Proceedings of The Canadian Society for Mechanical Engineering International Congress 2018

CSME International Congress 2018
May 27-30, 2018, Toronto, On, Canada

NUMERICAL STUDY OF INLET GAS VELOCITY EFFECTS ON DROPLET
BEHAVIORS IN MICROCHANNEL

Mengcheng Jiang, Biao Zhou'
Department of Mechanical, Automotive and Materials Engineering

University of Windsor
Windsor, ON, Canada, N9B 3P4

Abstract—In this study, the numerical simulation of liquid
water behaviors inside a single straight microchannel is
conducted using Volume of fluid (VOF) method and dynamic
contact angle (DCA) model. Two different gas inlet velocities
are considered in the simulation to investigate the gas velocity
effects on the droplet behaviors. The general process of the
liquid water evolvement inside the channel are presented and
discussed. The results indicate that the water droplet will form
into long slug flow under lower gas inlet velocity and thin film
flow under higher gas inlet velocity.
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. INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are
energy conversion devices that can produce electrical power
from hydrogen and air, releasing only water and heat. PEMFC
is one of the promising energy power sources for next-
generation vehicles and distributed power applications, mainly
because of their advantages such as zero-emission, low
operation temperature, high power density and quietness.

However, water management is still one of the most critical
challenges for fuel cell commercialization. Thoroughly
understanding the gas-liquid dynamics inside PEMFCs will
help researchers to optimize the PEMFC designs. Numerical
simulation using volume of fluid (VOF) method has been
recognized as an effective approach to investigate the liquid
water behaviors inside the gas channels. So far, for PEMFC-
related simulations, the static contact angle (SCA) model is
generally used [1-7] while the dynamic contact angle (SCA)
model is still under development. Recently, several researchers
have applied DCA model to simulate the droplet dynamics and
evolvement [8-11] and it is indicated that DCA model is more
applicable than SCA model in the prediction of droplet
behaviors. Zhou’s group proposed the AR-DCA model [12]
implemented with Hoffman function [13], which is able to
simulate both advancing and receding dynamic contact angles.
This AR-DCA model has been successfully validated against a
series of experiments for droplet impact on horizontal and
inclined surfaces from Sikalo et al. [14, 15], showing its
potential to be applied in the simulation of gas-liquid two-
phase in microchannels.
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However, only a few of the researchers reported the
simulations of droplet behaviors in microchannels using DCA
model: Fang et al. [16] employed a contact angle hysteresis
model to simulate gas-liquid flows and the results showed that
the contact angle distribution in the microchannel will
significantly affect the slug elongation and instability; Miller
[17] and Wu [18] implemented DCA model with Hoffman
function to simulate the liquid water transport and behaviors in
gas channel, and it is indicated that the dynamic contact line
treatment is very crucial in the simulation of gas-liquid
dynamics.

In this study, as one part of the progress for the DCA model
development, we further extend our research to the simulation
of droplet behaviors in a single straight microchannel. The
numerical results under different gas inlet velocity will be
presented and discussed.

1. NUMERICAL MODEL DESCRIPTION

A. Computational Domain
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Figure 1. Schematic of computational domain in this study.

In this study, a three-dimensional single straight channel
with rectangular cross section is built up as the computational
domain. The dimensions of the channel are 0.05 mm in depth,
0.5 mm in width and 5 mm in length. The liquid water enters
into the channel through a 0.02 mm rectangular slot on the
bottom wall, which is located at 1.65 mm away from the inlet
boundary.

B. Computational Methodology

In the simulation, the VOF method is used to track the gas-
liquid flow interface. The governing equations are as follows:
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The mass conservation equation:

p+V' u)=0 1
TR (pu)= (D

The mixture density and viscosity in each computational
cell can be calculated by:

P=S1P;FSg P, )

H=Sity FSglt, ©))

where s, and sy are the liquid and gas volume fraction
respectively, and the sum of the volume fraction is:

S1+Sg:1 (4)

Then the continuity equation for the liquid phase can be
expressed as the following form:
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The momentum equation is:
0
= (o) +V-(piit))=-p+V-[u(Vii + Vi) | +5,,  (6)

The surface normal 7 is determined by:
fi=h,, cosf,; +1,sin6, @)

where 7, and 7, represent the unit vectors normal and
tangential to the wall respectively. Dynamic contact angle 64 is
applied at the wall boundaries through a user defined function
(UDF) code. The methodology to calculate and implement 6y
has been reported in our previous work [12] and more details
can be found in [12].

C. Boundary Conditions and Mesh Set Up

In the numerical simulation, the no-slip boundary
condition is applied at channel walls. The DCA is considered
on both side wall and bottom wall. The initial contact angle
(i.e., SCA) for all the boundary walls is 108°. The volume
flow rate of liquid water is set as 50 pL/min; the gas inlet
velocities Vi are set as 4.8 m/s and 21.9 m/s respectively to
investigate the effects of different gas inlet velocities on the
droplet behaviors and evolvement.

The whole computational domain is meshed by
approximately 125500 cells, with minimum cell volume of
2x10” mm?® and maximum cell volume of 1.4x10® mm?®. The
grid size is approximately 0.01 mm in X-, Y- and Z- direction
with a grid refinement applied near the bottom wall.

I11.  RESULTS AND DISCUSSION

Fig. 2 presents the water droplet evolvement process in the
single straight microchannel under relative low velocity (Vine: =
4.8 m/s), with the liquid water volume fraction contours. The
dark blue area represents the gas phase while the red area
represents the liquid water. From this series of figure under
selected time instances, the main process of droplet evolvement
can be described as follows:

1) At the very beginning, the water enters into the channel
with a constant volume flow rate, as shown in Fig.
2(a).

2) The liquid water continues to emerge and form the
droplet with time (from t = 0.2 ms to 10 ms, as shown
in Fig. 2(b-c)).

3) When it comes to about 16.4 ms, the droplet almost
blocks the channel (Fig. 2(d)) and reaches a critical
point; then the droplet is blown away towards the
outlet direction due to the force exerted at the
windward side from the inlet gas, as shown in Fig.
2(e).

4) Fromt=16.6 msto 18.0 ms (Fig. 2(e-g)), the droplet
significantly deforms from “tall-standing” shaped slug
to “long-lying” shaped slug, mainly due to the
continuous pressure from the inlet gas and the
interactions among the pressure, surface tension and
shear stress.

5) After 18.0 ms, the deformation and evolvement of the
water slug become stable, as shown in Fig. 2(g-h).
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Figure 2. Liquid water droplet evolvement under Vine = 4.8 m/s.

When the air inlet velocity is increased to 21.9 m/s, the
remarkably different phenomena for the droplet behaviors and
evolvement can be observed, as shown in Fig. 3.

1) At the beginning of the simulation, the water enters
into the channel with a constant volume flow rate, as
shown in Fig. 3(a).
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2) Fromt = 2.0 ms to 44 ms, the droplet continues to
grow in the microchannel. Due to the higher gas inlet
velocity, the droplet starts to deform at the early stage
and tends to form small liquid film at the trailing side,
as shown in Fig. 3(c).

3) From t = 4.4 ms, when the deformation reaches a
critical point, the upper part of the droplet is blown
away, as shown in Fig. 3(d-e).

4) After 4.6 ms, the water droplet deforms into film flow
and moves along the bottom wall. Some small splashed
water droplet can also be observed in the channel, as
shown in Fig. 3(f). This is mainly caused by the high
pressure and strong air flow between the upper wall
and the top side of droplet.

5) With time, the water accumulates at the leading side
and forms a new droplet, as shown in Fig. 3(g), and the
rest remains in the regime of film flow.

6) As shown in Fig. 3(h), the droplet further elongates and
forms a long, thin and continuous film flow with
waves. The liquid water will also drain out through the
outlet.
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t=4.8ms

(g)t=8.0ms
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(h)t=20.0ms

Figure 3. Liquid water droplet evolvement under Viqe = 21.9 m/s.

IV. CONCLUSIONS

This paper presents the numerical study of droplet
behavior and evolvement in a single straight microchannel.
The effects of gas inlet velocity are investigated by
considering two different conditions (4.8 m/s and 21.9 m/s).

Dynamic contact angle is considered as one of the wall
boundary conditions instead of static contact angle.

From the numerical results, it can be found that the two
cases in this study (one with lower gas inlet velocity and
another with higher velocity) share some similar droplet
evolvement phenomena: the droplet first emerge and grow
inside the channel near the liquid inlet area; with time, the
droplet will reach a critical point and then be blown away
towards the channel outlet side.

Also, several significantly different phenomena can also be
captured: under lower gas inlet velocity (4.8 m/s), the liquid
water can remain in a droplet much longer than that of the
higher inlet velocity condition (21.9 m/s); within the same
time period (20 ms), the liquid water will form into long slug
flow under lower inlet velocity, while the continuous long film
flow can be observed under higher inlet velocity. It can be
concluded that the gas inlet velocity has remarkable effects on
the droplet deformation and evolvement in the microchannel,
mainly reflected in the flow regime.
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