It should be noted that the velocity in the liquid film region 
is generally low compared to the velocity inside the plug.

For λ = 0.0086, due to the leakage flow surrounding the 
plug, the velocity in the film is large compared to all other 
viscosity ratios λ. By increasing λ ( �y decreases), the velocity 
in the film decreases remarkably with a value that does not 
overcome 4% of the maximum velocity.

Figure 28 shows the evolution of the plug velocity as a 
function of λ. As we can see, for all values of λ, UD remains 
higher than the mixture velocity UTP due to the presence of 
the liquid film around the plug (Li and Angeli 2017).

However, by increasing λ, UD decreases rapidly and 
approaches UTP . The decrease in UD is a result of the decrease 
of the liquid film in the lateral sides of the channel �y.

Conclusion

A 3D simulation of the hydrodynamics of liquid–liquid two-
phase flow and flow patterns in a rectangular microchannel 
was carried out with the commercial software ANSYS Flu-
ent using the volume of fluid (VOF) method to capture the 
interface. On the other hand, a dynamic mesh adaptation 
based on the volume fraction is used to increase the accuracy 
and make the interface as sharp as possible.

Different combinations of fluids were used to investigate 
the effect of parameters such as CaTP , flow ratio q and vis-
cosity ratio λ on the liquid film ( �Corner; �y ), shape and veloc-
ity of plugs/droplets.

The main obtained results are summarised below:

1. The present numerical results are consistent and agree 
well with the experimental results of Ma et al. (2021). It 

was shown that for q ≤ 1 , there was a minor effect of the 
contact angle on the plug/droplet length. However, for 
q > 1 , the contact angle starts to affect the plug/droplet 
length progressively.

2. Varying the flow rates of both phases (silicone oil–water), 
we observed six flow patterns. These include jet flow, 
droplet flow, plug flow, throat annular flow, annular flow, 
and stratified flow. The annular flow was observed far from 
the junction whereas for the stratified flow, the flow does 
not attach to the channel wall and moves towards the centre 
of the channel due to wettability effects.

3. By increasing the CaTP through the UTP , the leakage rate 
around the plugs increases. For UTP > 0.0185m∕s , the 
interface shrinkage in the lateral sides disappears, indi-
cating the dominance of viscous and inertial effects on the 
formation mechanism. Otherwise, the droplet velocity UD 
shows a linear relationship with UTP . Furthermore, in all 
conditions, UD remains higher than UTP due to the pres-
ence of the liquid film around the plugs/droplets.

4. The liquid film thickness ( �Corner; �y ) was compared to 
correlations from the literature. There is a lack of cor-
relations that predict the liquid film for liquid–liquid 
systems in rectangular microchannels with a low vis-
cosity ratio λ. For the liquid film evolution versus flow 
rate ratio q , we found that �Corner and �y decrease as q 
increases. But for the plug shape, Rfront and Rtail increase 
slightly with increasing q . Moreover, same as Li and 
Angeli (2017), Wang et al. (Wang et al. 2021), and con-
trarily to Ma et al. (2021), Kovalev et al. (2018), Rtail is 
found always higher than Rfront . The longitudinal veloc-
ity profiles inside the plug show parabolic shape with a 
maximum in their centre. Furthermore, in the region of 
the liquid film, the velocity becomes lower compared to 
the velocity inside the plug.

5. Regarding the effect of λ, the liquid film thickness 
( �Corner;�y ) decreases while increasing the viscosity ratio λ. 
Therefore, for the plug shape, Rfront and Rtail increase with 
increasing λ. However, by further increasing λ, their effect 
on Rfront and Rtail decreases remarkably. The longitudinal 
velocity profiles inside the plug all exhibit a parabolic pat-
tern with a maximum in the middle of the plug whatever λ..

Finally, this study validates the use of an adaption tech-
nique for two-phase liquid–liquid flow systems in micro-
channels that exceed 500�m . Physically, it could help to 
better understand the viscous effects and other parameters 
on liquid–liquid two-phase flow systems and thus increase 
the control within the microreactors.
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