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We proposed a micro-pin-fin based membrane separator. An enclosed membrane with micron scale holes
was symmetrically populated in a rectangular duct. When gas phase interacts with the membrane, the
gas-liquid interface cannot break through the pin-fin holes due to the increased surface energy. A
two-dimensional numerical model simulated the separation process. The volume of fluid (VOF) method
tracked the gas-liquid interface. Multiscale grids were used. When a bubble attacks the pin-fin mem-
brane, strong liquid circulation occurs at the membrane entrance. Pressures in the side region are larger
than those in the core region. Liquid plugs are shortened due to the pressure driven flow from side region
to core region to cause the bubble coalescence. The separation length was shortened while increasing the
gas flow rates. The bubble lengths were weakly influenced by gas flow rates. Liquid plugs are quickly
shortened following the membrane entrance. The frictional pressure drop of the two-phase mixture in
the side region was larger than that of liquids in the core region, even at low gas flow rates. The ultra-
large gas flow rates yielded quite large bubble pressure to exceed the capillary pressure limit, causing
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the separator failure. Ultra-low and large gas flow rates specified the separator operation range.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Two-phase flows in microchannels have been widely investi-
gated for electronic micro-chips, micro-reactors and micro-heat-
exchangers. Microchannels have large surface to volume ratio to
have large heat and mass transfer rates [1-3]. Phase separation is
an important process for chemical engineering [4]. For example,
the distillation and absorption contain phase separation process,
which should be thoroughly investigated, especially in microscale.

Many mechanisms, including centrifugal force [5,6], gravity
force [7-10] and surface tension forces [11-15], can be used to per-
form the phase separation. The capillary length / is important to
characterize the phase separation [3]:

A=1/0/8(p1 = py) (1)

where ¢ is the surface tension force and p; — pg is the density
difference between liquid and gas phases. When the structure size
is reduced to below 4, the capillary effect becomes important.

The phase separation in microsystems was reviewed by
Wiesegger et al. [16]. Gupta et al. [17] commented on the non-
dimensional parameters involved in two-phase system such as
Reynolds number (Re= puD/u): the inertia relative to viscous
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force; the Froude number (Fr=pu?/ApgD): the inertia relative
to gravity; the Bond number (Bo = ApD?g/c): the gravity relative
to surface tension force; the capillary number (Ca= uu/o): the
viscous force relative to surface tension force; and the Weber
number (We = pu®d/c): the inertia relative to the surface tension
force. These dimensionless parameters indicated that as the chan-
nel size decreases, the surface tension force becomes more
important.

The phase separation in capillaries or in a capillary network has
been investigated by various researches [18-25]. Membranes were
used to deal with the phase separation. The gas-liquid interface
was stabilized with a membrane during the evaporation process
[12]. Different membranes were investigated on the separation fac-
tor and the distillate flux rate. Only the feed concentration influ-
enced the separation efficiency. David et al. [12] used a
hydrophobic PTEE membrane with 220 nm pores to vent the vapor
phase from water boiling in microchannels.

Kraus and Krewer [13] used a membrane combining hydrophi-
lic and hydrophobic materials to separate CO, from water/metha-
nol mixtures in microchannels for direct methanol fuel cells.
Effects of the temperature, humidity, flow rates and orientation
on the separation efficiency were considered. The separation effi-
ciencies could reach 100%. Zenith et al. [26] used the interface
tracking method (volume of fluid, called VOF) in Fluent to model
the phase separation in a separator that was experimentally stud-
ied by Kraus and Krewer [13]. The separator orientation with
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Nomenclature

a core region width (um)

Apore pore cross sectional area (mz)

Bo Bond number

b width of each side region (pm)

Ca capillary number

Cq discharge coefficient

Co courant number

d gap between micro-pin-fins (pum)

D bare duct width (pum)

E surface energy (J)

Eo the ratio between gravity and surface tension forces
Fyol interface-induced volume force vector (N)

Fr froude number

f bubble appearance frequency (s~!)

g gravitational acceleration (m s 1)

H bare channel height (pm)

] superficial velocity (m s~1)

K the work which pushes the gas bubble moving (J)

L channel length (mm)

Ls the slug bubble length (pm)

ng the number of pores that are occupied by gas in the side
region

n the number of pores that are occupied by liquid in both
sides

Ny the unit vector normal to the wall

P pressure (Pa)

Q volume flow rate (m®s~')

Re Reynolds number

S1, S2 moving distance from state A to state B (m)

t time (ms)

tw the unit vector tangent to the wall

T the time period of Bubble appearance (ms)

u velocity in x coordinate (ms™!)

Uin inlet velocity (ms™1)

1% bubble volume (um?)

radial velocity (m/s)

velocity in y coordinate (m s™!)
velocity vector

micro-pin-fin width (pm)
Weber number

x coordinate

y coordinate

z coordinate

S < <
S

N < X

Greek letters

o void fraction
BL the ratio of a slug bubble length related to a bubble unit
length

) film thickness (pm)
1) two-phase multiplier
K interface curvature (m™1)
u dynamic viscosity (Pa s)
0 contact angle

o density (kg m~3)

1 surface tension (Nm™1)
y) Laplace-length (m)

Subscripts

B bare duct section

b bubble

core core region

g liquid phase

in inlet

l vapor phase

lo the whole two-phase flow rate flowing as liquid only
M modulated flow section
side side region

w wall

respect to gravity was found to have small influence on the separa-
tor performance.

We proposed a phase separator in Xu et al. [27]. The separator
was formed by populating an enclosed micro-membrane in the
microchannel center. When a bubble train in the bare duct inter-
acted with the micro-membrane, a single bubble was separated
into two daughter bubbles to flow in the two side regions. The sep-
arated bubbles did not enter the micro-membrane inside due to
the increased surfaced energy (see Fig. 1). A multiscale numerical
scheme using the volume of fluid (VOF) method tracked the gas-
liquid interface. The results identified that the separator consisted
of a phase separating section and a fully phase separation section.
Here the phase separating section refers to the bubble merging in

State 4 (P))

State B (P,)

Side region

oooo

Core region

oooo

Side region

Fig. 1. The drawing to show the mechanism why bubble cannot enter micro-
membrane inside.

the side region and the liquid plugs are gradually shortened along
the flow direction. The fully phase separation section refers to that
the bubbles are completely merged. Within the separating section,
the two side regions contained confined bubble train. The liquid
plugs were gradually shortened along the flow direction, caused
by liquid flowing towards the micro-membrane inside. Liquid cir-
culations were observed within liquid plugs. The gas-liquid could
be fully separated.

The present work continued our previous work. Regarding the
proposed micro-separator using the micro-membrane structure,
the question may arise that what are the minimal and maximum
flow rates that are adapted to a given micro-separator design. In
order to answer this question, we fixed the liquid flow rate, but
gas flow rates are continuously varied from minimum to maximum
at which gas bubble begins to break-through the micro-membrane.
The flow field and bubble dynamics were carefully examined dur-
ing the separation process when the flow rates are changed. It is
found that the micro-separator can operate at very low gas flow
rate. The maximum gas flow rate corresponds to the dynamic pres-
sure exceeding the maximum capillary pressure that can be pro-
vided by the membrane pore.

2. The background

Fig. 1 shows the separator with micro-membrane in a
rectangular duct. Because the computation resource is huge for a
three-dimensional problem with many micro-pores involved, the
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problem was simplified as a two-dimensional one, inferring infi-
nite size perpendicular to the paper plane. The micro-pin-fins were
lined to form an enclosed micro-membrane with an open exit.
Because the front plane of the enclosed membrane directly
receives the fluid stream from its upstream, the front plane is solid
without holes to prevent gas phase from entering the membrane
inside (see Fig. 1). The duct cross section was divided into a core
region and two side regions close to the side duct walls. The gap
between two neighboring pin-fins was d (recorded as the pore
diameter). Each of the two side regions had the width of b. The core
region had the width of a. The pin-fin had square cross section with
a width of w (see Fig. 1). The depth perpendicular to the paper
plane is infinite but it is assumed a limited value of H.

Bubbles are difficult to enter the core region if d is sufficiently
small. This is because the surface energy of gas bubble should be
increased when the bubble interface moves from a larger space
to a smaller space [28]. Considering a large bubble with its width
identical to the duct width D is penetrating the pore with its size
d, the surface energy of the gas bubble between state A (initial
state) and B (ending state) is

dE =20(d + H)ds; — 2a(D + H)ds, (2)

where E is the surface energy, ¢ is the surface tension, d is the gap of
the micro-pin-fins, D and H are the channel width and depth,
respectively, ds; is the moving distance from state A to state B in
the bare duct, ds, is the distance penetrating the micro-pore (see
Fig. 1). The mass conservation for the gas bubble yields

dHds, = DHds; 3)

Thus the work required to transform the gas bubble from state
AtoBis

dK = P1DHdS] — PdedSz (4)

where K is the work, P; and P, are the gas bubble pressures at
the state A and B, respectively. The P; and P, had the following rela-
tionship with dK = dE.

P, — P, :20(#%) (5)

The second term of the right side of Eq. (5) contributes less to
the pressure difference due to D > d. Giving ¢ = 0.07275 N/m for
an air-water system at 20 °C and d =5 pum, P; — P, = 29 kPa, indi-
cating a pressure difference of about 30 kPa required to penetrate
a bubble interface within the micro-pores. It is noted that Eq. (5)
is deuced using the surface energy equation (Eq. (2)) and the mass
conservation equation (Eq. (3)). Eq. (5) is not related to the solid
surface wettability. Thus, the contact angle term does not appear
in Eq. (5).

It should be noted that the air-water system is widely used for
thermal and chemical engineering applications. Thus, the air-wa-
ter system is used in this study. In Eq. (5), D is the channel width,
and d is the gap between two neighboring pin-fins (see Fig. 1).

3. Configuration and problem statement

Fig. 2 shows the microfluidic with infinite z coordinate. The sep-
arator consisted of a bare duct part and a separating flow part. The
flow field and bubble interface can be compared between the bare
duct part and the separating flow part. An enclosed micro-
membrane with an open exit was located symmetrically in the
rectangular duct. The open exit was used to discharge fluids. The
micro-membrane was formed by micro-pin-fin structure. For prac-
tical applications, the two open exits for both liquid and gas phases
are connected with capillary tubes for fluid transport. The equal
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Fig. 2. The two-phase separator (two-dimensional geometry with infinite z
coordinate).

pressures at the exit plane of gas and liquid phases can be realized
by adjusting the exit capillary tube sizes.

The bare duct width and depth were D and H, respectively. The
two parts had the length of Lg and Ly, respectively. The micro-pin-
fin had the square cross section with the width of w. The gap
between two neighboring pin-fins was d. The two side regions
had the gap width of b and the core region had the width of a.
The major dimensions are D =400 pm, a =235 pum, b=77.5 um,
w=>5pum and d =5 pum. The three-dimensional coordinates of x, y
and z were marked in Fig. 2. The regions 1, 2, 3 and 4 referred to
bare duct, side region, core region and membrane structure with
pin fin structure. The working principle of the separator was
described in Fig. 1, together with Egs. (2)-(5). The problem of the
micro-separator is difficult because the separation mechanism is
unknown and there are no correlations about the separation effi-
ciency and separation length.

Fig. 3 shows the half computation domain due to the symmet-
rical device. The problem fixed the inlet fluid velocity u;, at x = 0. In
order to give the flow rates of gas and liquid phases, Taylor bubbles
were assumed to populate at x = 200 pm consecutively at the time
period of T=1/f, where f is the bubble appearance frequency. The
Taylor bubble contained a body (360 pm in y direction and infinite
in z direction) and a half circle (180 pum in radius). The total bubble
length was 540 um. Based on Qian and Lawal [29], the bubble
length is influenced by the channel geometry shape and size, as
well as the flow rates of the two-phases. At specific flow rates of
liquid and gas phases, the bubble lengths have a statistical distri-
bution. The bubble length here was selected as the size that had
maximum distribution at the specific flow rates in a rectangular
microchannel. With this information a single bubble had the vol-
ume of V, =1.81 x 1077 m°. The two-phases had the flow rates of
Qz=Vyf and Q;=u;D — Q,. The flow rates were characterized in
terms of per unit depth in z direction. The superficial velocities of
the two-phases are J; = Q,/D and J; = Q;/D. The Reynolds numbers
were defined based on the superficial velocities of the two-phases:

D
Rel _ pl]lD7 Reg _ pgjg (6)
:ul :ug
¥
300 wall

. [ pressure
inlet | ]180 \0.97)33 | >> ..... outlet

f——— symmetry

200

Fig. 3. Computation domain and boundary conditions (all dimensions are in pm).
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where the subscripts g and [ represent gas phase and liquid phase,
respectively.

4. Numerical method and solution procedure
4.1. Governing equations

The interface can be explicitly captured if the interface is appar-
ently larger than the grid size [30]. Only a single set of conservation
equations are solved and the interface is tracked using an addi-
tional advection equation. The bulk properties of the fluid are the
volume fraction weighted average of the properties of the two flu-
ids. An additional equation for the gas void fraction is solved to
identify the interface location. The governing equations in terms
of volume-of-fluid (called VOF) are:

The advection equation of the volume fraction:

oo

5% +2-Va=0 (7)
The continuity equation:

V.7=0 8)
The momentum equation:

o B . . . N

5 (PO +V - (pPD) = -VP+ V- WD+ VD] + Fpol 9)
in which

P = P10+ Pgllg (10)

M= oy + 10l (1)
The ratio between gravity and surface tension forces is defined

as:

2
Eo — ‘% 12)

where g is the gravitational acceleration, Ap is the density differ-
ence of the liquid and gas. Bretherton [31] used Bond number,
Bo = Eo/4. Both Eo and Bo are significantly smaller than 1, thus the
gravity force is not considered in this study. In Egs. (7)-(9), « is
the void fraction, t is the time, 7 is the velocity vector, p and p
are the density and viscosity, respectively. The volume force due
to the surface tension effect in Eq. (9) was modeled as [32]

oUPKIV Ol + 0g P 1< V0l
05(p1 + pg)

where k is the interface curvature having the following
expression:

_ _ VO((
Kj=—-Kg=—-V- <W> (14)

The contact angle of the fluid contacted with the wall adjusts
the surface normal in cells near the wall, resulting in the curvature
adjustment of the surface near the wall. If the contact angle is
recorded as 0, the surface normal at the live cell next to the wall is:

Fuolzg

(13)

fl = fi, cos 0+t Sin 0 (15)

where #,, and t,, are the unit vectors normal and tangent to the
wall, respectively. The contact angle is only important when both
of the phases contact with the solid wall or the liquid film around
the gas bubble is so thin that the van der Waal forces act across the
film. Once a slug bubble is formed with a liquid film on the wall,
wall adhesion plays no role to decide the bubble shape. This treat-
ment is similar to that of Mehdizadeh et al. [33]. The liquid film
thicknesses were paid attention here. Because the bubble is not

too long, the liquid film thicknesses are varied along the bubble
body length. We captured the thinnest liquid film thickness to be
13.6 um in the bare tube section. Alternatively, such liquid
film thicknesses are predicted by the expressions such as
8/D =0.25Ca’>, §/D = 0.67Ca®%%’, and

s 067Ca*”
D 1+2.5(1.34Ca*?)

in Refs. [31,34,35]. The liquid film thicknesses are computed
based on the above expressions are 12.4 um, 16.5pum and
13.7 um, respectively. The present simulated value of 13.6 pm is
very close to those predicted by the expressions in Refs.
[31,34,35]. It is noted that the liquid film thickness was further
thinner in the modulated flow section with pin-fin structure.

(16)

4.2. Grid generation and interface tracking

Fig. 4 shows the two-dimensional grid generation system. The
grids are created to have multiscale behavior. Special attention
was paid to the near wall region and the near micro-pin-fin region.
Regarding the near wall region, very fine grids are used with
61 =5 nm for the first layer on the wall (see Fig. 4). The second layer
had the grids of 6,6, = 1.2. The grids gradually become coarse with
the adaption factor of 1.2. The fine sub-layers on the wall had the
total thickness of 30 pm. The criterion is that the sub-layer thick-
ness should be significantly larger than the liquid film thickness.
In this study, the sub-layer of 30 um is more than two times of
the liquid film thickness when the bubble is flushing the channel
wall. The grids far away from the wall and the micro-pin-fin region
had the size of 3.125 pm. Much fine grids are used near the pin-fin
pores. There are 8 grids within a single hole between two neigh-
boring pin fins. The grids become coarse away from the micro-
pin-fins based on the adaptor factor of 5:1. The sensitivity analysis
of the grid number on the flow was performed. It was found that
further refinement of grids had no influence on the flow behavior.

It is known that the computation results are relied on the grid
numbers. Fig. 4 shows the grid construction with the grid number
of 79,089. However, the cases of grid number of 54,574 and
148,444 are also tried. The parameters of bubble dynamics such
as liquid film thickness, bubble velocities and stabilized bubble
lengths are compared among the cases with the three grid num-
bers. It is found that the computation results are not changed any-
more when the grid number is up to 79,089. Thus, the results
presented in this paper are reliable.

e pore
N 5 5 e dENNEEN
(::) [ M
| /
g
1 61=0.005 pm 0 ave=3.125 pm ] }7
5,/8,=1.2 Dz
pin fin

30um

Fig. 4. Grid generation and enlarged grids near the duct wall and pin-fin area.
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4.3. Differencing schemes

The finite volume method (FLUENT version 6.3.26) solved Eqgs.
(7)-(9) and boundary conditions. The second order upwind scheme
was applied for momentum discretization and the SIMPLE algo-
rithm dealt with the pressure-velocity coupling. The geometric
reconstruction scheme captured the interfaces accurately. The
time marching of the continuity and momentum equations was
fulfilled by the first-order implicit scheme. The time step is con-
trolled by the Courant number, written as

At

0=

(17)
where Ax is the grid size and u is the fluid velocity. The Courant
number was set to 0.25 in this study.

5. Results and discussion
5.1. Verification of the numerical simulation and runs of this study

In order to verify the correctness of the present numerical sim-
ulation, we calculated the pressure drop in a two-dimensional
channel without micro-membrane insert. The channel duct width
was 400 um in y direction and the z coordinate is infinite. The duct
length was 16.0 mm. The two-phase flow rates were Q =2.67
x 107" m?/s and Q,/Q;=4/6. The bubble generation frequency
was about 1000 Hz, corresponding to the bubble appearance time
period of about 1 ms (see the basic run in Table 1). Because Taylor
bubbles were orderly populated along the flow direction, the pres-
sure drop was evaluated in terms of a Taylor bubble unit. The pres-
sure drop gradient was calculated as 0.284 MPa/m. On the other
hand, Kreutzer [36] gave the pressure drop gradient as

dpP 20, +Jg) D (Re\**
—(E>S:m$x 16<1+0.O7L—S<a> (18)

where g is the liquid viscosity, J; and J; are the superficial velocities
of gas and liquid, respectively, Re and Ca are the Reynolds number
and capillary number, assuming the whole mixture flowing as liq-
uid only, g; is the ratio of a slug bubble length related to a bubble
unit length, it is 0.54 for the present case. L; is the slug bubble
length, equals to 0.66 mm. The pressure drop gradient by Eq. (18)
was 0.271 MPa/m, deviating from our simulated value by less than
5%, indicating the correctness of our numerical simulation.

The liquid volume flow rate was fixed as 2.67 x 1074 m3/s per
unit depth in z direction. However, the inlet velocity u;, is
increased gradually, from S-2 to L-2. The S-2 run had the smallest
gas flow rate for which Qg/Q;=2/6. Such run was to explain the
phase separation mechanism at low gas flow rate. The basic run
had Q4/Q; = 4/6, which was determined assuming the equal average
velocities of gas flowing in the two side regions and liquid flowing
in the core region. The L-1 and L-2 runs had larger gas flow rates.
We will show that L-1 was a run for normal phase separation.
L-2 had the largest gas flow rate, for which bubbles had large

Table 1
Runs in this study.

pressure to penetrate holes between neighboring pin fins. Bubble
breakup happened thus the device does not work, practically.

In order to further verify the correctness of the present compu-
tations, pressure gradients in the bare tube section were listed in
the last two columns of Tab.1. It is seen that the simulated pressure
gradients are well agreement with the predictions by Eq. (18), for
all of the five runs encountered in this paper.

5.2. Phase separation process

This section describes the phase separation process for the basic
run (see Table 1). Fig. 5 tracked the bubble locations when the bub-
ble was traveling from the bare duct to the phase separator. The
initial time (t = 0) was defined when the bubble appeared at the
location shown in Fig. 3. Fig. 5a and b shows the bubble in the bare
duct. The Taylor bubble was 660 pum in length, and the liquid plug
between two neighboring Taylor bubbles had a length of 562 pm.
The Taylor bubble consisted of a bubble nose, a bubble body and
a bubble tail. The liquid film was formed between the Taylor bub-
ble body and the duct wall. The shape of the bubble tail was depen-
dent on the capillary number and it was protruding due to the
small capillary number for the air-water system. This shape was
consistent well with the analysis reported by Taha and Cui [37].
The flow field at the center between two neighboring bubbles exhi-
bits perfect parabola distribution across the duct width. The para-
bola distribution was slightly deformed when the axial location
approaches the bubble nose or bubble tail.

Fig. 5¢ and d shows the bubble interacting with the micro-
membrane. Liquid inside the micro-membrane was almost station-
ary. The bubble was separating into two daughter bubbles, but
only one bubble was shown due to the half computation domain
demonstration. The bubble did not enter the core region. The dis-
tance between two neighboring micro-pin-fins, d, was small
enough so that the surface energy increment for the bubble pene-
trating into small holes was larger than the pressure difference
across the two sides of the micro-membrane. The apparent change
of the liquid film thickness was observed.

Fig. 5e and f shows the two daughter bubbles completely
formed in the two side regions of the separator. The daughter bub-
bles had thin liquid films for most part of its length. But thick liquid
film was observed at the daughter bubble tail.

Fig. 5g shows two bubbles in the side regions, which were
merging together. The liquid velocity field inside the core region
was successfully established. The liquid films on the side walls
are ultra-thin, which was about 4 pm. The liquid in the core region
also exhibits the parabola velocity distribution across the channel
width. Fig. 5h shows the complete coalescence of neighboring bub-
bles in the side regions. The co-current flow was established in
both the side regions and the core region.

An alternative way to present the flow field uses the reference
coordinate, which was attached on the Taylor bubble body (see
Fig. 6). Because the flow field was plotted assuming the “station-
ary” Taylor bubble, the flow field was significantly different from
that shown in Fig. 5. The circulating flow in liquids was apparently
observed in the bare duct section (Fig. 6a-c) and at the

Run Ui (mM/s) Qrotar (M3/[s) Q/Q Qg (m?[s) Q (m3/s) 1/f (s) dp/dz (MPa/m) simulation dp/dz (MPa/m) correlation
S-2 0.89 3.57 x 1074 2/6 8.93 x107° 2.02 x 1073 0.118 0.129
-1 1.00 402 x 1074 3/6 1.34x 107 1.35 x 1072 0.191 0.194
Basic 1.12 446 x 1074 4/6 1.79 x 1074 2.67 x 1074 1.01 x 1073 0.271 0.284
L-1 1.23 492 x 1074 5/6 224 x 1074 8.09 x 107 0.305 0.319
L-2 1.34 5.36 x 107 6/6 2.69x 104 6.74 x 107 0.375 0.380

Note: volume flow rates are defined based on per unit length in z direction.
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Mother bubble

Daughter bubble

(d)

(e)

®

Liquid plug

(2

(h)

Fig. 5. Bubble shape and velocity field for basic run (see Table 1): (a) t=14.71 ms, x = 3.9-5.9 mm; (b) t=16.84 ms, x = 6.6-8.6 mm; (c) t=16.89 ms, x = 6.6-8.6 mm; (d)
t=17.04 ms, x = 6.8-8.8 mm; (e) t=17.32 ms, x = 7.7-9.7 mm; (f) t =17.34 ms, x = 7.7-9.7 mm; (g) t = 18.33 ms, x = 9.9-11.9 mm; (h) t =21.02 ms, x = 13.4-15.4 mm.

micro-membrane entrance (Fig. 6b-d). Because the velocities were
defined as the “real” velocity subtracting the Taylor bubble veloc-
ity, and liquids are almost stationary when one stands on the earth
coordinate, the core region entrance had apparent negative veloc-
ities and flow streams are parallel. When the daughter bubbles are
fully separated from the mother bubble, negative velocities are
observed downstream of the daughter bubble in the two side
regions (see 6e-g). This indicates that liquid plugs between two
neighboring bubbles in the side region had smaller velocities than
the bubbles, explaining the coalescence of neighboring bubbles,
which is the main reason to cause the full separation of the gas
and liquid phases. Fig. 6h shows the time on which the two-
phases are fully separated. Velocities within the bubble had para-
bola distribution. But in the core region, velocities are negative
near the pin-fin membrane and positive near the core region cen-
ter. Later we will show that velocities in the core region strongly
depend on the flow rate ratios between the gas and liquid phases.

The pressure distribution was examined over the half computa-
tion domain at various bubble locations (see Fig. 7). Referenced
pressure related to the environmental pressure was used and dif-
ferent pressure scales are used in Fig. 7. Pressures in the bare duct
section are apparently larger than those in the separating section,

due to the fact that population of micro-pin-fin membrane in the
duct increases the two-phase drops. Pressures inside bubbles are
larger than those outside of the bubble, caused by the pressure dif-
ference across the gas-liquid interface balanced by the capillary
pressure related to the surface tension force and the interface cur-
vature. Pressures inside the bubble in the side region are quite uni-
form because the long bubble had quite small interface curvature,
except at the bubble front and tail locations. Always, the gas phase
in the side region had larger pressures than in the core region.
Fig. 8 plotted the radial velocities across the pin-fin membrane.
Positive radial velocity means the flow towards the side region.
Alternatively, negative radial velocity indicates the flow from the
side region to the core region. Four bubbles are focused. The first
bubble is attacking the micro-pin-fin membrane. The second, third
and forth daughter bubbles are gradually shortening the liquid
plug lengths along the flow direction, indicating the coalescence
process in the side region. It is observed that within the liquid plug
between two neighboring daughter bubbles in the side region,
mass transfer from the side region to the core region happened,
except at the bubble tail, explaining the coalescence mechanism
of the bubbles in the side region. Local flow fields were examined
near the second bubble front (point A), the third bubble tail (point
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Fig. 6. Velocity field referenced to the attached coordinate on the bubble: (a) t = 14.71 ms, x = 3.9-5.9 mm; (b) t = 16.84 ms, x = 6.6-8.6 mm; (c) t = 16.89 ms, x = 6.6-8.6 mm;
(d) t=17.04 ms, x=6.8-8.8 mm; (e) t =18.33 ms, x =7.7-9.7 mm; (f) t=17.34 ms, x=7.7-9.7 mm; (g) t = 18.33 ms, x=9.9-11.9 mm; (h) t =21.02 ms, x = 13.4-15.4 mm.

B) and the local area where the bubbles are completely merged
(point C). One can find the flow from the side region to the core
region at location A. Alternatively, positive radial flow was estab-
lished at location B, indicating the flow from the core region to
the side region. The positive radial flow covers a very short axial
flow length. At location C, a clear gas-liquid interface was observed
above the pin-fin membrane, under which there was no any mass
exchange across the pin-fin membrane.

Fig. 8 shows the radial velocities at t = 13.4 ms, except that the
last subfigure shows the merging process at t = 13.6 ms for location
D. The two daughter bubbles did not contact each other at
t=13.4 ms, but they are merging at t = 13.6 ms to form the nozzle
shape gas-liquid interface. It is observed that positive radial veloc-
ities exist at the bubble tail (see the locally enlarged flow field in
Fig. 8). The gas-liquid interface is curved at the bubble tail. When
the bubble is traveling from left to right, the volume behind the
bubble tail should be compensated by liquid from the core region
to the side region, forming the positive radial velocities behind the
bubble.

5.3. Effect of the two-phase flow rates

This section discussed the effect of flow rates on the separation
process. An important parameter characterizing the separation

process is the separation length, which was defined as the distance
from the separator entrance to the location where bubbles are
completely merged. Referring the five runs in Table 1, the flow rate
ratios of Qg/Q; are varied from 2/6 to 6/6. Fig. 9 shows the quasi-
linearly decreased separation lengths when Q,/Q; is increased.
When the liquid flow rate is fixed, increasing the gas flow rates
speeds up the bubble moving velocities in the side region. This
effect increased the pressure difference across the pin-fin mem-
brane when the whole duct cross section is occupied by liquid.
Therefore, the radial flow rate from the side region to the core
region is raised to quickly shorten the liquid plug. For ultra-low
flow rate ratio of Q,/Q;=1/6, the bubble train cannot be merged
at the duct exit. Thus, the case of Qg/Q;=1/6 was not shown in
Fig. 9.

It is noted that the separation lengths were less reported in the
literature. At this stage, the direct comparison between the simula-
tion and the measurement is not possible regarding the separation
length. The explanation is given here. The increase of Qg/Q; indi-
cates the increased gas flow rates and/or decreased liquid flow
rates. When the two-phase flow interacts the micro-pin-fin struc-
ture, the gas phase enters the side region. It is noted that the bub-
ble lengths were less changed because we assumed a constant
bubble volume initially. The increase of gas flow rate means the
increase of the bubble formation frequency to shorten the liquid
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Fig. 7. Pressure field for the basic run: (a) t = 14.71 ms, x = 3.9-5.9 mm; (b) t = 16.84 ms, x = 6.6-8.6 mm; (c) t = 16.89 ms, x = 6.6-8.6 mm; (d) t = 17.04 ms, x = 6.8-8.8 mm;
(e)t=17.32ms,x=7.7-9.7 mm; (f) t =17.34 ms, x = 7.7-9.7 mm; (g) t = 18.33 ms, x = 9.9-11.9 mm; (h) t = 21.02 ms, x = 13.4-15.4 mm (note: pressures are referenced to the

environmental pressure).

plug length. Thus, the void fractions are increased to raise the pres-
sure drop in the side region from the micro-separator entrance to
the exit. This effect elevates the pressure difference between the
side region and the core region, yielding the increased liquid flow
rates across the micro-pin-fin membrane to shorten the separation
length.

We examined the bubble slug and liquid plug lengths in both
the bare duct section and the separator section (see Fig. 10). The
two sections are interfaced at x = 8.0 mm (see Fig. 2). In Fig. 10,
the red and black symbols represent the bubble slug length and lig-
uid plug length, respectively. Even though the gas flow rates are
apparently raised from S-2 to L-2, the bubble slug lengths are
weakly changed for different runs. The present simulation gave
the correct trend of the slug bubble length in the side region.
One shall remember that a constant bubble volume is assumed ini-
tially. The increase of the gas flow rates increases the bubble for-
mation frequency. But the slug bubble lengths were less
influenced by the gas flow rates due to the constant bubble volume
for each bubble. The variations of gas flow rates significantly chan-
ged the liquid plug lengths, in both the bare duct section and the
separator section. The smaller gas flow rates yielded longer liquid
plug lengths, indicating the sparse population of gas bubbles in the

duct. On the other hand, the larger gas flow rates involved the
dense population of gas bubbles in the duct. Attention was paid
to the bubble slug and liquid plug lengths in the bare duct section
and the separator section. When a bubble interacts the pin-fin
membrane, the bubble was separating into two daughter bubbles,
which are significantly elongated in the side region, due to the
decreased cross section area in the separator section for the gas
phase. The liquid plugs apparently increased the lengths when
the liquid plug was approaching the membrane entrance, but the
lengths are sharply decreased following the membrane entrance
at x = 8.0 mm. The decrease of the liquid plug length caused the
bubble coalescence and complete phase separation in the separator
section. As observed in Fig. 10, for all the five runs in Table 1, the
liquid plug lengths are shortened to about zero at x=12.0 mm
(4.0 mm downstream of the membrane entrance).

Fig. 10 also shows the bubble slug and liquid plug lengths in the
bare tube section and the modulated flow section for ultra-low
ratio of Qg/Q; = 1/6. Bubble slug lengths are not apparently changed
by comparing with other flow rate ratio cases, but liquid plug
lengths are significantly increased in the bare tube section for Qg/
Q;=1/6. The liquid plug length still exists at x = 16 mm, indicating
the not complete coalescence of the bubbles in the side region.
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Fig. 8. Radial velocities for the basic run (the results were shown at t = 13.4 ms, the last subfigure shows the enlarged velocity field at t = 13.6 ms).
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In order to further examine the effect of flow rates on the sep-
aration process, we plotted the referenced velocity fields for S-2
(low gas flow rate) run, basic run and L-2 (large gas flow rate)
run in Fig. 11, noting that same focused area was used
Fig. 11a and b, but different areas were focused in Fig. 11c and d.
It is observed that the L-2 run had shorter liquid plug length for
the large gas flow rate. When a bubble was attacking the mem-
brane, strong circulating flow was observed for all the three runs
(see Fig. 11a and b). The bubble slug lengths were weakly depen-
dent on the gas flow rates, but the gas flow rates slightly changed
the bubble shape, including the liquid film thickness near the duct
wall.

We noted that the basic run was set so that the average veloc-
ities for the gas phase in the side region and for the liquid phase in
the core region were equal. Assuming the “stationary” bubble (ref-
erenced coordinate), the gas flow rates strongly changed the liquid
flow velocities in the core region. Fig. 11c shows the merging pro-
cess of two neighboring bubbles, while Fig. 11d shows the com-
plete phase separation with liquid plugs disappearing in the side
region. For S-2, Fig. 11c and d shows positive velocities in the core
region, indicating the faster traveling velocities of liquid in the core

region, due to the smaller flow rate ratio of Q,/Q.. For the basic run,
negative axial velocities appeared near the pin-fin membrane, but
positive velocities appeared near the core region center. The veloc-
ity fields were further changed for L-2. The whole core region pos-
sessed negative velocities, indicating smaller traveling speed of the
liquid phase in the core region.

5.4. Ultra-low and ultra-large gas flow rates

Finally, we talk about the ultra-low and ultra-large gas flow rate
runs. If the separator is sufficiently long, the two-phases can be
fully separated even at ultra-low gas flow rates. At a specific sepa-
rator length, the ultra-low gas flow rates may cause the non-
complete coalescence of the bubble slugs in the side region. The
minimum gas flow rate limit is Q¢/Q; = 1/6 for the present separator
design. The ultra-large gas flow rate may cause the bubble breakup
and gas leakage towards the core region, leading to the micro-
separator failure. Thus, a maximum gas flow rate is specified for
a specific separator design.

Fig. 12 shows the referenced pressure distribution during the
merging process of two neighboring bubbles in the side region

S-2

a basic

L-2

S-2

b basic

S-2

c basic

L-2

d basic

L-2

Fig. 11. The referenced velocity field: (a) S-2, t = 19.45 ms; basic, t = 16.84 ms; L-2, t = 15.58 ms; x = 6.6-8.6 mm; (b) S-2, t = 20.01 ms; basic, t = 17.32 ms; L-2, t = 15.93 ms;
x=7.7-9.7 mm; (c) S-2, t=22.49 ms, x =4.7-6.7 mm,; basic, t=18.33 ms, x=9.9-11.9 mm; L-2, t=16.68 ms, x=9.7-11.7 mm,; (d) S-2, t =26.85 ms, x = 13.86-15.86 mm;

basic, t=21.02 ms, x = 13.4-15.4 mm; L-2, t = 18.49 ms, x = 13.4-15.4 mm.



436 B. An, J. Xu/International Journal of Heat and Mass Transfer 95 (2016) 426-439

c kPa

(o) IS

IS

(d)
i

Fig. 12. Pressure field: (a) L-2, t=16.68ms, x=9.7-11.7mm; (b) basic,
t=18.33ms, x=9.9-11.9 mm; (c) S-2, t=22.49ms, x=10.7-12.7 mm; (d) Qg
Q=1/6, t=23.37 ms, x=9.8-11.8 mm.

for L-2 run, basic run, S-2 run and the run for Qg/Q; = 1/6. It is easy
to understand that pressures inside bubbles are larger than those
in liquids around the bubble. We are interested in the pressures
when the whole cross section was occupied by liquids. Such loca-
tions are marked as A, B, C and D for the four runs, respectively. The
local areas were enlarged in Fig. 12. For the small gas flow rate run
(S-2), pressures in the side region are larger than those in the core
region (see location C). This sustains the pressure driven liquid
flow from the side region to the core region, yielding the bubble
merging and thus the complete phase separation can take place
downstream somewhere. For the ultra-low flow rate case with
Qg/Q;=1/6, the pressures are 0.93 kPa in the side region and
0.74 kPa in the core region (see location D in Fig. 12). The pressure
difference between the side region and the core region is only
0.19 kPa to drive liquid flow from the side region to the core region.
Such pressure difference is so small that the liquid flow rate from
the side region to the core region is small, yielding not complete
bubble coalescence in the side region, for the modulated flow sec-
tion of 8.0 mm. The complete bubble coalescence needs longer
modulated flow section.

Fig. 13 shows the void fractions in both the bare duct section
and the modulated flow section, for the four cases of Qgz/Q:=1/6,
S-2 run, basic run and L-2 run, respectively. Because the liquid film
thicknesses are small compared with the channel cross section
size, the void fraction approaches one if the local area is occupied
by the gas phase. Alternatively, the void fraction is zero if the local
area is occupied by the liquid phase. In fact, the void fraction dis-
tribution reflects the gas bubble population density along the flow
length. It is seen that the bubbles are densely populated along the

flow length when the flow rate ratios of Qg/Q; are increased. In the
separating section, the bubble population density is increased
along the flow length. This paper used the separation length as
the characteristic parameter. An alternative parameter is the sepa-
ration efficiency, which is one for the complete separation cases.
The separation efficiency is less than one for the non-complete sep-
aration cases such as Qg/Q; = 1/6.

Fig. 14 shows that the modulated flow section had a length of
Ly. Before the complete merging of bubbles in the side region,
the two-phase mixture was flowing in the side region and liquids
are flowing in the core region. The exit plane at which the sepa-
rated phases are discharged out of the separator was called “2”,
and upstream somewhere was called “1”. Regarding the liquid flow
in the core region, the pressure drop between locations 1 and 2 is

APcore = Pl,core - Pz,core (19)

On the other hand, the two-phase flow in the side region yields
the following pressure drop

Pl.side - P2,side = APlo.side(/)lzo (20)

where APy, e is the frictional pressure drop assuming the whole
two-phase flow rate flowing as liquid only and ¢Z is the two-
phase multiplier. The pressure difference across the pin-fin mem-
brane at the plane 1 is

Pl.side - Pl,core = APlaside(Pﬁ, - APcore + P2.side - Pz,core (21)

Due to the fact that P, sige = P2 core at the exit plane 2, Eq. (21) is
rewritten as

Pl.side - Pl,core = APlo.side(Pﬁ; - APcore (22)

Based on the two-phase flow theory [38], the two-phase flow
multiplier ¢2 has large values ranging from 10 to 100, Eq. (22) is
larger than zero, maintaining the driving force for liquid flow
across the pin-fin membrane. The redial velocity V, across the
micro-pin-fin membrane for a single pore is

2
APlo.sideq)lza - APcore = Cd plTvr (23)
where C; is the discharge coefficient for a fluid stream flowing
through a nozzle just like the pore in this study. For the complete
separation of the two-phases, one shall remember that the total liq-
uid flow rate flows from the side region to the core region. The fol-
lowing equation exists:

Ql = VrnlApore (24)

Where n, is the number of pores that are occupied by liquids in
both the side region and the core region, Ap,. is the pore area for
the liquid flowing through. The separation length for the complete
two-phase separation is

Ly = (m + ng)(w + d) (25)

where n, is the number of pores that are occupied by gas in the side
region, w + d is the length for a single rectangular pore. The value of
n; is determined by Eqs. (23) and (24). The ratio of ng/n, is related to
the average void fraction in the side region of the separator.

The separator works based on the capillary principle. It should
be assured that the pressures inside the bubble are smaller than
the capillary pressure generated by the small holes of the neigh-
boring pin-fins. When the gas flow rate was increased to the value
given for L-2 run, the pressure criterion is not satisfied. The bubble
breakup takes place. Fig. 15 tracks the bubble shape and flow field
at t=4.05 ms and 4.08 ms. The bubble breakup did not happen at
t=4.05 ms but it did happen at t=4.08 ms. When the bubble is
attacking the pin-fin membrane, an enclosed and complete gas-
liquid interface is maintained at t=4.05 ms. This time is called
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Fig. 13. The volume fraction along the bare tube section and the side region of the modulated flow section (a) Q,/Q = 1/6, t =29.07 ms; (b) S-2, t=21.84 ms; (c) basic,
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the normal bubble separating time, on which two daughter bub- Flow direction Exit
bles are being separated from its mother bubble. However, the >

ultra-large gas flow rate yields large pressures inside the bubble Two phase mixture ® P e Posie ®

to exceed the capillary pressure limit that can be provided by the ~ \\  [77 7 7rrrmoooroooooossssssssomssennnnssnsnnnnnnmees
interface curvature within the membrane holes. Thus, the bubble JLiqu‘d * Ploore Pacore
breakup happens on the second membrane hole at t=4.08 ms. _ - - - -

The gas—llq}ud interface is [}Ot c.()mple'te and the'gas phase sha}‘ply Fig. 14. The drawing to show why the separator can work at ultra-low gas flow
discharges into the core region, involving large discharge velocities rates.
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Fig. 15. Bubble shape and velocity field for the maximum gas flow rate run (see Table 1).

t=4.08 ms

Fig. 16. The pressure distribution during the bubble breakup process for the
maximum gas flow rate run.

in the core region. Fig. 16 shows the referenced pressures at
t=4.05 ms and 4.08 ms. Pressures inside the core region is small
at t=4.05 ms. After a short time elapsed at t =4.08 ms, pressures
in the core region upstream are sharply raised. Because the capil-
lary pressure is inversely proportional to the hole size (d), the
decrease of d increases the capillary pressure to extend the gas
flow rate operation range.

6. Conclusions
The following conclusions can be drawn

e A micro-pin-fin membrane separator was proposed using capil-
lary separation principle. An enclosed membrane with micron
scale holes was symmetrically populated in a rectangular duct.
When gas phase interacts the membrane, the gas-liquid

interface cannot penetrate the pin-fin holes due to the increased
surface energy.
A two-dimensional numerical model simulated the separation
process with multiscale feature. The VOF method tracked the
gas-liquid interface. Multiscale grids adapted the near wall
region and pin-fin region.
When a bubble attacks the pin-fin membrane, strong liquid cir-
culation occurs at the membrane entrance. Pressures inside the
bubble are larger than those in liquids. Pressures in the side
region are larger than those in the core region. Liquid plugs
are gradually shortened due to the pressure driven flow from
the side region to the core region to cause the bubble
coalescence.

The increase of gas flow rates shortened the separation length.

The gas flow rates did not apparently change the bubble length.

Large gas flow rates yield densely populated gas bubbles in the

duct. The liquid plug lengths are quickly shortened following

the membrane entrance.

e The frictional pressure drop of the two-phase mixture in the
side region was larger than that of liquids in the core region,
which is the major reason for the separator to work at low or
normal two-phase flow rates. The ultra-large gas flow rates
yielded quite large bubble pressures to exceed the capillary
pressure limit generated by pin-fin holes, causing the separator
failure. The decrease of the pin-fin hole size increased the cap-
illary pressure limit.
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