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Abstract. Today there is a great interest in micro-scale multiphase fluid flow. In the paper, the
numerical simulation of two-phase flow inside 3 mm minichannel was carried out. The liquid—
gas interface was captured using the level-set method. During the calculation, the stabilization
and reinitialization of level set function was performed in order to obtain the proper accuracy
of the simulation. Incompressible Navier-Stokes equations were solved using the COMSOL
Multiphysics® on a two-dimensional mesh. The process of formation of different two-phase
flow patterns in the minichannel has been investigated. During the simulation it has been
analysed three flow patterns: the bubbly flow and two kinds of slug flow with short and long
slugs. It has been shown that unsteady flow at the inlet of the minichannel is responsible for the
chaotic character of changes of the slug and bubble sizes. Such unsteady flow modifies the
distance between the bubbles and slugs. It has been shown that for the low water inlet velocity
the two-phase flow pattern becomes more stable.

1. Introduction

In recent years, the interest in simulation of two-phase flow in micro scale has significantly
increased.The miniaturized channels are more frequently applied in devices such as heat exchangers,
chemical reactors, and genome sequencers. Better understanding of two-phase flow phenomenon in
minichannels induced the experimental and numerical investigations. Computational Fluid Dynamics
gives the alternative approach which allows us to simulate two-phase flow in mini scale. Modelling of
two-phase flow requires describing the interface behaviour. Over the years, different numerical
techniques that dealt with fluid-interface motion were proposed. The two main groups of approaches
for describing interface behaviour can be distinguished. Lagrangian technique uses markers to track
the interface. In Eulerian techniques the interface is captured by a certain isocontour of a globally
defined function. Eulerian techniques have the advantage over the Lagrangian techniques due to better
adaptation to irregular contours, sharp corners, merging and breaking contours. Also, mixed
Lagrangian-Eulerian methods were developed [1]. The most popular Eulerian techniques are: the
level-set [2—4], volume-of-fluid (VOF) [5] and phase field methods [6, 7].

The level-set method was successfully applied to simulate gas flow in the liquid [8] — in these cases
the contact of two phases has been considered. The main problem which occurs when we try to use the
level-set method to simulate gas flow in the minichannel is the numerical stability of level set method
in case of three phase contact. The main aim of the study is to simulate the two-phase flow inside the
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minichannel using the level-set method. The CFD Module of COMSOL Multiphysics® has been used,
the different flow conditions were analysed. The two-phase flow (water - air) was simulated inside the
2D minichannel with a length of 200 mm and height of 3 mm. The air was supplied to the minichannel
by the small nozzle with height of 0.7 mm. The model parameters considered the three phases contact.

2. Level-set method

The level-set method, introduced by Osher and Sethian [3], allows to simulate flow of two immiscible
fluids separated by moving interface. The level set function is typically smooth continuous function,
denoted as ¢ . The interface is represented by 0.5 contour of the function ¢ . In the transition layer near
the interface the function ¢ changes smoothly form 0 to 1. Regions where ¢ <0.5 are filled with

water and region where ¢ > 0,5 are filled with air.

>05 air
@y 05 int erface (1)
<05 water

The level set function is being advected with a flow field. The following equation describes the
convection of the level set function [3]:

%+D-V¢:0 )

Main difficulty in numerical simulation of the moving boundaries is discontinuity appearing when
fluid parameters changes at the interface. The problem was solved by defining fixed interface
thickness where parameters could smoothly change. This procedure may cause mass conservation and
constant interface thickness problems [9]. In CFD Module of COMSOL Multiphysics® the following
level-set equation is solved [10]:

%+0-V¢=yv-[gv¢—¢(l—¢)%] 3)

This equations (3) have stabilization and reinitialization terms. The left side of the equation defines the
motion of the interface while the right side is responsible for numerical stabilization and
reinitialization. Parameter & controls the interface thickness and parameter y defines the intensity of

reinitialization. In the model the density o and the dynamic viscosity x are defined as follow:

p=p+(p,—p)o (4a)

=gy + (= 149 (4b)

where p,liquid density, p, air density, g4 and u, are the dynamic viscosity of liquid and air

respectively.
In the paper it have been solved the Naviera-Stokes equations:

V-i=0 (5a)

p%a+p(U-V)ﬁ:V~[—pl+/4(VU+VUT)]+IE+p§+o7céﬁ (5b)

where u is velocity, ¢ is gravity, ¢ is time, / identity matrix, p is pressure. Expression oxdn donates
surface tension forces at the interface where o is surface tension coefficient, x is curvature, fi is the
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unit normal to the interface and ¢ Dirac delta function concentrated to the interface. Curvature «,
interface normal i and Dirac delta & are determined by [10]:

|Z_Z» K= v(|§_z) , 0 =6Vep(l+g) ©

n=

3. Numerical implementation

The Navier-Stokes equations coupled with level set function are solved in COMSOL. The two-phase
flow was simulated inside the minichannel with a length of 200 mm and height of 3 mm. The 2D
domain under consideration has been shown in figure 1.

H

200 mm ‘

Figure 1. Computational domain

On left side of the channel the small nozzle supplying air was placed. The height of the nozzle was 0.7
mm. In figure 2 the schema of boundary conditions in the minichannel inlet has been shown.

wetted wall
¢
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X

Figure 2. The schema of boundary conditions in the minichannel
inlet.

Parabolic inlet velocity profile is given by the following equation:

U=UpyS(1—s) (7

where U, is maximum value of the velocity profile and S is normalized length of boundary.

lax
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Figure 3: The definition of the contact angle & at interface/wall contact
points (left) and the slip length f (right).

The boundary conditions on the wall of the channel assume the contact angle 8 (figure 3 a). In the
simulation the value of contact angle was 20° (water — glass at 20°C), the slip length () was equal to
average mesh element size. In figure 3 the definition of contact angle and slip length has been shown.
The mesh near the minichannel inlet is shown in figure.4.
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Figure 4: Mesh near the minichannel inlet.

In the simulation the parameter y defining the intensity of reinitialization was 1 m/s and the parameter

¢ controlling interface thickness was equal to half of mesh size. The simulation was carried out for
three different inlet conditions shown in table 1.

Table 1. Inlet velocity conditions.

No. Uy Water (ms ') Uy 31T (ms ™)
0.2 0.5
3 1
3 1 3

4. Simulation results

In the paper it has been analysed the process of formation of different two-phase flow patterns in the
minichannel and the properties of two-phase flow patterns. During the simulation it has been obtained
the three flow patterns: the bubbly flow and two kinds of slug flow with short and long slugs. The
formation of bubbles and slugs in the inlet of the minichannel has been shown in figure 5. The flow
patterns obtained at different inlet conditions have been shown in figure 6.
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Figure S: Bubble formation inside the minichannel inlet for different inlet conditions.
a) water U, =3 ms”, air u,, =1 ms", b) water u,, =1 ms", air U, =3 ms”
¢) water U, = 0.2 ms”, air U, = 0.5 ms”
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Figure 6: Two-phase flow for different inlet conditions at distance of 100 mm from the minichannel
inlet: a) water U, =3 ms™, air U, =1 ms”, b) water U, =1 ms”, air u,, =3 ms™ c) water

Upee = 0.2 ms™, air U, = 0.5 ms™
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For the high water inlet velocity (figure 5a) and the relatively low air inlet velocity in the minichannel
the small bubbles are formed. The shapes of the bubbles show the existence of unsteady water flow
condition in the minichannel inlet. At distance of 100 mm from the minichannel inlet the bubbles have
a spherical shape and they move close to the upper wall of the minichannel (because of buoyancy
force), figure 6a. In the case of lower water inlet velocity (figure 5b) and higher air inlet velocity the
size of the bubbles increases and small slugs are formed in the minichannel inlet. At the distance of
100 mm from the minichannel inlet (figure 6b) the slug flow with short slugs and small bubbles has
been observed. The shapes of the bubbles in the inlet of the minichannel indicate the existence of
unsteady water flow conditions which causes that the size of subsequently formed bubbles changes
during the simulations. The small water inlet velocity (figure 5c) causes the formation of the long
slugs in the minichannel inlet. Such flow pattern is observed at the distance of 100 mm from the
minichannel inlet (figure 6¢). Unsteady character of liquid flow at the minichannel inlet causes that the
lengths of subsequent slugs vary.

The bubbles and slugs join during their flow, (figure 6b). In figure 7 it has been shown the example of
bubble and slug coalescence. In such a way the longer slugs are created.

Time=0.2s

Time=2.006s =

Time=2.1s
Time=2.0165"

Time=2:03s -

Figure 7: Bubble merging. (water U, =1 ms, air u,, =3 ms")

For evaluation of the dynamics of formation of two-phase flow patterns in the minichannel it has been
used the ‘cut line’ method. The ‘cut line” was located at the distance of 100 mm from the minichannel
inlet. At the line the changes in time of void fraction (n) have been measured. In figure 8 it has been
shown the recorded time series. The amplitude of functions n(¢) indicates the size of bubbles (figure 8a
and b). The distance between maximum values of n(¢) corresponds to the distance between bubbles.
When the amplitude of n(?) is equal to one, then the slug flows through the minichannel at the distance
of 100 mm from the inlet. The time period when the values of n(f) are equal to 1 correspond to the
time of passing the slug through the ‘cut line’.

The chaotic character of changes of the size of bubbles (figure 8a) indicates the existence of unsteady
flow at the inlet of the minichannel. Such unsteady flow modifies hydrodynamic forces which are
responsible for bubble departures from the nozzle. The different distance between the bubbles are
visible in figure 8a. This unsteady flow is also responsible for the chaotic character of function n(f) in
case shown in figure 8b, where the short slugs and bubbles are visible. In case shown in figure 8c there
are only the slugs, and the flow pattern seems to be more stable in comparison to the other cases.
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Figure 8: The dynamics of two-phase flow in minichannel. n is e number
of mesh elements filed by air. a) water U, =3 ms™, air U, =1 ms”,
b) water U, = 1 ms”, air u,,, =3 ms” c) water U, = 0.2 ms”, air

U = 0.5 ms™
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5. Conclusions

The main aim of the study was the simulation of two-phase flow inside the minichannel using the
level-set method. The two-phase flow (water - air) was simulated inside the 2D minichannel with a
length of 200 mm and height of 3 mm. The CFD Module of COMSOL Multiphysics® has been used.
The air was supplied to the minichannel by the small nozzle. The simulation parameters considered the
three phases contact.

The process of formation of different two-phase flow patterns in the minichannel has been
investigated. During the simulation it has been analysed three flow patterns: the bubbly flow and two
kinds of slug flow with short and long slugs. It has been shown that unsteady flow at the inlet of the
minichannel is responsible for the chaotic character of changes of the slug and bubble sizes. Such
unsteady flow modifies the distance between the bubbles and slugs. It has been shown that for the low
water inlet velocity the two-phase flow pattern becomes more stable.
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