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Abstract 
The effect of the contact angle on two-phase flow slug formation in a microchannel T-

junction was studied by numerical simulation. The contact angle, varied from 0o to 120o, 
determined the interaction of the gas and liquid phases with the channel wall, affecting their 
shape, size and velocity. The interface shape was also found to vary due to the Laplace 
pressure, which is a function of the contact angle and the slug velocity. The visualisation of 
the cross-sectional area of gas slugs allowed for insight into the existence of liquid flow along 
rectangular microchannel corners, which was affected by the contact angle value and 
determined the occurrence of velocity slip. For the hydrophobic case, the gas completely fills 
the channel cross-section and experiences no velocity slip. In hydrophilic channels a 
stationary liquid fraction remains in the channel corners, allowing for the gas phase to achieve 
higher average velocity, and hence inducing velocity slip. The velocity profile within the gas 
slugs was also found to change as a function of contact angle, with hydrophilic channels 
inducing greater internal circulation, compared to greater channel wall contact in the case of 
hydrophobic channels. These effects play a role in heat from mass transfer from channels 
walls and highlight the value of numeral simulation in microfluidic design. 

 
1. Introduction 

 
The formation of Taylor slugs in microchannels can be applied in a variety of Lab-on-a-

chip and other microfluidic devices making technological innovations possible that could not 
otherwise be accomplished in conventional scales. There are some specific advantages to 
performing certain types of analytical and chemical work in the microfluidic scale. 
Microchannel reactors, for example, offer the advantage of having extremely high surface to 
volume ratios, which results in increased heat and mass transfer rates. However, the 
hydrodynamic characteristics limit the flow to the laminar regime, making mass transfer 
highly dependent on diffusion rather than convection [1]. Taylor slugs have also been shown 
to increase transverse mass and heat transfer because of recirculation within the liquid plugs 
and the reduction of axial mixing between liquid plugs [2]. As a consequence, proper design 
of micro-reactors is critical to ensure appropriate mixing requirements.  

A typical problem encountered in microfluidic laminar flow is the dispersion of solutes 
along the length of the channel, leading to dilution and cross-contamination of injected 
samples. Dispersion occurs due to two factors: the parabolic velocity profile of laminar flow 
causes solutes in the center of the channel to travel faster than those close to the walls, and 
because of axial diffusion. Although electroosmotic flow has been shown to produce flat 
velocity profiles, eliminating the first cause of dispersion, it has not been proven to be robust; 
it requires high voltages and is susceptible to contamination of sensitive charged surfaces. A 
simpler solution has been to place the reagent inside liquid droplets surrounded by an 



immiscible fluid, thus confining dispersion to the droplet volume. Tice et al. [3] developed a 
method to produce liquid slugs containing multiple aqueous reagents, mix those reagents and 
transport them through the channel.  

Mixing is the other major issue accompanying microfluidic flow. Also due to the laminar 
flow characteristics mixing can only take place by diffusion. To enhance mixing, the striation 
length (the distance over which mixing can occur by diffusion) must be reduced. Because a 
droplet moving through a microchannel develops internal recirculation, the striation length is 
consequently reduced. Tice et al. [3] showed that mixing time can be reduced to the order of 
milliseconds and furthermore highlighted the effect of having a thin film of the continuous 
carrier phase along the walls of the microchannel. The thin film prevents the droplet from 
contacting the wall, thus ensuring the reagents do not leave behind residue as they transverse 
the channel. In order to always obtain a thin film, the carrier fluid must preferentially wet the 
walls over the aqueous droplet phase. This condition is satisfied when the surface tension at 
the droplet/wall interface is higher than at the droplet/carrier interface, and may require in 
some instances the addition of a surfactant to the droplet phase to lower its surface tension 
with the carrier fluid. Rosengarten et al. [4] have also studied the effect of wetting properties 
of the fluids relative to the channel walls, more specifically the contact angle, on two-phase 
flow patterns in microchannel contractions. This geometry was chosen to so that when a 
droplet enters the microfludic contraction, interface contact with the wall is ensured. 

Recent advances in the field of numerical analysis, and more specifically multiphase 
computational fluid dynamics (CFD), allow for information about local parameters such as 
velocity profiles, volumetric mass fractions and interface configurations to be easily obtained, 
whereas in experimental work such data are difficult or not possible to be measured. Previous 
work by this group [5] has correlated the numerical and experimental results of air-water slug 
formation in a microfluidic T-juction. Rosengarten et al. [4] studied the effect of wetting 
properties on droplet contraction into a microchannel by CFD. The present study aimed at 
studying the effect of the contact angle on slug formation in a microchannel T-junction by 
numerical simulation. 

 
2. Background 

 
Young [6] was the first researcher to derive an expression for the static contact angle (θ), 

by assuming that each of three material boundaries (solid/liquid, solid/gas and gas/liquid) has 
a particular constant surface tension (σ). Young reasoned that in order for the system to be at 
equilibrium, the horizontal components of the tensions must add up to zero at the contact line 
(the point where the three materials meet). The resulting Young’s equation for the contact 
angle is presented as Equation (1), and a visual representation is shown in Figure 1. It is usual 
to term surfaces that form contact angles in the range 0 ≤ θ < 90o as wetting (or hydrophilic) 
and those where the contact angle lies in the range 90o ≤ θ ≤ 180o are called non-wetting (or 
hydrophobic). 
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Figure 1: Young’s contact angle configuration. 



 
The contact angle described by Young [6] is referred to as the static contact angle. 

However, in experiments where the contact line is moving, it is possible to observe the 
existence of two different contact angles, one on the advancing side (U > 0) and another on 
the receding side (U < 0), where U is the axial fluid velocity. The value of θ in the limit of U 
→ 0 when approaching from the U > 0 side is denoted as an advancing contact angle (θA) and 
from the U < 0 side it is called a receding contact angle (θR). In certain systems there exists an 
interval {θR,θA} within which the contact line does not move, and this non-uniqueness in 
contact angle value is referred to as contact angle hysteresis [7]. 

While having a significant implication, the existence of the dynamic contact angle is not 
always easy to take into account in experiments and in computational modeling. This is 
because the only contact angle that can be know a priori is the static contact angle. In a 
microfluidic system, it could be theoretically possible to measure the contact angles of 
moving slugs and obtain some type of correlation of contact angle as a function of fluid 
and/or slug velocity. However the difficulties in contact angle measurement at the micro scale 
and the complexity of the multiphase flow fields in microchannels (time-dependency, 
variability and inconsistencies) make this type of procedure less than favourable. 

Skartsis et al. [8] performed experiments in the Capillary number (Ca) range of 10-6 to 
10-4, and concluded that in this range the static contact angle provides an excellent 
approximation to the dynamic value. In the present study, numerical simulation was 
performed for Ca ranging from 10-3 to 10-2, therefore there may be a marginal difference in 
the contact angle value. For simplification, however, the static value will be considered 
sufficient for numerical simulation. Also, numerical work in this study was done using 
FLUENT CFD software version 6.2, which only allowed for input of static contact angle 
values. 

The value of the static contact angle formed by two fluids on a solid surface is nearly 
always not dependent solely on the type of material that makes up the surface. Several factors 
can change the behaviour of the contact line, or at least change the value of the perceived 
(visually observed) contact angle. Regarding the first, the chemical character of the first 
monolayer of molecules on a surface can have a significant impact on the contact angle. For 
example, Dussan [7] found that by submerging a smooth clean solid surface in a bath of a 
polar solute dissolved in a nonpolar solvent (heptadecylamine in mineral oil) the nature of the 
surface is masked to such an extent that the adsorbed molecules dominate the determination 
of the contact angle; even if different solid materials were used, the contact angle measured 
did not change. 

The surface roughness is another variable that impacts the measured value of the contact 
angle. Even though the surface material is unchanged (which would lead to the expectation 
that the contact angle remain the same), surface imperfections shift the contact line upwards 
or downwards, resulting in a contact angle that appears to be different. Hence the value 
measured in experiments is not necessarily the true contact angle as described by Equation 
(1). The two contact angles can be simply related to each other by a roughness ratio (Γ = true 
wetted surface area / apparent surface area) according to Equation (2) [9]. 
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A useful discussion of the effect of surface roughness on the contact angle, as well as a 

thermodynamic approach to describing the problem, is made by Wenzel [10]. It is theorized 
that wetting replaces an area of solid-air interface by an equal solid-liquid area accompanied 
by a liquid-gas interface, resulting in a net decrease or increase in total surface energy. If the 
wetted area has a lower specific energy, a drop of liquid will spontaneously spread on it, 



releasing energy that is consumed by the expansion of the liquid-gas surface until equilibrium 
is reached and the static contact angle is formed. For a rough surface, the amount of wetted 
area is larger, and consequently a greater net decrease in energy will result from it wetting, 
inducing more rapid and extensive wetting. The same analysis is valid for the case of a non-
wetting surface, although in that case the rough surface will wet less. 

The reason that the contact angle is important in two-phase flow problems, especially 
those involving slug flow in microfluidic channels, is because the contact angle is not only 
related to the shape of the slugs, but it also affects the ease with which they travel in the 
channel (i.e. the slug velocity). To understand this mechanism it is useful to examine a simple 
case, described by West [11]. Suppose there is a meniscus within a capillary tube formed by 
air and a liquid phase. The pressure drop that must be imposed to produce a volumetric flow 
rate Q over a distance L is given by Equation (3). This means that the two-phase pressure 
drop in a microchannel is affected by the value of the contact angle, as well as the interfacial 
tension. 
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3. Numerical Methods 

 
FLUENT 6.2 CFD software was used to simulate Taylor slug formation in the 

microfluidic T-junction. The Volume of Fluid (VOF) model in three-dimensional form was 
used, which enables capturing and tracking the precise location of the interface between the 
fluids. The VOF method operates under the principle that the two or more fluids are not 
interpenetrating. For each qth fluid phase in the system a new variable is introduced called the 
volume fraction (Ωq). For each computational cell the sum of all volume fractions must equal 
to unity. All variables and properties (such as density ρ, and dynamic viscosity µ) in any 
computational cell are volume-averaged values, such that they are either representative of a 
single pure phase (when Ωq = 0 or Ωq = 1), or are representative of a mixture of the phases (at 
phase interfaces when 0 < Ωq < 1). 

A single continuity Equation (4) and the incompressible momentum Equation (5) are 
solved continuously across the computational domain. The VOF method accomplishes 
interface tracking by solving an additional continuity-like Equation (6) for the volume 
fraction of the primary phase (gas), which yields the value of ΩG. ΩL is computed as 1 – ΩG. 
The body force term (F) in Equation (5) takes into account the surface tension (σ) and contact 
angle (θ) effects, and is computed in FLUENT by use of the Continuum Surface Force (CSF) 
model [12]. This model, rather than imposing the contact angle effect as a boundary condition 
at the wall, uses the contact angle value to adjust the interface normal in cells near the wall. 
As a result the curvature of the interface near the wall is adjusted, and the curvature is used to 
adjust the body force term. This procedure produces a dynamic boundary condition. The 
curvature (κ) is computed as the divergence of the unit normal (7), which is computed in two 
manners: away from the wall ( 8) or adjacent to the wall (9), where the contact angle is taken 
into account. The surface normal (n) is simply the gradient of Ωq ( 10). The surface tension 
causes a pressure jump across the interface, which is expressed as a volume force as given by 
Equation (11). 
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A segregated axisymmetric time-dependent unsteady solver was used along with the 

implicit body force formulation. For discretization the PRESTO! (Pressure staggering 
options) scheme was used for pressure interpolation, the PISO (Pressure-implicit with 
splitting of operators) scheme was used for pressure-velocity coupling, and the second-order 
up-wind differencing scheme was used for the momentum equation. Air was designated as the 
primary phase and water as the secondary phase. Wall adhesion was turned on so that the 
contact angle could be prescribed and a constant surface tension value (σ = 73.5 dyn/cm for 
air-water) was inputted. 

The microchannel geometry consistent of a T-junction with inlet channel widths of 
111µm for liquid (horizontal) and 118µm for gas (vertical) and outlet channel width of 
108µm. The channel depth (z-direction) was 113µm (axisymmetric = 2 x 56.5µm) for all 
channels. These dimensions were chosen to replicate the microchannel geometry used 
experimentally by this group (Santos and Kawaji [5]). The computational mesh was prepared 
using the Gambit 2.3 software (Fluent Inc.). Quadrilateral elements were used with the paved 
meshing scheme and a mesh spacing of 5.67µm. The cross-sectional mesh at the symmetry 
plane (z = 56.5µm) of the T-junction, which consisted of 4,945 facets, is shown in Figure 2. 
The full three-dimensional computational domain for the microfluidic channel consisted of 
98,000 computational cells. 

 

 
Figure  2: Computational T-junction mesh cross-section. 

 
The inlet boundary condition used for both inputs was a velocity inlet condition. 

FLUENT uses the velocity given to calculate the mass flow rate into the computational 
domain according to Equation (12). The velocity can be inputted as a single value that will be 
applied to all nodes on the boundary face, or it can be passed on to FLUENT by user-defined 
functions (UDF). UDF’s are capable of supplying values of velocity as a function of 
coordinate location, making it possible for a velocity profile to be attributed to the inlet 
boundary. In this manner, a fully developed laminar flow velocity profile could be supplied as 
a boundary condition. This eliminates the need for longer inlet channels to allow for fully 
developed laminar flow profile to develop prior to the T-junction, thus reducing the 
computational geometry and saving computational time. 
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The calculation procedure to analytically obtain the fully developed laminar velocity 

profiles for rectangular channels, as in the present microfluidic T-junction, was that developed 
by Spiga and Morini [13]. They used a finite Fourier transform to obtain an analytical solution 
of the two-dimensional velocity distribution symmetric with respect to rectangular Cartesian 
coordinates x and y. The set of equations is presented below. 
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Equations ( 13), (14) and (15) are the governing equations of the model and are solved by 

FLUENT via the UDF, where a and b are channel dimensions, and v is the axial velocity. 
However, before inputting the UDF into FLUENT, it is necessary to find the value of the 
variable ξ, defined by Equation (16), for each fluid inlet superficial velocity (Uinlet) desired. 
Therefore the governing equations are first solved analytically with aid of Equation (17). For 
a given value of Uinlet, the maximum fluid velocity at the center of the rectangular inlet, vmax, 
is calculated using Equation (17). This value is then used to obtain an equal maximum 
velocity value (at the center of the channel, from Equation (13)) predicted using the full set of 
governing equations by varying the value of ∂P/∂x in Equation (16). Then the value of ξ is 
written into the UDF. Note that π in Equation (13) must be used with at least five decimal 
places (π = 3.14159...) to obtain conversion. An example of the resulting velocity profile is 
illustrated in Figure 3. The contour plot is shown without node smoothing (individual facet 
values are shown). 

 

 
Figure 3: Fully developed laminar flow inlet velocity profile (m/s) for Uinlet = 0.244 m/s, 

where vmax = 0.511 m/s. 
 



The velocity of gas slugs (vS) was calculated using a UDF routine to average the axial 
velocity (x-direction) of the gas phase contained within the gas slug according to Equation 
(18). The volume of gas slugs (VS) was calculated by the summation of the gas phase volume 
contained in the range of computation (cellrange) according to Equation (19). 
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4. Results and Discussion 
 
4.1 Effect of Contact Angle 

The contact angle (θ) is an important parameter in the slug formation process, as it 
determines the characteristics of the interaction of the gas and liquid slugs with the channel 
wall. In the FLUENT code, the user specifies the value of the static contact angle and it is 
used to solve the wall-adhesion equations, which determine the shape of the fluid interface at 
and near the wall. In the present study it was of interest to find what is the effect of using 
different contact angle values on the gas-liquid slug formation in a microchannel T-junction. 
In particular, it was desirable to know if the flow pattern (slug size and shape) or flow 
parameters (velocity profile and mean slug velocity) would change significantly as a function 
of the contact angle. 

To study the effect of the contact angle on slug formation, the static contact angle was 
varied from 0o to 120o. The inlet superficial velocities of liquid and gas were kept constant for 
all runs at respectively UL = 0.156 m/s and UG = 0.234 m/s, mean values of experiments 
conducted in [5]. The corresponding outlet superficial velocity (Uout), equal to the volumetric 
sum of inlet flow rates divided by the outlet channel cross-sectional area, in this case is 0.416 
m/s. The experimental channel was determined to have a contact angle value of 31-36o for air-
water, so 31o was used as a reference value in the present study. 

Images of the flow patterns produced at four values of contact angle are displayed in 
Figure 4. The differences between the slugs formed at 0o and 31o are mainly the film 
thickness around the gas slug, which is greater in the first case, and the radius of curvature at 
the end of the gas slug, which increases for the second case. At a value of θ = 90o, the 
interface becomes completely vertical, at a right-angle with the channel wall. It can be 
observed that the gas slug shape changes from concave to convex as the contact angle 
increases further. This observation was also reported in the work of Fukagata et al. [14], who 
used a two-dimensional FLUENT model. For all cases the advancing and receding ends of the 
slug appear to be nearly identical at the flow rates used. Also, at the T-junction it is possible 
to see that for the hydrophilic cases, the next slug that begins to form emerges more towards 
the center of the liquid flow. For the hydrophobic contact angles, θ ≥ 90o, the gas stream 
immediately attaches to the top wall of the outlet channel and moves along it as the gas slug 
expands. 
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θ = 0o (t = 0.0018 s) θ = 31o (t = 0.0020 s) 

 
θ = 90o (t = 0.0022 s) θ = 120o (t = 0.0022 s) 

Figure 4: Effect of contact angle. 
  
The cross-sections of gas slugs along the y-z plane for 0o and 90o are shown in Figure 5. 

It is seen that for the hydrophobic case the gas phase completely fills the channel cross-
section, while for the lower value of contact angle the liquid phase still flows along the 
channel corners, and in the case of θ = 0o a liquid film completely surrounds the gas slug. As a 
result, the gas slugs in hydrophobic channels cannot slip faster than the liquid phase, and 
therefore move at the same velocity (vS) as the total outlet superficial velocity (Uout), as shown 
in Table 1. Where the contact angle is low, the gas slugs are able to move faster than the 
liquid phase, and hence their velocities are greater than Uout. Velocity slip was found to be a 
probable cause of the discrepancy between numerical and experimental results by Santos and 
Kawaji [5], where experimental data suggested significantly higher velocity slip. The use of 
hydrophobic channels may provide a more accurate means of designing two-phase flow 
microchannels by numerical simulation. Moreover, hydrophobic channels also provide the 
opportunity to enhance the contact area of the air slug with the channel wall, which can be of 
interest for the development of microfluidic systems where direct heat or mass transfer with 
the channel wall or a reaction at the channel wall occurs. 

Table 1 also provides the volumes (VS) of the gas slugs formed. It can be seen that the 
gas slug formed in the case of θ = 0o is smallest. The slug volume increases until θ = 90o, 
suggesting an increase in interface stability, allowing for greater slug growth prior to 
detachment. Later, for θ = 120o the volume decreases again. Therefore it can be concluded 
that the contact angle affects the size of gas slugs. 
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Figure 5: Cross-sectional effect of contact angle (θ) on liquid film formation. 
 

Table 1: Effect of contact angle on flow parameters. 
θ vS (m/s) VS (nL) 
0o 0.500 5.32 
31o 0.452 5.37 
90o 0.416 5.67 
120o 0.416 5.38 

Uout (m/s) 0.416   
 
The liquid film that coats the microchannel walls for the case of θ = 0o is presented in 

more detail on Figure 6, which shows the volume fraction values at each computational facet. 
As can be seen from the y-z cross-section (sub-figure (a)), which is taken at the x-centroid of 
the gas slug, approximately half the facets along the channel wall have a volume fraction of 
zero, while the remaining have values in the range of 0.5-0.7. The x-z cross-section (sub-
figure (b)) shows that near the front end of the gas slug the volume fraction values are lower, 
while near the rear higher values are found. This indicates that the liquid film is thicker near 
the front and thins towards the back of the slug. This is likely caused by an aerodynamic 
effect and as a result of the differences in pressure at either end, which causes the interface to 
be more curved in the front nose. More detail is given in section 4.2. 
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Figure 6: Liquid film for θ = 0o. 
 



The contact angle is also found to affect the velocity field, especially the recirculation 
within the gas slug. Figure 7 compares the cases using 0o and 90o, where the outlet superficial 
velocity (Uout) was 0.416 m/s. These contour plots are taken of the outlet flow channel, where 
the gas slug fills the majority of the visible field. Also, the plots are made at the diagonal 
plane across the channel, i.e. from one lower channel corner to the opposite upper channel 
corner. It can be seen from the comparison between sub-figure (a) and (b) that the 
recirculation in (a) is more intense, given the higher axial velocity near the centre of the 
channel, over 1 m/s, and the greater velocity gradient towards the channel wall. At the rear of 
the gas slug in sub-figure (a) it is also evident that the wake of the gas slug is also stronger, 
given the presence of even negative axial velocity values and again large velocity gradients. 
In the case of 90o, the gas slug and liquid plug wakes are more bland and similar, resulting in 
a region where the fluid phases and the interface separating them move at approximately the 
outlet superficial velocity (0.416 m/s) up to the proximity of the channel wall. Also for this 
case, the velocity profiles within the gas slugs and liquid plugs also resemble each other in 
terms of values and gradients. 
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Figure 7: Axial velocity across diagonal channel plane (mirrored-symmetry). 
 
Similar results are also obtained by observing the flow field across the outlet channel 

cross-sectional plane (y-z) at the x-centroid of the gas slug (Figure 8). In this case the relative 
axial velocity (vx,rel) is plotted, where vx,rel = vx – Uout. Complementary to this figure is the 
graph shown in Figure 9, which provides the axial velocity values (both vx and vx,rel) across 
the diagonal channel plane (the same as in Figure 7) also at the x-centroid of the gas slug. 
Here the greater velocity gradient for the case of 0o contact angle is also seen, marked by the 
larger areas for velocity ranges at the slug centre and near the channel wall in sub-figure (8a) 
and the steeper curve shape in Figure 9. These figures also allow insight into the liquid flow at 
the channel corners. It can be seen in Figure 9 that the axial velocity for the 0o case at the first 
20 micrometers is nearly zero. This suggests a stationary liquid fraction, whereas the gas 
phase is nowhere stationary. As a result of this, it is natural for the average gas phase velocity 
to exceed the average liquid phase velocity, causing the velocity slip phenomenon reported in 
[5]. For the case of 90o however, there is no possibility for velocity slip to occur since the gas 
phase completely fills the channel cross-section, as such gas slugs and liquid plugs must move 
at the same average speed, again reported in [5]. 

 



 

       (a) 

 

   (b) 

vx,rel (m/s) θ = 0o θ = 90o 
Figure 8: Axial relative velocity across cross-sectional (y-z) plane (mirrored-symmetry). 
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Figure 9: Axial velocity across diagonal channel plane at gas slug x-centroid. 

 
These flow profiles suggest internal gas slug recirculation is enhanced in hydrophilic 

channels. This enhanced fluid mixing can also improve heat and mass transfer from the 
channels walls, countering the reduced contact area with channels walls described earlier in 
this work as a result of slug shape. These results can aid in the design of microfluidic devices 
that require gas plug mixing, given mixing in microchannels is always a point of concern as 
reported by several authors including Tice et al. [3]. 

 
4.2 Static Pressure Difference across Interface 

The shape of a gas slug can, besides being related to contact angle, be related to the 
difference between the static pressure inside a gas slug to that in the surrounding liquid phase. 
The Young-Laplace equation for a meniscus (20) predicts changes in interface curvature as a 
function of the static pressure difference (the Laplace pressure) and can be applied to describe 
the shape of and pressure balance at the ends of Taylor slugs in a microchannel. A large 
pressure difference reduces the radius of curvature (RC), and hence produces a more curved 
interface. As the pressure difference is lowered, the interface flattens. 
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Close-up images of the faster and slower gas slugs produced numerically are shown in 
Figure 10 in the form of static pressure contours. In this case the contact angle used was 36o. 



It can be seen that the interface curvature is more pointed at the front nose of the gas slug with 
vS = 1.379 m/s, where the difference in static pressure is large (in the order of 3.3 kPa). At the 
rear end of the same gas slug the pressure difference is smaller (approximately 2 kPa) and the 
interface shape is attenuated, becoming more hemi-spherical. For the slower gas slug with vS 
= 0.086 m/s the pressure difference at either end of the gas slug is approximately the same (2 
kPa), and hence the shapes of the interfaces are identically hemi-spherical. For comparison, 
an air/water meniscus with radius of curvature equal to the channel hydraulic radius (54 µm) 
would produce a pressure difference of 2.2 kPa. The numerical results, which predict a 
pressure difference greater than 2.2 kPa when the interface has a radius of curvature less than 
the channel diameter and a pressure difference less than 2.2 kPa when the radius of curvature 
is greater than the channel diameter, appear to confirm that the surface tension forces at the 
interface are correctly being applied by the model. 
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Figure 10: Static pressure profile around gas slugs. 
 

5. Conclusions: 
The present study aimed at investigating the effect of the contact angle on slug formation 

in a microchannel T-junction during two-phase flow by numerical simulation in full three-
dimensional mode. Microfluidic multiphase computational fluid dynamics is a young field, 
and therefore it is of interest to highlight two innovative approaches used in the present work. 
One was the application of a correlation, first introduced by Spiga and Morini [13], to 
calculate a fully developed laminar flow velocity profile, and the use of this profile as the 
boundary condition at the entrance of the fluid inlets. This technique helps to reduce the 
computational domain, and hence the computational time, by removing the need for longer 
inlet channels to allow the flow field to develop prior to the region of interest, in the present 
case the T-junction. Computational time is particularly valuable when performing fully three-
dimensional modeling. Second, the present study introduces techniques for tracking gas slugs 
and liquid plugs to obtain precise flow characterization, including volume and average slug 
velocity, whereas available literature often limits analysis to lengths and flow fields. 

In the present analysis, it was found that the value of the static contact angle has a 
noticeable effect on the gas slug formation studied numerically. It was observed that as the 
contact angle value increased the gas/liquid interface changed from a concave to a convex 



shape. Gas slug shape was also found to be affected by the gas slug velocity in the hydrophilic 
case, as a result of the Laplace pressure. The numerical prediction of the Laplace pressure, as 
evidenced by the pressure difference between the interior of a gas slug and the surrounding 
liquid phase, was found to be correct, and hence that FLUENT’s surface tension model 
functions accurately at the microfluidic scale. 

The contact angle also affected the velocity profiles of both the gas and liquid phases. By 
studying the cross-sectional velocity profiles, which is only possible in numerical simulation, 
it was possible to gain new insight into the fluid dynamics of two-phase microfluidic flow. 
For a completely hydrophilic channel, the velocity gradients within the gas slug were found to 
be greater, inducing more internal mixing. At the same time, hydrophilic walls induce the 
retention of a stationary liquid phase at the channel corner. This stationary phase contributes 
to the occurrence of velocity slip. In the case of hydrophobic channels, the gas slug occupies 
the entire channel cross-section, and therefore no velocity slip occurs. Moreover, in this case 
the velocity gradients with gas and liquid plugs are attenuated, especially at the wake of the 
gas slug. 

These results suggest that the use of hydrophobic channels is ideal for increasing the 
contact area of gas slugs with channel walls, whereas hydrophilic channels are ideal for 
increasing internal mixing with gas slugs. Further work is warranted on investigating which of 
these two contrasting effects improves the wall-slug heat transfer characteristics the most. 
Nevertheless, the findings in the present work are useful for the design of microfluidic 
devices, and increase the relevance and usefulness of numerical simulation in the microfludic 
field. 
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