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Abstract

Understanding the physics of microscale two-phase flow is important for a broad variety of engineering applications including com-
pact PEM fuel cells and heat exchangers. The low Bond number and confined geometry make it critical to consider both the surface
tension at the liquid—gas interfaces and the surface forces acting at the channel boundaries. Within the framework of a numerical volume
of fluid (VOF) approach, the present work proposes a model to account for surface adhesion forces by considering the effects of contact
angle hysteresis. A transient model is developed by correcting boundary force balances through specification of the local contact angle
and instantaneously updating the local angle values based on the variation of the volume fraction from previous time steps. The model
compares very well with new data provided here for droplets on a rotating disk and liquid slug flow in microchannel. The simulation
reveals that the contact angle distribution along the slug profile in the microchannel flow can be approximated using a piecewise linear
function. This study indicates that the asymmetric distribution of the contact angle might be responsible for several phenomena observed

in the microchannel experiments, including slug instability.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Contact angle hysteresis; Volume of fluid (VOF); Two-phase flow; Microscale; Droplet detachment; Liquid slug detachment

1. Introduction

Multiphase flows in microchannels have been exten-
sively studied in the past few decades due to their wide
range of applications. For instance, proton exchange mem-
brane fuel cells (PEMFCs) operating at high current densi-
ties tend to suffer from excessive water accumulation,
leading to liquid blockage of the cathode flow channel.
Hence, water management that ensures the effective
removal of byproduct water from the microchannel is crit-
ical (Cha et al., 2003). In addition, microscale multiphase
flow also plays an important role in the microelectronics
cooling technology (Peng and Wang, 1993; Zhang, 2000).
MEMS technology also motivates the research on multi-
phase flows in microchannels. A novel gas-liquid-solid cat-
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alyzed reactor, for example, was discussed in Crynes et al.
(1996).

Flow regime maps of multiphase microchannel flows
reveals that in a wide range of flow conditions the bub-
ble/slug flow is the primary flow pattern (Feng and Seriza-
wa, 2000; Hidrovo et al., 2004). The small dimension of the
microchannel leads to a small Bond Number which means
that surface forces play an important role in determining
the dynamics of liquid slugs and bubbles whereas body
forces are generally negligible (Hidrovo et al., 2005). Fur-
thermore, since the two-phase flow happens inside a con-
fined space, it is critical to consider the interaction
between the boundary and the fluid in-between. Specifi-
cally, the surface forces acting at the boundaries are of par-
ticular importance (Barajas and Panton, 1992).

Various numerical methods have been used in the study
of multiphase flows in microchannels. A conservative
method suitable for the treatment of the interface topolog-
ical changes, the VOF approach is found to be among the
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best numerical tools when the bubble/slug dynamics and
the liquid/gas interface morphology are of particular inter-
est (Gregor et al., 2001). The velocity field and bubble pro-
file in a vertical gas-liquid flow inside capillaries has been
obtained (Taha and Cui, 2004) and it was found to be in
good agreement with experimental measurements. Tseng
et al. (2002) used a VOF model to analyze the filling pro-
cess of liquid slugs through channel network. The simula-
tion focused on the influence of the wall wettability and
the result showed that wall surface hydrophobicity is a
dominating factor in the filling processes of reservoirs.

Understanding of the surface tension acting on the con-
tact line is of particular importance in bubble/slug flows in
confined spaces. Contact angle is the critical parameter in
evaluating the surface adhesive force. However, the contact
angle hysteresis effect, i.e. the non-uniqueness of the static
contact angle, substantially complicates the determination
of angle value and is responsible for various multiphase
flow phenomena at small scale. Blackmore et al. (2001),
Mahe et al. (1988) and Basu et al. (1997) experimentally
studied the detachment of air bubbles in a slit microchan-
nel by a shearing flow and the balance between the liquid
drag force and the surface adhesive force caused by the
contact angle asymmetry was addressed. In addition to
the experiment, Renardy et al. (2001) numerically simu-
lated the moving contact line problem based on VOF
model, using two methods to implement the contact angle
condition. However, the contact angle needs to be either
pre-determined based on Young’s equation or prescribed
as an input in their model, and the contact angle hysteresis
effect was not addressed. To allow for the non-uniqueness
of the contact angle, Theodorakakos et al. (2006) numeri-
cally studied the droplet detachment on GDL material by
correlating the real contact angle value with the contact
line velocity. Similarly, Chen et al. (2008) and Francois
and Shyy (2003) assumed that the real contact angle is a
linear function of contact line velocity. However, such
model may cause unphysical behavior, e.g. the contact
point can move backward even when the contact line veloc-
ity is positive, due to the fact that the real contact angle
depends on not only the current flow state, but also the his-
tory of the contact line motion. Unfortunately, there is a
lack of numerical tools to analyze the influence of the con-
tact angle hysteresis effects on microchannel flows by
accounting for the contact line motion history.

The present study proposes a 3-D contact angle hyster-
esis model within the framework of the VOF approach.
Upon solving the non-linear equations relating the volume
fraction, interface position, and contact angle, a special
algorithm is developed to replicate the hysteresis effect
based on considering the contact line movement history.
The model is validated against data from two experiments
on droplet/slug dynamics, and quantitative matching is
achieved for a wide range of flow conditions. The simula-
tion indicates the importance of considering the surface
adhesive force and the contact angle hysteresis effect for
microscale multiphase flow. The results also reveal that

the contact angle distribution along the liquid slug profile
could be approximated using a piecewise linear function.
Moreover, the contact angle asymmetry is found responsi-
ble for the slug elongation and the post-detachment slug
instability.

2. Contact angle hysteresis effect

By assuming constant surface tensions between each
pair of the three phases, the well-known Young’s equation
is expressed as

oLG COS 95 = 0GSs — OLS (1)

Young’s equation relates the experimentally measurable
parameters 0 and o1 g to ogs and o, which are generally
not available experimentally. For constant surface tensions
of the three phases, Eq. (1) implies that the static contact
angle 0 is unique. However, this implication contradicts
the experimental observations that for most material sys-
tems, the real contact angle 6 can take on any value within
the interval Og < 0 < 04 and that the contact line remains
fixed for angle variations within this range, a phenomenon
typically referred to as the contact angle hysteresis. Various
modifications to Young’s equation have been proposed to
account for the contact angle hysteresis effect, and a com-
prehensive review on this topic was given by Dussan
(1979). Although the mechanism governing contact angle
hysteresis remains an open topic, we can circumvent this
difficulty in the numerical simulation by considering three
length scales, as shown in Fig. 1. The largest length scale
illustrated in the figure is the mesh scale, based on which
the numerical discretization is performed. Here, ongr rep-
resents the net force exerted by the solid wall on the inter-
face. Generally, o1 g is measurable experimentally whereas
ongT Must be determined by indirect methods. The surface
tensions of the three phases are all constants over the mesh
scale. By zooming in the area near the contact line on the
mesh scale, we move onto the experimental observation
scale (Fig. 1b), which is much larger than the molecular
mean free path, so the surface tension remains constant
over this scale. Meanwhile, the observation scale is much
smaller than the droplet/bubble surface curvature, hence
the interface can be simply treated as a flat plane, as indi-
cated in Fig. 1b. Such scale corresponds to the smallest
scale available in the experimental observation, and the
effective contact angle 0, measured by drawing the tangen-
tial line at the contact point should be defined at this scale.
Applying the x-component force balance to the interface at
the observation scale yields:

01G €08 Oy = oNET (2)

which means that we can use the experimentally measured
effective contact angle 6, to correlate the known surface
tension o1 g with the unknown ongr. Moreover, since the
surface tension remains constant when we zoom out from
the observation scale back to the computational mesh
scale, Eq. (2) still holds on at the mesh scale, and we can
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Fig. 1. Comparison of three length scales. The simulation is performed at the computational mesh scale, the effective contact angle 0 is defined at the
observation scale, while in the vicinity of the contact line region, the three phases overlap and the definitions of the contact line and contact angle become

ambiguous.

directly use the experimentally measured effective contact
angle 6, in the mesh cell located at the contact line to eval-
uate ongr. When we zoom in from the observation scale to
the vicinity of the contact line region (Fig. 1c), which ex-
tends a few molecular diameters from the solid surface,
the continuity assumption breaks down, and the definition
of liquid gas interface and the contact angle becomes
ambiguous. However, 6, is defined outside of this scale.
Recognizing that the physics within the contact line region
results in the complexity of the contact angle hysteresis, we
have circumvented the difficulty by experimentally measur-
ing the effective contact angle 0, based on which ongr is
determined.

A basic hysteresis process can be described as that the
contact line remain fixed at a given position, provide the
value of the contact angle 0 lies within the interval
Or < 0 < 04, where O and 04 are defined as the advancing
and receding angles, respectively. Here, the advancing/
receding contact angle only refers to the equilibrium values.
In actuality, it is found experimentally that once the con-
tact line starts to move, the contact angle will deviates from
the equilibrium value. As shown in Fig. 2, a wetting process
with a positive contact line velocity causes the contact
angle to positively deviate from the equilibrium advancing
angle, while a dewetting process results in a negative devi-
ation. Many empirical correlations relating contact angle
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Fig. 2. Map of contact angle versus contact line velocity.

with capillary number have been proposed, among which
are the Hoffman-Jiang correlation for advancing contact
angle (Jiang et al., 1979):

cos 0,4y — cos 04

T — when 1073
adv

= tanh(4.96Ca"""),

<Ca<l1, We<107, Bo<l10' (3)
and the Hoffman-Tan law for the receding contact angle
(Tanner, 1979):

0. — 03 = CxCa (4)
where Crt is a constant. 0., 0,4y are the equilibrium
advancing and receding contact angles, respectively. Con-
sidering their simple form, Eqgs. (3) and (4) are used in
the present study. A numerical evaluation of Egs. (3) and
(4) shows that at moderately low contact line velocities
the dynamic contact angle is very close to its equilibrium
counterpart and the deviation is negligible. In fact, mea-
surements on slowly moving drops have been used for
the purpose of determining equilibrium contact angles
(Rotenberg et al., 1984).

3. Numerical model
3.1. VOF model

The VOF method is employed here for the numerical
investigation of the microscale two-phase flow because it
allows tracking of immiscible interfaces and calculation
of the surface tension. The two-fluid flow is modeled with
the Navier-Stokes equation:

p(%—i—(u-V)u) =-Vp+ V- (uS)+f ()

where p, u and f are the density, viscosity, and body force
term of the momentum equation, respectively. The quan-
tity S is the rate of strain tensor

1 auj au,-
S51=3 (6)(; N ij> ©)
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In our calculations, the body force f includes the gravity
and interfacial tension. The velocity field u is subject to
the incompressibility constraint

V-u=0 (7)

In the VOF method, the motion of the interface between
immiscible liquids of different density and viscosity is de-
fined by a phase indicator — the volume fraction function
a. To allow for mass conservation of each phase, an addi-
tional equation is introduced:

% +u-Vao=0 (8)
We use (8) to represent and track the interface which is
transported by the velocity field u. Moreover, the averaged
values of the density and the viscosity are calculated with
the volume fraction:

p=op;+ (1 —a)p,
1= op + (1 —a)u,

The current VOF model employs the Marker and Cell
(MAC) finite difference method, which is based on the
use of rectangular grids. Nodal values of the volume frac-
tion C and the pressure p are defined at the center of each
cell, while the nodal values of the horizontal and vertical
velocity components are defined at the midpoints of the
vertical and horizontal sides, respectively. In each time step
the volume fraction o, which indicates the two-phase inter-
face position, is first updated and then followed by the cal-
culation of the surface tension. Finally, the velocity and
pressure fields are solved based on the Navier—Stokes
equation.

Updating of the interface location is based on Young’s
piecewise linear interface construction (PLIC) scheme
(Youngs, 1982), in which the normal vector n of the inter-
face is first related to the gradient of volume fraction by
n=VC/|VC]|. Then, a flat plane having a normal vector n
is used to approximate the real liquid—gas interface within
each cell. With the knowledge of the interface position
change, the volume of fluid transferring into the neighbor-
ing cells is evaluated and the volume fraction o updated.

Due to the small Reynolds number which is typical of
microscale flows, a laminar flow model is used. The equa-
tions are solved by an algebraic multigrid (AMG) solver
(Issa et al., 1991), and the pressure-implicit with splitting
of operators (PISO) scheme for pressure—velocity coupling.

©)

3.2. Surface tension calculation and contact angle
determination

The Young—Laplace equation expresses the surface ten-
sion in terms of the surface curvature k, surface tension
coefficient o, as well as the surface normal 7:

f = okn (10)

In our simulation, surface tension is applied using the con-
tinuous surface force (CSF) scheme (Brackbill et al., 1992).

The addition of surface tension to the VOF method is mod-
eled by a source term fin the momentum equation:
2p
P+ Py

f=ock Vo (11)
where p is given by Eq. (9). In our present treatment, o is
simply a constant and Maragoni effects are not considered.
The curvature £ is defined in terms of the divergence of the
unit normal #:

k=—(V-ﬁ):—{V- (W%VOC)] (12)
where 71 = |Z—‘ (13)

Substituting (12) into (11), yields:

Vo 1 Vo
=20 .
SR, VA [(w

v) |V — (Vza)} (14)

In applying formulation (14), a Marker and Cell (MAC)
like discretization scheme is used. A unit vector # is calcu-
lated from discretizing the volume fraction ¢ of the imme-
diate 26 neighboring cells, based on the relation n = Vo.
Initially, a cell corner value of the normal vector is com-
puted. Then required cell-centered values are given by aver-
aging the corner values. Also, V?x is calculated by
discretizing the normal vector values obtained at the eight
cell corners.

The corner normal vector of the cell located at the
boundary is determined by directly applying the contact
angle boundary condition instead of by discretizing the o
values of neighboring cells. Here, the surface normal
il = [ny, ny, n.] at the contact line is first determined by rec-
ognizing that n,/y/n? + n? = cot 0, where 0 is the contact
angle. Then the obtained contact line normal is assigned
to the four cell corners lying on the boundary as shown
in Fig. 3.

Some modification is needed if we apply the above-men-
tioned methodology to the interface at the corner. Assume
the interface is at angles « and f with respect to the bottom
and side wall boundaries, respectively (Fig. 4). Upon
applying the geometric relationship it is found that the nor-
mal of the interface (shaded plane in Fig. 4) # = [1,4, B] is
given by:

v

L »
Corner n »
Vector

Fig. 3. Corner vector evaluation for boundary cell by contact angle
specification.
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Fig. 4. Contact angle specification at corner cell.

cos? o
A = 15
1 —cos?o —cos?f (15)
2
B cos” f (16)

1 —cos?a — cos? f8

The presence of the square numbers 4%, B* in Egs. (15) and
(16) requires that the right-hand terms be positive. Consid-
ering a special case in which both the side wall and bottom
have the same contact angle, the aforementioned constraint
implies that both angles must be higher than 45°, i.e.
o= = 45°, to allow the stable existence of the interface
at the corner. This implication is consistent with the exper-
imental observations shown in Concus and Finn (1974)
which states that a spontaneous rising up to the top of
the container occurs for the liquid in the corners provided
the contact angle is small.

3.3. Numerical evaluation of local contact angle

Subsequent to knowledge of the contact angle hysteresis
effect, the objective is the replication of the hysteresis pro-
cess in the 3-D numerical simulation. It should be realized
that a typical hysteresis process always has a memory effect
in the sense that the value at the current time step depends
on the parameters not only in the current time step but also
in the previous time steps, i.e. its history. Here, we update
the local contact angle in the current time step by consider-
ing its counterpart in the previous time step as well as the
angle increment between the consecutive time steps. Specif-
ically, the angle value 0! at time step i+ 1 could be
expressed as

i i i A\ 00,
0 =0+ HO, ~ 0c)H (0u0s — 0;) 2 o (17)
where the Heaviside function H is defined as:
1, @k>0
H(k) = (18)
0, @k<0

The subscript j denotes the cell j with the local contact an-
gle 0;. The second right-hand term of Eq. (17) represents
the angle increment between time step i + 1 and i. The vol-

ume fraction «;, a measure of the liquid/gas volume ratio in
cell j, is introduced into the increment term to account for
the fact that the contact angle variations are essentially
caused by the change of liquid/gas volume in each cell.
In deriving Eq. (17) it is realized that the advancing and
receding contact angles can be viewed as the upper and
lower limits of the real contact angle value, respectively.
Within the range of receding and advancing contact angle,
the local contact angle can vary freely whereas the contact
line is pinned, while outside this range the local contact an-
gle will be fixed at either the advancing or receding angle
with a moving contact line and the increment term in Eq.
(17) simply drops out.

Eq. (17) still requires the evaluation of 00,/0x; Here, a
rectangular cell lying on the boundary is considered
(Fig. 5). In the VOF model, the liquid—gas interface is
approximated as a plane within each cell, as indicated by
plane A-B-C-D-E-F in the graph. Also, the triple contact
line where three phases make contact is represented by the
intersecting line of the interface plane and the bottom
plane, as highlighted by the red' dashed line in Fig. 5,
where the contact angle 6 is also shown. In accordance to
the definition of contact angle, the volume fraction o corre-
sponds to the volume of the portion of the cell below the
interfacial plane. As discussed previously, the contact line
should be fixed during the variation of «, provided 6 lies
between the advancing and receding angle values. There-
fore, a change of « simply results in the rotation of the
interfacial plane A-B-C-D-E-F about the axis BH to,
say, either A’~B'-C'-D'-E’-F’ (« increases) or A"-B"-C"—
D"-E"-F” (o decreases). In practice, the contact line could
be located at any position, making it necessary to derive a
universal expression of 06,/0u; applicable to any possible
geometric configuration. Assuming the surface normal of
the interfacial plane A-B-C-D-E-F is # = [m;, my, ms],
then the equation of the plane is;

mx +myy +msz = f§ (19)

It is further assumed that 0 < 6 <90°, m;, m,, mz = 0 (this
condition can always be satisfied by appropriate coordinate
transformation). Let g=my/m;, h=p/m, f=ms/my,
substituting into Eq. (19) yields:

x+gy+fz=h (20)

The volume fraction o can be expressed as

1 3 m;C; m\’
- h37§ Hlh-—222 (=2
* 6gh — ( m1>< m1>
j=1

3
= m.C;
+§} :H(h—Cl—gCZ—fC3+ r;’) (21)

J=1 !

N ij]' 3
x(h=Ci—gCy— 10+ 7L
1

! For interpretation of color in Fig. 6, the reader is referred to the web
version of this article.
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Fig. 5. Calculation of 60/-/61/- when contact line is fixed.

where the Heaviside function H is defined in Eq. (18). C;
refers to the length of the rectangular cell edge. Observing

that m; = \/m? + m3/tan(0), o can be expressed in terms
of the contact angle 6 as

o= o(g,h,0)

_L h3—23:H h_% h_ﬂ ’
 6gh . my mi

J=1
3
(150 )
Finally, we have
% fixed contact line — % y =A+B+C 23
where
sec? 0

3 3
- C. m.
A= 50 H(h_'"f f><h__f)
6g+/1 + g2 ; m m
3
1+ g2 .C,
(o Y

tanf - m
Jj=1

3

><<h—C1—gC2— tan0 > my

—csc20tan 0C5+/1 + g2
B= VT8 3(h - fCy)PH (R - fCy)
6g+/1+ g2

tan 0

C=_ "7

6g/1+ g2

X (h —gC, — C3y/1 + g*/tan H)Z(CSCZO\/I +g2C3)
+3H(h — Cl 7fc3)(h — C1 — C3\/ 1 +g2/tan0>2

X (C3csc26\/m)

3H(h — gC, — fC3)

Based on Eq. (23), 00;/0x; and the angle increment can be
calculated for each cell containing the contact line in each
time step. Finally, the contact angle in time step i + 1 can
be readily updated based on the information in time step
i, using Eq. (17).

The contact angle update approach discussed above is
virtually a forward Euler method. If the location of the
contact line is very close to the cell corner, the derivative
00,/0a; can attain extremely high values resulting in a signif-
icant error when using Euler method. An alternative
approach is to directly solve the non-linear equation (22),
which relates the contact angle (9;.“ in the next time step
with oc"}. as well as g,h indicating the contact line position
in the current time step. The position of the contact line
can be determined in the manner given by Scardovelli
and Zaleskiy (2000). Here, assuming the equation for the
interfacial plane takes the form of Eq. (19) and the primary
phase volume is given by o and that o < 0.5 (otherwise, a
coordinate transformation is needed), and that "= B/
m1C1 + I’VlzCz + I’}’I3C3, mi, = nmy + my, and m = min(mlz,m3),
then B can be calculated as follows:

B* = Vommymsa for 0 < o< o
B = 0.5(m; + /n? + 8mams(o — 0y)) for oy < o<ty
—B7 4 3mf = 3(mi + m3) B+ mi +m3
—6mymamzo =0 for o, < a < o3
3 3 )
+m3 4+ m3 4+ m3 — 6mymymze =0 for oz < 2 < 0.5
B =mzo+mp/2 for oz < o< 0.5

(24)

Since the contact line is fixed when o changes, f* and hence
g,h for time step i are substituted into Eq. (22) to obtain the
updated contact angle in time step i + 1. The derivative Oa/
00 has been given by Eq. (23), so the non-linear equation
(22) can be readily solved using the Newton—Rhapson iter-
ation method. However, the right-hand term of Eq. (22) is
periodic in terms of 6 due to the presence of the trigono-
metric functions, resulting in the non-unique solutions.
To ensure the convergence to the interval [0,7] which is
of interest here, Eq. (22) is modified to be a piecewise func-
tion when applying the Newton method:

o=o(ghn)+0—n ifO0>n
o=ua(g,h0) if 0 €[0,7] (25)
o=o0(g,h0)+0 if 0<0

Then the solution to the modified Eq. (25) becomes unique
and the convergence to [0, 7] is guaranteed.

In practice, the contact angle value is stored and
updated for each cell on the contact line. Since the mesh
is fixed in VOF model, the contact angle value in the pre-
vious time step may become unavailable if the contact line
is shifting from one cell to another. To solve this problem,
the local contact angle values of the cells lying on the con-
tact line (cell B in Fig. 6) are dynamically passed to their
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Fig. 6. Schematic of contact angle value transfer to neighboring cells.

C

neighboring cells located in the normal direction of the
contact line (cells A and C).

As illustrated in Fig. 2, the hysteresis effect no longer
influences the contact angle value provided the contact line
is in motion. Instead, the contact angle becomes a function
of the contact line velocity. Therefore, the use of Egs. (3)
and (4) to solve for the contact angle value requires knowl-
edge of the contact line velocity. Since the contact line loca-
tion is given by Eq. (24), the displacement of the contact
line between two consecutive time steps can be deduced
and the contact line velocity can be readily calculated as
well.

3.4. Computational domain and boundary conditions

In the present study, two categories of water—air multi-
phase problems are simulated using the hysteresis model:
(1) small droplet detachment on a rotating disk, and (2)
slug flow in a square microchannel. Both of them are spe-
cially selected to highlight the influence of the surface ten-
sion and contact angle hysteresis effects and their details
are given in Section 4.

For the case of a droplet on a rotating disk, a rectangu-
lar parallelepiped cavity of 10 mm x 10 mm x 10 mm is
employed in which the air-water transport process is mod-
eled as a transient two-phase problem (Fig. 7a). No-slip
boundary condition is applied to the cavity bottom on

! | |Water Inlet

a) Droplet on plate

Air Inlet

which the droplet is placed. A velocity inlet boundary con-
dition (uniform velocity normal to the inlet) was applied to
a 0.2 mm x 0.2 mm water inlet at the center of the cavity
bottom to generate droplet growth. The rest of the five
interior walls of the cavity are assigned as outlet flow con-
dition (the gradients of all flow parameters are zero).

For the microchannel slug flow problem, a straight
channel 5 mm in length with rectangular cross-section of
500 um x 45 um is used as the computation domain
(Fig. 7b). The no-slip boundary condition is applied to
all the microchannel walls. A velocity inlet boundary con-
dition was specified at both the air inlet located at the one
end of the microchannel and the water inlet located at the
bottom of the microchannel two-thirds of the way down-
stream from the air inlet. Similarly to the previous prob-
lem, the boundary condition was assigned as outlet flow
(zero gradients) at the channel outlet.

3.5. Numerical accuracy

In the present study, a 3-D structured orthogonal grid
with about 240,000 computation nodes was employed.
The node numbers in X, Y, and Z directions are 400, 30,
and 20, respectively. The grid independency was validated
by performing different numerical simulations for one slug
flow case with varying number of nodes. This grid has been
refined triple by increasing the number of cells by 20%,
40%, and 100% in every direction, respectively. Simulation
results showed that the difference between 320,000 and
78,000 is minor. Considering that the computational cost
increases fastly with the node number, the computational
grid with 120,000 nodes was adopted for all simulation
cases presented in this study. Fig. 8 shows the liquid slug
profile calculated on the three grids at the detachment
point for a typical flow condition.

4. Experimental setup for model validation
4.1. Measurements of droplets on a rotating disk

To establish confidence in the numerical model, the
deformation and detachment process of water droplets

Channel

Quilgt

~

Water Inlet

b) Water slug in micro channel

Fig. 7. Sketch of calculation domain and boundaries (not drawn to scale).
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Fig. 8. Slug profile at detachment point for three different grid resolutions, flow condition: air: 15.56 m/s, water: 0.09 m/s, side wall 135°/70°, bottom:

105°/70°.
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Fig. 9. Schematic of spinning plate setup. This experiment uses acceleration force to induce contact angle asymmetry.

on a spinning plate is experimentally studied and compared
with the numerical prediction. In this case, a small water
droplet is placed on the circular plate rotating at a desig-
nated velocity. The surface force caused by the asymmetric
distribution of contact angle along the contact line bal-
ances the centrifugal force prior to detachment, until the
velocity is increased to a level at which the droplet defor-
mation reaches its limit, i.e. the contact angles at the fore
and aft triple points of the liquid slug take on the advanc-
ing and receding contact angles, respectively.

Fig. 9 illustrates the basic architecture of the experimen-
tal setup. Test materials differing in surface properties are
attached to a circular plate driven by a two-phase stepper
motor, which precisely control the speed of the plate. The
droplet is placed in an enclosed test chamber, which not
only maintains the humidity of the surrounding air and
suppresses the evaporation, but also isolates the droplet
from the spinning-induced airflow. A Roper Scientific 12-
bit CoolSNAP ES CCD camera is employed for image
acquisition. A trigger system composed of an infrared emit-
ter, a photodiode, and a notched plate is used to synchro-
nize the camera and plate, allowing for capturing of the
droplet side view at a consistent and identical imaging
angle for all plate revolutions. The illumination is provided
by a laser diode located behind the droplet. Before each
testing, given volume of water is deposited on the test mate-
rial using a thin needle connected to a syringe pump. Then
the velocity of the plate is increased in a stepwise manner
from zero to the detachment velocity, at which point the

droplet starts to move. For each velocity step, the trigger-
ing circuit is enabled once and the corresponding droplet
side view image is captured by the CCD camera. To facil-
itate the identification of the liquid slug detachment point,
as well as to minimize the tangential acceleration which
tends to deform the droplet in an unfavorable circumferen-
tial direction, the plate velocity is increased at a rate as
small as 0.2 rad/s. The effective centrifugal acceleration act-
ing on the droplet is evaluated based on the angular veloc-
ity of the plate and the distance between the droplet and
rotation axis.

4.2. Measurement of slug flow in a microchannel

In addition to the spinning plate experiments, the pres-
ent hysteresis model was further validated against liquid
slug flow in microchannels with sidewall water injection.
Here, a silicon based test structure was fabricated consist-
ing of a U-shaped microchannel and a water reservoir con-
nected by side slots, allowing for sidewall water injection
(as shown in Fig. 10a). The channel is etched to 45 um
depth and 500 pm in width. Air flows through the micro-
channel while the water is injected into the microchannel
through a 20 pm wide side slot located two-thirds of the
way downstream from the microchannel air inlet. In order
to render the microchannels hydrophobic, Molecular
Vapor Deposition (MVD) of Self-Assembled Monolayers
(SAMs), such as FTDS, is performed. The samples pro-
cessing was carried out by Applied Micro Structures Inc.
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Fig. 10. (a) Image of microfabricated silicon channel. (b) Schematic of experimental setup.

(AMST) and the measured advancing contact angle was
135°. Compressed air is supplied to the microchannel and
the flow rate is precisely controlled by a current operated
pressure regulator (ControlAir Type-500X). A Harvard
syringe pump is employed to inject the water into the
microchannel at designated flow rates in the direction nor-
mal to the airflow. Depending on syringe size, water rates
ranging from 1 nL/h to 0.5 mL/s can be achieved with rea-
sonable accuracy. Also, the setup utilizes a Sensirion flow
meter based on CMOS technology to monitor the air flow
rate. The visualization system includes a Nikon TE2000U
inverted epifluorescence microscope with 4X objectives,
and a Phantom v6.1 high speed CCD camera. A frame rate
of 5000 frames/s was employed to capture the dynamic slug
behavior in the microchannel.

5. Results and discussion
5.1. Droplet deformation and detachment on a spinning plate

In the present study, droplet detachment on four mate-
rials, including coated silicon wafer, GDL with 0%, 5%,
and 10% Teflon, are tested. The silicon wafer is rendered
hydrophobic by the MVD described before. The hydro-
phobicity of the GDL, a porous material widely used in
PEM fuel cells, increases with the concentration of the
added Teflon. Before each round of test, all materials are
cleaned with alcohol and dehydrated in the oven for
30 min to remove contaminants. A thin needle is used to
deposit droplets of different sizes on the test material.
Due to the outward motion of the contact line in the
drop-forming process, the contact angle is uniformly equal
to the advancing contact angle. On each material, the
detachment processes is recorded for droplets of various
volumes, ranging from 1.8 pL to 8 pL, and the correspond-
ing detachment plate velocities are recorded from which the
centrifugal forces acting on the droplets can be evaluated.

The contact angles on both sides of the static droplet are
approximately equal to the advancing contact angle (image
1 in Fig. 11 row 1). With the increase of velocity, the angle
on the side closer to the rotation axis decreases until it
reaches the receding angle value at the detachment point
(image 5 in Fig. 11 row 1), whereas the angle on the other
side remains at the advancing contact angle. Therefore, the
equilibrium advancing and receding angles can be deter-
mined from the side view images captured at the detach-
ment point by drawing a line passing through the contact
point and tangent to the droplet profile.

It was found that for all the droplets, the variation of the
measured contact angles for a given material was within
+1°. Table 1 shows the measured advancing and receding
angles for the four materials tested. For each case the mea-
surement is repeated six times and the mean value and its
uncertainty is shown in the table. It is found that the
GDL with 0% Teflon has the highest hysteresis, i.c. the dif-
ference between the advancing and receding contact angles,
among the four materials, whereas higher Teflon content
gives rise to a larger advancing contact angle value.

In the simulation, the same initial droplet sizes are used
and the measured advancing and receding contact angles
are used as input to the model. In accordance with the
experiment, the centrifugal acceleration in the simulation
increases in a sufficiently slow manner (0.2 rad/s) such that
the droplet deformation can be viewed as a quasi-static
process, and therefore at each point in time the droplet is
in mechanical equilibrium. In practice, oscillation of the
droplet may occur when the centrifugal acceleration
changes. However, these oscillations are quickly damped
by the liquid water viscous forces, eventually leading to a
stable droplet shape for each given acceleration value, pro-
vided the process is slow enough.

Fig. 11 shows the comparison between experiments and
simulations for 1.2 mm in diameter droplet on a GDL with
5% Teflon. Rows 1 through 4 illustrate the experimental
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Fig. 11. Detachment process for 1.2 mm droplet on GDL with 5% Teflon, corresponding to various centrifugal accelerations (row 1: experiment, row 2:
side view of simulation, row 3: contact line of simulation, row 4: perspective view of simulation).

Table 1
Measured contact angle of test materials

Coated silicon

GDL (0% Teflon)

GDL (5% Teflon) GDL (10% Teflon)

105.0° = 1.1°
65.0° 4+ 1.2°

124.6° +0.9°
36.8°+0.9°

Adv angle
Rec angle

144.0° = 1.1°
91.0° +1.3°

149.6° £+ 0.8°
116.2° + 1.5°

results in terms of the side view, contact line and perspec-
tive view of the numerically computed droplet, respectively.
The sequences of images in each row correspond to
increases in centrifugal acceleration from 0 to 2.01 g, at
which point the droplet detaches. The numerically pre-
dicted droplet deformations for the different centrifugal
acceleration values are in excellent agreement with the
experiments. In response to the centrifugal force, the drop-
let tends to spread on the surface with its length increasing
and its height decreasing.

Due to the opacity of the test material, optical observa-
tions of the contact line shape are currently not available.
However, the numerical simulation shows that the contact
line evolves in an interesting manner, as indicated in row 3,
Fig. 11. Initially, the contact line is circular (image 1). With
the increase in the centrifugal acceleration, the fore portion
of the droplet advances, giving rise to a shape tapered in
the direction of the motion (images 2-3). However, a fur-
ther increase in acceleration causes the front part of the
contact line to widen in addition to its forward movement.
As a result, the contact line shifts to a shape consisting of
two semi circular arcs joined by parallel sides (image 4).
The width of the front part keeps increasing with the accel-
eration until the onset of detachment, eventually resulting
in a contact line which is reversely tapered and wide at
the front (image 5). In the entire process, the contact line

elongates and widens significantly, and the original fore-
aft symmetry is lost. Bikerman (1965) experimentally stud-
ied the evolving shape of the contact line for initially axi-
symmetric drops place on an inclined surface. Rotenberg
et al. (1984) numerically predicted the droplet deformation
on an inclined plate based on minimizing the free potential
energy of the drop. Both studies showed that an elongated
contact line appears in response to the gravitational force
field, which is verified by the present simulation.

Fig. 12 shows the plot of critical centrifugal acceleration
(the smallest acceleration inducing detachment) versus the
droplet volume for the four materials tested. Both experi-
mental results (dots) and numerical results (lines) show that
the detachment of smaller droplets requires a higher critical
acceleration, as expected. An excellent quantitative match
between experiments and simulations is achieved for the sil-
icon surface, and the GDL with 5% and 10% Teflon. How-
ever, the predicted result for the GDL with 0% Teflon
deviates somewhat from the experiment, especially when
large droplets are considered. A possible explanation is
that the largest difference between the advancing and reced-
ing contact angles (i.e., largest contact angle hysteresis) is
measured for the GDL with 0% Teflon. This large contact
angle asymmetry causes the droplet to substantially elon-
gate and cover a large test surface, which questions the
assumption that the tested material has uniform surface
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Fig. 12. Critical acceleration as a function of droplet volume for drops on
four test materials.

properties. It is also very interesting to note that the centrif-
ugal acceleration-droplet detachment characteristics of the
5% Teflon GDL are very similar to that of the silicon
wafer, although the contact angles recorded for both mate-
rials are significantly different.

5.2. Liquid slug growth and detachment in a microchannel

The small dimensions and high aspect ratios of the sili-
con microchannels used here substantially enhance the
impact of surface tension and contact angle asymmetry
effects, which are favorable for the purposes of model val-
idation. To ensure that the water flow conditions used in
our simulation are consistent with those of the experiment,
the water injection flow rates are directly extracted from
the imaging data by measuring the slug volume change as
a function of time, rather than from the reading of the syr-
inge pump. A perfect linear correlation between slug vol-
ume and time is found for all cases in our study, which
also indicates that slug evaporation is negligible during
the growth process due to the small time scale involved,
and it is therefore safe to neglect mass diffusion effects in
the calculation. In accordance to the wide range of flow
conditions tested in the experiment, the current comparison
is conducted over nine cases, with the air flow velocities
ranging from 13 m/s to 26 m/s. Although the same nominal
syringe pump flow rate was used for all the experiments,
the effective water injection flow rates measured from the
image data differ from case to case, ranging from 0.09 m/
s to 0.18 m/s. Hidrovo et al. (2005) shows that under the
conditions tested the water injection flow rate influences
the slug entrainment frequency but has no significant
effects on slug departure size.

As a key feature of our model, the advancing and reced-
ing contact angles need to be specified as an input to the
simulation. For the microchannel in the experiment, the
bottom advancing and receding contact angles are mea-
sured from the slug side view to be 105° and 70°, respec-

tively. However, it is difficult to perform the in situ
measurement of the contact angles at the side walls since
the top view is not available. Furthermore, the manufactur-
ing process can significantly change the surface properties,
rendering the ex situ measurements based on the exterior
sample surface inapplicable to the interior surface. There-
fore, our approach was to run the simulation over a wide
range of contact angles values in order to determine which
contact angle value yields the most consistent results with
the experimental observations. To maximize sensitivity to
the side wall contact angle variation, the fitting is con-
ducted for the case with the largest slug detachment length,
which corresponds to the flow condition: air: 13.38 m/s,
water: 0.11 m/s. In practice, the side wall receding contact
angle is first fixed at a reasonable guessed value, say 45°,
and various advancing contact angles are tested, which
yields a plot indicating the relationship between advancing
contact angle values and slug detachment height. Once the
advancing contact angle is determined and fixed, a plot of
the receding contact angles versus slug detachment length
is constructed in the same manner. The fitted values of
the side wall advancing and receding contact angles combi-
nation are determined by using these plots with the exper-
imentally obtained slug length measurements. Using this
fitting method, it is found that the side wall advancing
and receding contact angles of 135° and 70°, respectively,
generate results that perfectly match the experimental data
over the entire the range of flow conditions.

Figs. 13 and 14 show the comparison between experi-
ments and simulations for two flow conditions. In
Fig. 13, 15.56 m/s air velocity and 0.09 m/s water velocity
are employed, whereas in Fig. 14 the air and water veloci-
ties are set to be 17.78 m/s and 0.11 m/s, respectively. The
same microchannel is used in both cases, so the same fitted
contact angle value is employed in both cases. The first row
in each figure corresponds to the non-hysteresis simulation
in which the current hysteresis model is not employed and
only a single contact angle (105° for Fig. 13 and 90° for
Fig. 14) are specified for the entire computational domain.
Conversely, the second row depicts the simulation based on
the present hysteresis model. The third row shows the
experimental results against which our simulations are
compared. The white arrow indicates the direction of the
airflow, and the bottom water injection slot is located at
the lower left corner of each image.

As evidenced in the figures, an excellent quantitative
match is achieved between experiment and simulation in
the following aspects: (1) the height and length of the liquid
slug throughout its growth process and especially at the
detachment point, shown in the last image of the 2nd
row, turn out to be quite consistent with those in the exper-
iment. The quantitative comparison in terms of this aspect
will be conducted over the entire flow conditions in the fol-
lowing discussion. (2) Similar to the experimental observa-
tion, the slug growth velocity in the longitudinal direction
is much higher than that in the transverse direction, result-
ing in a elongated shape. (3) The curvature of the
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Fig. 13. Comparison for condition A: air: 15.56 m/s, water: 0.09 m/s, side wall 135°/70°, bottom: 105°/70° row 1: simulation without hysteresis, row 2:

simulation with hysteresis, row 3: experiment.
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Fig. 14. Comparison of the predicted slug growth process to the experiment for condition B: air: 17.78 m/s, water: 0.11 m/s, side wall 135°/70°, bottom:
105°/70°. Row 1: simulation without hysteresis, row 2: simulation with hysteresis, row 3: experiment.

computed liquid slug profile also varies in a similar pattern
as that of the real slug does. Due to the difficulty of exper-
imentally measuring the out of plane curvature, the present
comparison is restricted to the liquid slug profile curvature
in the plane of the image.

For the non-hysteresis cases shown in Figs. 13 and 14,
the liquid slug detachment occurs at 9ms and 10 ms,
respectively, both of which are much earlier than their
counterparts in the hysteresis simulation as well as in the
experiment. Whenever the hysteresis effect comes into play,
the asymmetric distribution of the contact angle along the
slug profile gives rises to a net retentive force which resists
the slug motion in the streamwise direction, and in turn
delays the onset of detachment. Conversely, the absence

of the hysteresis precludes the asymmetry of the contact
angle distribution and the existence of the retentive force
as well, leading to the early detachment. Another charac-
teristic contradiction of the non-hysteresis model with
respect to the experiment is that the detached slug without
hysteresis tends to contract radially and become circular
rather than elongated in the image plane. In reality, such
phenomenon typically occurs for droplets in free space,
but is not realistic in a confined space due to the impact
of the hysteresis effect.

The non-hysteresis simulation in Fig. 13 also shows that
the slug eventually detaches from the microchannel bottom
and becomes “suspended” (in the plane of the image) in the
airflow, which is commonly observed in simulations of
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highly hydrophobic microchannels in the absence of hys-
teresis. As Basu et al. (1997) discussed, a sliding drop
detaches when the hydrodynamic lift force exceeds the
adhesive forces acting in the normal direction to the micro-
channel bottom. The lift force originates from the asymme-
try of the air flow field over the liquid slug. However, the
corresponding adhesive force, which resists the lifting
motion of the liquid slug in the microchannel, stems from
the interfacial surface tension and is proportional to the
sine function of the contact angle, provided the hysteresis
effect is neglected. Therefore, since a 90° contact angle
yields higher adhesive force than any other contact angle
value does, slug lifting never occurs in the non-hysteresis
simulation of Fig. 14 with 90° contact angle. It should also
be noted that such lifting and suspension never happen
when the contact angle hysteresis comes into play. Similar
to what occurs in the longitudinal direction, the hysteresis
effect also generates a net force in the transverse direction
normal to the bottom, which prevents the liquid slug from
lifting and becoming suspended.

Fig. 15 shows the comparison between experiment and
simulation in terms of the slug critical heights at the
detachment point corresponding to various air velocities.
Twelve cases were considered over air velocities ranging
from 13.38 m/s to 32 m/s and a single combination of bot-
tom/side wall contact angles were used for all the cases. It
is shown that the results of the hysteresis model perfectly
match the experimental measurements over a wide range
of flow conditions, with the maximum relative error less
than 10%. It should also be noted that the cases of high
air velocity (small detachment height) generally yield larger
error than the cases of small air velocity do. The reason is
that the slug size at detachment diminishes with air velocity
leading to relative larger experimental measurement errors
and the need for a finer computational grid to maintain cal-
culation accuracy. Similarly, Fig. 16 shows the comparison
in terms of the correlation between slug detachment length
and the air velocity. It is evident that the hysteresis model
yields much better results (solid line) than the non-hystere-
sis model does (dashed line).

Due to the high aspect ratio of the channel considered
here, the surface adhesion force acting on the side wall
dominates the liquid slug detachment and as such the con-
tact angle distribution along the contact line between the
slug and side wall plays an important role. Fig. 17 shows
the calculated side wall contact angle distribution along
the slug profile during slug growth, where the greyness of
the line represents the change of angle value from receding
angle (135°) to advancing angle (70°). Initially, a uniform
distribution of advancing angle exists along the slug profile.
With the growth of the liquid slug, the tail of the slug first
experiences a decrease in contact angle value. Further slug
growth raises the air drag force, causing a gradual propa-
gation of the decrease in contact angle from the tail to
the middle part of the liquid slug.

The side wall contact angle distributions at detachment
for various flow conditions are shown in Fig. 18. The
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Fig. 15. Comparison of the experimental measurement to the simulation
in terms of slug detachment height versus air velocity.
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Fig. 16. Slug detachment height versus air velocity. Both hysteresis and
non-hysteresis results are presented for the comparison with the
experiment.

x-coordinate in the graph represents the curvilinear distance
from the point of interest to the liquid slug head, i.e. point
F in the legend. The distance has been non-dimensionalized
by the entire length of the liquid slug profile from point F to
point E. It shows that the angle distributions under various
flow conditions share a common combination of character-
istic regions, i.e. a uniform advancing angle region, a uni-
form receding angle region, and a linearly decreasing
region in between. If the non-dimensionalized locations of
the separation points A and B, which mark the transition
from region to region, are compared over cases, some
interesting trends arise. Specifically, point B, which marks
the transition from a receding contact angle region to a lin-
early decreasing contact angle region, remains fixed at 0.7
for various air flow rates. Conversely, point A, which
marks the transition between the advancing contact angle
region and the linearly decreasing contact angle region,
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Fig. 18. Predicted side wall contact angle distribution at detachment point
for various air velocities and slug detachment lengths.

shifts to the right (aft section of the slug) with increasing air
flow rate and consequent decrease in liquid slug detachment
size. In other words, the increasing air velocity will narrow
the linearly decreasing contact angle region and cause the
line AB to become steeper. In their efforts to evaluate the
net surface tension acting on the triple line of a bubble or
liquid droplet, Blackmore et al. (2001) and Mahe et al.
(1988) assumes that the contact angle on the upstream half
of the contact line is uniform at the advancing contact angle
value and on the downstream half of the contact line is uni-
form at the receding angle value. Likewise, Brown et al.
(1980) and Rotenberg et al. (1984) assumes that the contact
angle decrease linearly from the head to the tail, while Basu
et al. (1997) assumes that there exists a uniform advancing
contact angle region, followed by a linearly decreasing con-

tact angle region that transitions from the advancing con-
tact angle to the receding contact angle. Our simulation
results show a distribution pattern different from these
works. It should be noted that a portion of the contact line
moves prior to detachment. It is discussed previously that
the contact angle on a moving contact line can deviate from
its equilibrium value 04, Or in a manner described by Eqgs.
(3) and (4), i.e., 0 can be either higher than 0, or smaller
than 0r. However, considering that the contact line moves
at a very slow velocity before detachment such deviation
is not visible in Fig. 18.

An interesting phenomenon observed in both the exper-
iments and simulations is the slug growth and deformation
instability after detachment, as illustrated in Fig. 19. Under
some flow conditions, a post-detachment slug may experi-
ence an abrupt increase in height and decrease in the length
such that the liquid slug is squeezed during forward move-
ment. A sudden increase of the slug height causes the air
drag force to build up dramatically, resulting in an extre-
mely large acceleration of the slug motion. Such motion
pattern is not stable and the liquid slug will eventually
break up into small droplets entrained by the air flow.
The blurring of the last image in row 1, Fig. 19 is a good
illustration of the fairly high velocity of the slug before
its break up. In the present simulation, the dynamic contact
angle is calculated based on Egs. (3) and (4). Although a
detailed discussion of the mechanism behind the liquid slug
instability is beyond the scope of this paper, it is very
important to note that the contact angle hysteresis effect
is the primary factor that induces the post-detachment slug
instability, which never takes place in the absence of the
boundary adhesion force caused by the hysteresis effect.
Recall that, as was illustrated in Figs. 13 and 14, a non-hys-
teresis model generally yields a symmetric and round slug
shape, which never deforms in an unstable manner.

2.3 ms

Fig. 19. Slug instability process after detachment for flow condition: air:
angle: 105°/70°.

2.7 ms

17.78 m/s, water: 0.11 m/s, side wall contact angle 135°/70°, bottom contact

2.8ms 2.86ms
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6. Conclusion

Surface tension acting at the triple line is very impor-
tant in microscale multiphase flows. Specifically, contact
angle hysteresis plays a critical role. To account for this
factor, the present study focuses on the numerical simula-
tion of liquid—gas microscale multiphase flows using a
contact angle hysteresis model based on the VOF model.
Solving the non-linear equations accounting for the
relationships among volume fraction, interface position,
and contact angle, a special model is developed to repli-
cate the hysteresis effect. Moreover, the dynamic contact
angle, which is velocity dependent if the contact line is
in motion, has been considered by employing an empirical
formulation and calculating the displacement of the
contact line between consecutive time steps. For valida-
tion of the model, two experiments including droplet
detachment on a rotating disk and liquid slug flow in a
microchannel were conducted, and a systematic compari-
son between experiments and simulations was performed.
In both cases, quantitative matching is achieved for a
wide range of flow conditions and the importance of
the contact angle hysteresis effect has been clearly
illustrated.

Both the simulations and experiments of droplet detach-
ment on a spinning plate reveal that elongation of the con-
tact line generally takes place and the droplet tends to
spread on the surface in response to the applied centrifugal
acceleration. It is found that the droplet adhesion charac-
teristics of a SAM FTDS coated silicon surface resemble
that of a GDL with 5% Teflon. This implies that materials
with different surface properties can yield quite similar
adhesive or retentive interactions with liquids such as water
provided the combinations of advancing and receding con-
tact angles are alike.

The simulation of the slug flow in a microchannel shows
the contact angle hysteresis is responsible for the slug elon-
gation and the post-detachment instability. In addition, the
simulation result implies that contact angle distribution
along the slug profile can be approximated using piecewise
linear functions. Moreover, considering that the multi-
phase flow patterns arising in a confined space at the
microscale are extremely sensitive to surface properties,
the present contact angle hysteresis model can be used to
estimate the surface properties for which an in situ mea-
surement is difficult to conduct. For example, the advanc-
ing and receding contact angles of a microchannel can be
estimated by identifying the optimal contact angle values
that provide the best match between the computed flow
pattern and the experimental observations. A similar
approach has been used by Wang et al. (2006) for the pre-
diction of bubble geometry.

Finally, excellent agreement of the calculated liquid slug
dimensions at detachment with those measured in the
experiment shows the potential of the current model to pre-
dict slug growth and detachment behavior in microchan-
nels, a problem of great importance in a wide range of

engineering applications such as fuel cell water manage-
ment and microfluidic devices.
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