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ABSTRACT: Capillary microseparators have been gaining interest in downstream unit

GAS-LIQUID SEPARATION

operations, especially for pharmaceutical, space, and nuclear applications, offering & e..0..0.80
efficient separation of two-phase flows. In this work, a detailed analysis of the dynamics £ . Z
of gas—liquid separation at the single meniscus level helped to formulate a model to Qo o * ° T
map the operability region of microseparation devices. A water—nitrogen segmented AP TIME

flow was separated in a microfabricated silicon-glass device, with a main channel Q LIMIT OF
(width, W = 600 um; height, H = 120 pum) leading into an array of 276 capillaries (100 P = < OPERATION

um long; width = S ym facing the main channel and 25 pm facing the liquid outlet), on

both sides of the channel. At optimal pressure differences, the wetting phase (water) flowed through the capillaries into the
liquid outlet, whereas the nonwetting phase (nitrogen) flowed past the capillaries into the gas outlet. A high-speed imaging
methodology aided by computational analysis was used to quantify the length of the liquid slugs and their positions in the
separation zone. It was observed that during stable separation, the position of the leading edge of the liquid slugs (advancing
meniscus), which became stationary in the separation zone, was dependent only on the outlet pressure difference. The trailing
edge of the liquid slugs (receding meniscus) approached the advancing meniscus at a constant speed, thus leading to a linear
decrease of the liquid slug length. Close to the liquid-to-gas breakthrough point, that is, when water exited through the gas
outlet, the advancing meniscus was no longer stationary, and the slug lengths decreased exponentially. The rates of decrease of
the liquid slug length during separation were accurately estimated by the model, and the calculated liquid-to-gas breakthrough

pressures agreed with experimental measurements.

B INTRODUCTION

Capillary-based separators are currently seeing a significant
growth in their implementation for downstream separation of
two-phase flows. Capillarity-driven separation can be exploited
for their high efficiency and accurate spatiotemporal control
afforded by advancements in microfluidics.”” Much of its
application has been in microchemical reaction systems,’®
where, for example, a gaseous component in a reaction requires
a gas—liquid separation step to isolate the two phases. Such
devices have also been applied for liquid—liquid extraction,*™ "’
gas—liquid separation in fuel cells,'" and safe handling of toxic
or carcinogenic molecules.'” Capillarity-driven separators
utilize either membranes or microfabricated capillaries to
separate the phases. For membrane-based separators,*™' it
has been observed that factors such as membrane area,
thickness, wettability, pore size, and tortuosity affect the
separation process. Microfabricated separators'’'® achieve
separation similarly by taking advantage of the differences in
the wettability between the two phases and the surface tension
of the liquid, with the added advantage that the pores are
microengineered, hence having a uniform size, and are not
tortuous. Although limited in their throughput, the fabrication

-4 ACS Publications  © xxxx American Chemical Society

of uniform capillary structures facilitates selective separation
with controllable system behavior. For a typical hydrophilic
substrate (e.g, silicon or glass), the wetted phase (e.g., water)
flows through these capillaries, whereas the nonwetting
dispersed phase (gas) is prevented from entering the capillaries
due to the capillary pressure.'”*’ Liquid—liquid separation can
also be achieved through a similar methodology”' by taking
advantage of the differences in the wetting properties of the
two liquids.

The underlying phenomena of phase separation in capillary
microseparators, at a scale where interfacial tension and
capillary effects are dominant, are far from being fully
understood. In terms of operational limits of capillary
microseparators, the pressure at which the gas phase enters
the capillaries (gas-to-liquid breakthrough), APg,;, can be
estimated from the Young—Laplace equation (appropriately
modified for rectangular channels**)
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1 1
AP, =P, — P, =2y cos He(B + —)

H (1)

where ¥ is the surface tension, D and H are the capillary width
and height (reflecting the principle radii of curvature of the
meniscus), respectively, 6, is the equilibrium contact angle of
the wetting liquid on a substrate, and Pg and Py are the gas
outlet and liquid outlet pressures, respectively. On the other
hand, the liquid-to-gas breakthrough pressure, AP, (i.e., the
point at which complete liquid separation ceases and liquid
exits through the gas outlet) is typically estimated from the
pressure drop across the capillaries in the microseparator using
the Hagen—Poiseuille equation. Several groups have reported
deviations from these estimates for both gas—liquid and
liquid—liquid separations. Various parameters were then
included in the breakthrough models'>'**"**** to account
for (i) flow of liquid through N capillaries in parallel, (ii)
geometric correction factors (e.g., as described by Mortensen
et al.*®), (iii) variations in apparent contact angles of the
menisci, and (iv) the liquid slug lengths and number of active
capillaries during separation. This modified equation is
commonly given as
anL,
AP o=k -Ph=—"5Q
C

NA 2)

where Qr is the total inlet flow rate assumed to be equal to
NQ.. Here, Q_ is the flow through a single capillary, ; is the
viscosity, L. is the length of the capillaries, A_ is the cross-
sectional area of the capillaries, and a is a correction factor that
is yet to be fully characterized.

To estimate the local flow rate through each capillary (Q.),
knowledge of the pressure drop across them is required. This
pressure drop is often estimated from the pressure difference
between the local pressure at the entrance of a capillary and the
liquid-side outlet pressure, assuming that all N capillaries are
used for separation (i.e., leading to Qr = NQ.). There is,
however, enough experimental evidence suggesting that not all
capillaries are used for separation.”® Furthermore, we are yet to
understand and characterize the effect of capillary geometry,
and hence, a geometric correction factor is still used in the
Hagen—Poiseuille equation (e.g., @ in eq 2). In the literature,
only empirical equations exist to estimate the correction factor
for rectangular or nonrectangular cross sections”>”’ that are
constant along the length of the capillary. However, in devices
with nonparallel capillary walls, the cross-sectional geometry
varies along the length of the capillary, thus affecting the local
pressure drop,'”'? and such empirical correction factors can no
longer be applied. Experimental investigation on such a
capillary design could yield crucial information not only
regarding the flow rate of the liquid through the Hagen—
Poiseuille equation but also regarding the wetting properties in
the capillaries and thus the gas-to-liquid breakthrough
pressures. Experimental measurement of the contact angles
in the capillaries is challenging due to limitations in optical
imaging (i.e., imaging needs to be performed inside high aspect
ratio capillaries with narrow widths and high depths, where the
reflection of light is poor). Preliminary attempts with
fluorescence microscopy were performed by our group to
measure the velocity inside the capillaries. However, the
presence of fluorophores in the liquid under investigation led
to changes in surface tension, thus affecting the separation
process. As regards the length of the liquid slugs in the
segmented flow, which influences the separation process,' !

investigations have been performed to either experimentally
measure the slug lengths upstream of the capillary zone or
estimate them from scaling laws (e.g., the model proposed by
Garstecki et al.”®). However, the estimation from the scaling
law by Garstecki et al. does not account for the dynamic
variations in the liquid slug length during separation. This is
because the formation of liquid slugs upstream of the
capillaries is affected by the pressure variations due to the
balancing of forces between the net inflow of liquid into the
separation zone and the outflow of liquid through the
capillaries.”> Additionally, in gas—liquid separation, the
variation in the gas bubble length due to the pressure drop
across the two-phase flow in the inlet segment also leads to
variations in the liquid slug lengths before entering the
separation zone. All model estimations in the literature
eventually result in a linear behavior of the liquid-to-gas
breakthrough pressure (AP, ;) with respect to liquid flow rate,
where the complex hydrodynamics surrounding the two-phase
flow remains unresolved.

In previous work, we experimentally investigated the effect
of flow rates of a gas—liquid-segmented flow in a capillary
microseparation device'” and also undertook a theoretical
analysis of the breakthrough limits. In the present work, we
advance the understanding of gas—liquid separation by
developing a hydrodynamic model based on a liquid slug
during separation in an array of microcapillaries. The
development of the model is aided by in situ analysis of the
liquid slug properties resolved by high-speed imaging,

combined with a computational image analysis algorithm.

B EXPERIMENTAL SETUP

Microfluidic Device Fabrication. Two gas—liquid separator
designs, A-1 and A-2, with trapezoidal-shaped capillaries with a
rectangular cross section (see Table S1 and Figure SI in the
Supporting Information for the design parameters) were fabricated on
a 4 in. silicon (Si) wafer (PI-KEM Limited, UK.) via photo-
lithography and deep reactive ion etching (DRIE) as described by
Roydhouse et al.'’ The silicon wafer was spin-coated with a positive
photoresist (SPR-220-7, Rohm and Haas, USA) and soft-baked at 90
°C for 2 min, followed by 115 °C for 3 min. The separator pattern
was transferred onto the photoresist using a UV mask aligner (Q4000-
6, Quintel, USA). Pattern development was performed by immersing
the wafer in a photoresist developer (MF-26A, Shipley Microposit,
Dow Chemical Company, USA) for 2.5 min followed by thorough
rinsing with deionized water. The wafer was placed at 115 °C for 3
min as a post-exposure baking step. The device was then etched using
a DRIE instrument (ICP DRIE, SPTS Technologies, UK.) with a
standard Bosch process. The depth of the etched devices was
measured using a surface profiler (DektakXT, Bruker, UK.). The
wafer was diced into the desired dimensions using a precision dicing
saw (DAD 3230, DISCO Corporation, Japan). A glass slide (Corning
7740, Newcastle Optical Engineering, U.K.), with predrilled holes for
fluidic inlet and outlets, was anodically bonded to the Si wafer (400
°C, 500 VDC, S min). Before bonding, the substrates were cleaned
with acetone and deionized water (Millipore grade), followed by a
final O, plasma clean (Plasma Asher, Diener electronic, Germany) for
10 min.

Gas—Liquid Separation Procedure. The separation perform-
ance was studied experimentally on a water—nitrogen system using
the setup shown in Figure 1. Deionized water (Millipore grade,
surface tension = 0.07 N/m, density = 1000 kg/m3, viscosity = 8.9 X
107" Pa-s) was procured in-house and injected into a T-junction
(internal diameter = 1 mm, Upchurch Scientificc USA) using a
displacement syringe pump (Legato 270P, KD Scientific, USA) at
varying flow rates (Qp). Zero grade nitrogen (BOC, UK.) was
introduced via a mass flow controller (Bronkhorst, Netherlands),
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Syringe Pump

>

Gas Inlet

Figure 1. Schematic representation of the experimental setup. P,—P;
represent points of pressure monitoring. BPR: back pressure
regulator; MFC: mass flow controller (image not to scale).

MFC 1 (in Figure 1), into the second port of the T-junction at a
constant flow rate Qg of 350 puL,/min to achieve a gas—liquid-
segmented flow, which was introduced into the device. Pressures were
recorded using 0—1S5 psi pressure sensors (40PC01SG Honeywell,
U.K.), shown as P,—P; in Figure 1, connected to a data acquisition
board (USB-6000, National Instruments, U.K.) monitored via a script
written on LabView 2015 (National Instruments, U.K.). The
pressures at the gas and liquid outlets were controlled using
adjustable back pressure regulators (KCB Series, Swagelok, U.K.) of
ranges 0—10 psi (BPR 1 in Figure 1) and 0—25 psi (BPR 2 in Figure
1), respectively. The gas outlet was connected to a low-volume liquid
collection vial (2 mL glass vial, Agilent Technologies, U.K.) before
BPR 1 to trap any liquid exiting the gas outlet, especially during
liquid-to-gas breakthrough case studies. Similarly, the liquid outlet was
connected to a vessel (100 mL borosilicate glass, VWR International,
U.K.) to collect the liquid exiting the device before BPR 2. The liquid
collection vessel was pressurized by a separate nitrogen line at 20
mL,/min controlled by MFC 2.

The operating procedure followed to measure the breakthrough
pressures is described in Figure S2 of the Supporting Information.
The P, pressure sensor recorded the gas outlet pressure (Pg), whereas
the P, sensor recorded the liquid outlet pressure (P.). To establish
successful separation, Pg was kept higher than Pj, that is, the pressure
difference APg; was always positive. Considering a pure gas flow, the
pressure drop from the last capillary at the gas outlet in the device to
the pressure sensor was estimated to be around 4.2 Pa using the
Hagen—Poiseuille equation, whereas the maximum pressure drop of
water from the exit of the capillaries to the pressure monitoring point
was around 302 Pa.

High-Speed Imaging and Computational Image Analysis.
The separation and breakthrough experiments were monitored using
a high-speed camera (Mini AX100, Photron, USA) mounted on a
microscope (Axioscope Al, Carl Zeiss, UK.) with a vibration

isolation platform (Newport Spectra-Physics, UK.). Images were
captured at 4000 frames/s for liquid flow rates (Q.) above 30 yL/min
and at 1800 frames/s for Q; below 30 yL/min at 10 s exposure. The
images (saved as TIFF) were processed offline. An automated image
analysis script was developed in the Python programming
language® ™’ to measure the slug length and number of capillaries
used by the liquid slug in the separation zone. Upon execution of the
script, a sequence of images was opened, and they were then
converted to a pixel array. The only manual intervention required
from the user was to locate the walls of the main channel and the
position of the first capillary on the images. The corresponding pixel
coordinates were then used to measure the length scales in the
images. To remove noise and small water droplets left on the top wall
or the bottom of the separation zone, an image reconstruction step
was adopted based on a morphological erosion filter (see Figure S3 of
the Supporting Information). The reconstructed pixel arrays were
then binarized to a Boolean array. Different contours in the binary
images were estimated by an edge detection algorithm followed by a
gradient filter. Only the contours touching both the edges of the walls
were chosen as the menisci of the gas—liquid slugs, and the distance as
well as the number of capillaries between them were measured (see
Supplementary Movie 1).

B THEORETICAL FRAMEWORK

A hydrodynamic theory for the calculation of the liquid-to-gas
breakthrough pressure, APy, ¢, calculation is developed next.
We assume that the system is isothermal at room temperature
and that the viscosities and densities of the liquid and gas
phases remain constant during the experiment. We consider a
liquid slug of initial length (L,) moving along the main channel
of the microseparator at the superficial speed U = Qr/A, where
A is the cross-sectional area of the main channel and Qr = Qg
+ Qy is the total flow rate that is the sum of the liquid and the
gas flow rates. When the slug enters the separation zone (i.e.,
the array of capillaries), we consider the entrance of the
separation zone as the reference point (X = 0) and denote the
position of the advancing meniscus with respect to this origin
as X,(T) and the position of the receding meniscus as X,(T)
(see Figure 2). We consider that the advancing meniscus
reaches the origin, that is, the first capillary, at time T = 0, such
that X,(0) = 0. In the following, we consider two different
stages, namely, stage I in which the separator achieves stable
separation and stage II for which the separator approaches
critical breakthrough conditions. As shown below, the crucial
difference between these two stages is that during the stage I,
the advancing interface is stationary, whereas the receding
interface is moving. On the other hand, during the stage II,
both interfaces are moving toward the gas outlet.

(a)

(b)

] P Liquid ‘ [ P Lig ‘
L(;sHHIHIHIHIHIHIHIHIHIHIHIHIHIH] YT T T Y Yy YTy e v sy sy e v ey Y m
Liquid f g Gas Gas i T i Gas
EIGUION H / as as X0 222,
a8 ; B Pg N P B P
. IR RS0
CLLALAARA AR RARARARARARARARARALRRRARARRRANN T RAARARAARAARARAARARAARARRARAARARRANS
i
X=0 L X=0: L

Figure 2. Schematic representation of gas—liquid separation in the microseparator. (a) A liquid slug enters the separation zone of length L, and we
denote the position of the advancing interface with respect to the first capillary as X,(#). The liquid flows through the capillaries of length L.. (b)
When the receding interface enters the separation zone, its position is denoted as X,(t). P, is the liquid-side pressure at the advancing interface, and
P, is the liquid-side pressure at the receding interface. P, is the total inlet pressure, whereas P and Py are the gas outlet and liquid outlet pressures,

respectively, controlled by the user.
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Stage I: Stable Separation. As the slug enters the
separation zone, we denote the mass of the part of the slug in
contact with the microcapillaries as M, which is given by

M(T) = pAX,(T) @)

where p is the density of the liquid. This mass changes over
time due to the inflow of liquid that enters the separation zone,
which is given by Q.p, and the outflow of liquid through the
capillaries (M,ygow), given by
dMoutﬂow(T) _ Q NXa(T)

dr ) 4)
where Q, is the local flow rate through each capillary, N is the
total number of capillaries, and L is the length of the separation
zone (see Figure 2). During stable separation, as not all
capillaries are available for separation, M g, is the flow
through the total number of capillaries (N) scaled by the
position of the advancing meniscus in the separation zone (X,)
with regards to the total length of the separation zone, L. From
a mass balance of the liquid slug undergoing separation under
these inflow and outflow conditions as given in eq 4, we get

dM(T) X.(T)
= - Q pNZ2 2
ar -~ W TN (s
Substituting eq 3 in eq 5 and rearranging for X,, we find
dX.
2 _ & — Q ﬂxa
ar A AL (6)

We now estimate the local flow rate, Q,, at each capillary by
making use of a local Hagen—Poiseuille law
A2
= —< A pC
ank, 7)

C

where 7 is the viscosity, L. is the length of the capillaries, and
is a geometrical correction for a single capillary (refer to the
works of Mortensen et al.>> or Bahrami et al.>’). The pressure
difference AP, is given by the pressure drop along each
capillary: AP, = P, — P;, where P, is the pressure at the
advancing interface and can be estimated as P, = P; — P, so
that

AR =R - B - P =AR; - P (8)

Here, P. is the capillary pressure of the advancing interface in
the main channel, calculated from the Young—Laplace
equation similar to the form shown in eq 1. APg = Pg —
P, is the controlled pressure drop of the microseparator.

We introduce nondimensional variables by taking the length
of the separation zone, L as the length scale, T = L/U, as the
time scale, and P, = nU,/L, as the pressure scale, where U, =
Qg/A is the typical speed given by the constant gas flow rate
Qg. With these considerations, the differential eq 6 becomes

dx

a

dt

where we have defined x, = X,/L, the dimensionless pressure
drop Ap = (APg, — P.)/P,, the dimensionless time t = T/ T,
the dimensionless liquid flow rate q; = Qu/Qg, and the

parameter

=q, — ﬁApxa (9)

p = NA;/aAL (10)

Solving eq 9 with the condition x,(0) = 0, we obtain

_ N s
x,(t) /iAp(l e ") an

On the other hand, the position of the receding interface, X,,
can be described as X, = UT — L, based on the gas bubble
moving at a constant speed, U = Qp/A. In dimensionless units,
where x, = X,/L, we have

x(t) =gt — I (12)

where Iy = Ly/L, qgr = Qr/Qg, and L is the initial length of the
liquid slugs. We note that we do not consider any slip effects
due to thin liquid films on the wall. Because we are only
interested in the dynamics of the liquid slug inside the
separation zone, any possible effect of slip on the gas bubble
velocity can be neglected as any liquid along the walls is
imbibed through the capillaries. As shown below, our results
indicate that this is a reasonable assumption. When the
receding interface enters the separation zone, that is, x,(t) = 0
in eq 12, we get

t=1y/q, (13)

At this time t, the advancing interface is at location x,, obtained
by substituting eq 13 in eq 11:

= 1 (1— e—ﬂAplﬂ/qT)
pAp (14)

In the stage I considered here for which separation is stable,
we assume that the advancing meniscus is always pinned, that
is, the advancing meniscus is stationary with x,, constant, after
the receding meniscus has entered the serparation zone, as
reported experimentally in other studies.'”"” Note that x, is
always <1 and at t = |,/qr, the receding meniscus enters the
separation zone, that is, «x.(ly/gr) = 0, and hence, the
dimensionless length of the slug is at this point (I,/q7) = «,
— %, = x,. Because the receding interface moves at the constant

P
speed of grt, the length of the slug decreases linearly as

X

() = x, — q.t (15)

where we have considered that t = 0 is the time when the
receding interface enters the separation zone.

Stage llI: Critical Conditions. For a given flow rate, as the
pressure difference AP is decreased, the advancing meniscus
may not reach a pinned position before the receding meniscus
enters the separation zone. Under these conditions, the
variation of the liquid slug length is not linear, and eq 15
needs to be modified to account for the dynamics of the
advancing interface. In particular, we note that the outflow of
liquid through the capillaries as in eq 4 is now given by

dMoutﬂow(T) — Q NXa(T) - Xr(T)
dT # L (16)
where X,(T) is the location of the receding interface. Following

the same mass balance as in eq 5 to obtain eq 9, we now arrive
at

dx,

ik BAp (x, — x,) (1)
dx,

i b (18)

Equations 17 and 18 can be combined to get
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di

m + SApl; 1 (19)
where, [((t) = x, — x,, q, — gr = —1, and Ap = (AP¢;, — P)/P,,
as defined above. We note that the location x, given by eq 14
corresponds to the location of the advancing interface when
the receding interface enters the separation zone. Therefore,
we solve the differential eq 19 with the condition [(0) = x, to
obtain

1 1
1(t) = 4+ — —pApt L
() [xp pAp )e pAp (20)

For a given flow rate, the liquid-to-gas breakthrough occurs
when [, = 0 and x, = 1, namely, when the slug length is zero
and at the same time, the receding meniscus is at the exit of the
separation zone. Because x,(t) = g, this condition is given by

1 —
ApL>G = EqT In[1 + qL(l — e PPrg lo/‘lT)]

(21)
where we have used eq 14. If the initial length of the slugs, I, is
sufficiently large, we can approximate e #2P-év/# ~ 0, and so
we have

1

Apg ™ EqT In g,

We note that as expected, if the liquid flow rate is zero, q; =
0, we then have gy = 1 and Ap;.g = 0. The developed model
from eqgs 21 and 22 captures the dynamics of a liquid slug
during separation and yields a nonlinear behavior of the liquid-
to-gas breakthrough pressures, as opposed to a linear
estimation from eq 2, which has been proposed so far in the
literature.">'”*"** This breakthrough pressure can be
dimensionalized with P, and can be expressed as

AP g~ && In & + P

Q; Qg (23)

(22)

B RESULTS AND DISCUSSION

Initial Observations of Stable Separation. The
separation of the water—nitrogen-segmented flow was tested
in the two microseparation devices, A-1 and A-2 (see Table S1
and Figure S1 in the Supporting Information for the design
parameters), at varying liquid flow rates (Q.) and a constant
gas flow rate Qg of 350 uL,/min. The two devices had
different capillary geometry and number of capillaries.
Capillaries with a tapered geometry, as first reported by
Giinther et al,,'” have a higher throughput in comparison with
rectangular geometries. Although the tapered capillaries
provide comparable APg,; values as that of rectangular
capillaries, the AP, values are lowered. For a given pressure
drop across each capillary (AP,), Q. is higher in tapered
capillaries due to a larger cross-sectional area (A.) and thus the
operating zone of such microseparation devices is improved."”
The pressure difference (APg ), which is the difference
between the gas outlet pressure (Pg at P, in Figure 1) and the
liquid outlet pressure (P at P; in Figure 1), was controlled
with the help of BPRs and monitored using pressure sensors
connected to LabView via a data acquisition board. The
pressure drop between the separation zone and the pressure
monitoring points at the outlets was considered to be
negligible, as shown in the Gas—Liquid Separation Procedure

section. For all experiments performed, APg; was first set at a
suitable value at which stable separation occurred using only
gas flow (nitrogen) followed by the injection of water (to
initiate segmented flow). The capillaries were, therefore,
prewetted by the water in the slug flow to avoid the collection
of the dispersed phase (nitrogen) inside the capillaries. This is
because capillary prewetting, which is often overlooked, is an
important factor that affects the capillary pressures and thus
the operability of the device. Once the device was
appropriately prewetted with water (the wetting phase), the
capillaries were observed to be filled with water, and the flow
through the capillaries during separation was pressure driven as
described by the Hagen—Poiseuille law (eq 7). Gas—liquid
separation in the A-1 device was observed using high-speed
imaging as shown in Figure 3. The gas bubble approaching the

nm 1
T

ﬁ :
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Figure 3. Sequence of high-speed images of a liquid slug in the
separation zone during stable separation in the A-1 device, with gas
flow rate Qg = 350 pL,/min and liquid flow rate Q; = 90 yL/min at
outlet pressure difference APg = 7 kPa. The advancing meniscus is
observed to be pinned as all the liquid exits through the capillaries.
The inset labels represent the observation time in milliseconds. The
flow is from the bottom to top. Images were recorded at 4000 frames/
s.

advancing meniscus was covered by a liquid film, whereas the
gas phase toward the gas outlet was devoid of it (see Figures 3
and 4). This was because the trailing film of the preceding gas
bubble had sufficient time to coalesce into water droplets as
can be seen in the main channel (also see Supplementary
Movie 2 for the entire sequence of water separating at Q = 90
puL/min and the immediate coalescence of the liquid film into
water droplets in the channel). These droplets were
consequently filtered out from the images so as to accurately
identify only the liquid slug menisci. At stable separation
conditions, the advancing meniscus was observed to be pinned
inside the separation zone.

In the first instance, high-speed images were taken at the
entrance of the A-1 device (upstream of the separation zone)
during stable separation, and the initial length of the slugs, L,,
and number of capillaries used for separation were measured
via Image].>* It was observed that the number of capillaries
that were active during separation increased with decreasing
AP, (Figure S4c of the Supporting Information) because the
advancing meniscus moved further inside the separation zone
as APg; approached the liquid-to-gas breakthrough pressures
(AP,g). On the other hand, the number of active capillaries
increased with increasing Q, (Figure 4 and Figure S4d of the
Supporting Information).
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Figure 4. Snapshots of high-speed images showing the position of the
advancing meniscus inside the separation zone, as a function of liquid
flow rate, during stable separation in the A-1 device. Gas flow rate Qg
=350 pL,/min with varying liquid flow rates Q, = (A) 9 yL/min, (B)
20 uL/min, (C) 90 pL/min, (D) 120 uL/min, (E) 150 uL/min, and
(F) 200 uL/min at outlet pressure difference AP, = 7 kPa. The flow
is from the bottom to top. Images were recorded at 4000 frames/s.

A significant fluctuation in the pinning positions, however,
was observed, especially as the gas-to-liquid and liquid-to-gas
breakthrough pressures converged at high Q, thus reducing
the operability window. Accurate control of the pressure
difference, which affects the pinning position of the advancing
menisci of the liquid slugs, became progressively harder even
with the use of low-range, high-sensitivity BPRs. At high flow
rates, where the net inflow of liquid into the separation zone
was high, the pressure fluctuations were caused when the
advancing meniscus instantaneously became stationary.
Because of this highly dynamic nature of separation, small
gas bubbles were observed to enter the liquid collection ducts
through the capillaries due to local instabilities in pressure as

seen on the left side of the images in Figures 3 and 4. These
gas bubbles were not observed to affect the separation, and the
occurrence of such events was sporadic and at random
locations in the capillary array. The liquid in the liquid
collection ducts was considered to have a uniform pressure
drop until the outlets of the device, as it was observed to be
devoid of any gas bubbles.

The initial slug lengths, Ly, which influence the liquid-to-gas
breakthrough pressures,'”*' seemed fairly constant at around
70 mm at varying APg;, where stable separation was observed
(Figure S4a of the Supporting Information). The length of
slugs was measured during the process of separation with a
significant pressure drop across the main channel along with
the aforementioned pressure fluctuations. The formation of
slug flow depends on the pressure difference between the
continuous and dispersed phases, as well as on the interfacial
tension, and is affected by the pressure changes at the
separation zone.”’ During the slug formation at the T-junction,
the dispersed bubble enters the main stream and elongates.
During this phase, before the bubble pinches-off from the
dispersed phase inlet, the continuous phase pressure increases
and pushes more fluid through the film around the dispersed
bubble, whereas the dispersed phase pressure remains
constant. During stable separation, the pinning of the
advancing meniscus of the liquid slug in the separation zone
creates an instantaneous increase in the slug flow pressure
upstream. Additionally, the two-phase flow separates into two
single-phase flows in the separation zone, with the continuous
phase bifurcating into two liquid outlet streams, leading to a
varying pressure field. Furthermore, the difference between P,,
and Pg, which is directly proportional to Q, ranged between
3—17 kPa (as seen in Figure S2 of the Supporting
Information). At these pressure drops, the gas bubble is
expected to expand gradually, and consequently, the local
velocity of the liquid slug increases. This in turn leads to a
decrease in the liquid slug length along the length of the main
channel before reaching the capillary array. Under such
conditions, for an accurate estimation of liquid slug lengths
(Ly) in systems with significant pressure drops, the readers can
refer to the work reported by Molla et al.> alongside the
scaling law proposed by Garstecki et al.”®
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Figure S. Tracking of liquid slugs during stable separation in the A-1 device. (a) Positions of the advancing (square markers, X,) and receding
(circle markers, X;) menisci from the first capillary. The graph shows the linear motion of the receding meniscus toward the pinned advancing
meniscus as liquid separates through the capillaries. Liquid flow rate Q; = 90 uL/min (black, open markers) and 200 yL/min (red, closed markers)
at gas flow rate Qg = 350 uL,/min and outlet pressure difference APg = 7.03 kPa. (b) The diamond markers show the length of the liquid slugs
(L, = X, — X,) within the separation zone measured between the meniscus caps. Dashed lines denote the number of active capillaries as the
receding meniscus enters the separation zone. Q; = 90 uL/min (black, open markers) and 200 yL/min (red, closed markers) at Qg = 350 L, /min

and APg = 7.03 kPa.
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Figure 6. (a, b) Liquid slug lengths (L, = X, — X,) during stable separation in the A-1 device at a liquid flow rate Q; = 20 L/min (circle markers)
and 90 yL/min (triangle markers) with a gas flow rate Qg = 350 L, /min. The outlet pressure difference AP was varied as follows: 4.05 kPa
(red), 5.13 kPa (orange), 6.08 kPa (yellow), 7.03 kPa (green), 8.1 kPa (blue), and 9.0 kPa (violet). Although the rate of decrease of slug lengths
remained constant, the pinning distance of the advancing meniscus decreased with increasing APg;. (c) Subtracting the experimentally measured
slug lengths from the pinning position (markers) for Q = 20 yL/min (left) and 90 yL/min (right) yields a linear behavior (solid lines), where I(t)
is the dimensionless length of the liquid slugs. (d) Pinning positions of the advancing meniscus (lines) compared with that of the experiments
(markers) for two flow rates, Q; = 20 yL/min (circle markers) and 90 yL/min (triangle markers) at Q; = 350 xL,/min. The lines were obtained
by fitting eq 14 to the experimental data, where  was used as the fitting parameter. For this device, f = 2.5 X 107* was obtained from the pinning

position (xp) vs APg plots.

Slug Flow Characteristics: Stable Separation. High-
speed imaging was performed to investigate gas—liquid
separation in the A-1 device, as described earlier. At stable
separation pressures (stage I), the front end of the liquid slug
(advancing meniscus) was observed to be pinned inside the
capillary zone (X, is constant in Figure 5), where all the
capillaries downstream were inactive for liquid separation.
Such pinning behavior has been observed previously.'’ ™"’

The image analysis algorithm was used to track the positions
of the menisci from the point of entry of the receding menisci
(ie, from the third frame in Figure 3), and the liquid slug
lengths and number of active capillaries were calculated
(Figure S and Supplementary Movie 1). We observed that in
the separation zone, the advancing meniscus is pinned, whereas
the receding meniscus approached it linearly, as suggested by
eq 15. It is also worth noting that, because of the curvature of
the menisci, the number of active capillaries initially remained
constant after the cap of the receding meniscus entered the
separation zone (see dashed lines in Figure Sb). Similarly,
when the two meniscus caps touched each other (hence,
achieving complete separation, i.e., the eighth frame of Figure
3), both the distance between the two menisci at the edges of
the capillaries and the number of active capillaries remained
larger than zero due to the curvature of the menisci.

Varying the pressure difference APg; during separation
showed that the rate of decrease in the lengths of the liquid
slugs (L, = X, — X,) remained constant (slopes of the datasets
in Figures 6a,b), while only their position inside the separation
zone varied, that is, the pinning positions (y intercepts in
Figure 6a,b). Figure 6¢ depicts experimental data of the slug
length normalized with the separation length (L) for different

values of APg;. It was observed that for a given flow rate, all
data collapse into the same linear behavior as predicted by eq
1S. It is worth noting that such linear behavior is independent
of variation in AP and only depends on the flow rate. Also,
we note that the good agreement observed between the
experiments and the theoretical behavior given by eq 15
indicates that the assumption made in the model, namely, the
negligible slip velocity of the gas bubble inside the separation
zone, is justified. The experiments in Figure 6d indicated that
the slug became pinned further inside the capillary zone with
decreasing AP, . For estimating the pressure drop along each
capillary, AP, in eq 8, which affects the pinning position (xp),
the capillary pressure of the advancing interface in the main
channel (P.) was required. P, was estimated from the Young—
Laplace equation of the form as in eq 1 and required the
contact angle of the advancing meniscus and the surface
tension of the liquid. Quantification of the apparent contact
angle of the advancing menisci was a challenge due to the
presence of droplet coalescence of the liquid slug with the
droplets accumulated on the channel surfaces (due to their
hydrophilicity) that led to changes in the curvature of the
menisci. Various estimations exist in the literature obtained by
either measuring the static contact angle in a pore36 or
considering the dependence of dynamic contact angles on the
fluid velocity.”’ ~*” Here, we took an equilibrium contact angle
of 20° (air—water—glass combination®®) for the advancing
meniscus to calculate P..

Equation 14 was fitted to the experimentally measured
pinning positions of the advancing meniscus as shown in
Figure 6d. For the data fit, #, which depends on the capillary

geometry, was used as the fitting parameter. The value was
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Figure 7. Tracking of liquid slugs at critical conditions in the A-1 device (i.e., last slug to completely separate before liquid breakthrough). (a)
Positions of the advancing (square markers, X,) and receding (circle markers, X,) menisci from the first capillary. The graph shows the motion of
the receding meniscus toward the nonstatic advancing meniscus as liquid separates through the capillaries. (b) The diamond markers show the
length of the liquid slugs (L, = X, — X,) within the separation zone measured between the meniscus caps. Dashed lines denote the number of active
capillaries as the receding meniscus approaches the advancing meniscus. The liquid flow rate Q; = 20 yL/min (red, closed markers) at an outlet
pressure difference APy ica = 0.78 kPa and 90 #L/min (black, open markers) at APgy, crica = 2.62 kPa; both with a constant gas flow rate Qg =
350 yL,/min. (¢, d) Comparison of the dimensionless slug length, I((t), experimentally measured (markers) with eq 20 (solid lines) at (c) Q, = 20

uL/min and (d) Qp = 90 uL/min.

obtained by minimizing the error in the least-squares fit,
considering both the data sets in Figure 6d simultaneously. For
this particular A-1 device, we obtained # = 2.5 X 107% The
behavior of the advancing meniscus before getting pinned is
shown in Figure S6 of the Supporting Information. The
advancing meniscus, x,(t), entered the separation zone and
gradually reached x, through an exponential behavior as
described by eq 11. However, coalescence of water droplets in
the main channel (formed due to the hydrophilic nature of the
channel surfaces) with the advancing meniscus not only
affected its curvature but also led to a variability in the pinning
positions. This further exemplifies the difficulty in fully
characterizing the liquid slug in the separation zone. The
entire timescale of the separation process is shown in Figure S7
of the Supporting Information, highlighting the fluctuations in
the positions of the advancing meniscus at high liquid flow
rates through the sudden movement of the meniscus just
before the receding meniscus approached it.

Once f was determined based on the capillary geometry, eqs
20 and 21 could be used to directly estimate the dynamics of
the menisci of the slugs and the liquid-to-gas breakthrough
pressures, as discussed below.

Slug Flow Characteristics: Critical Conditions. As the
pressure difference APg approached the liquid-to-gas break-
through point, the pinning effect of the advancing meniscus
was no longer observed, and the liquid slug moved further into
the separation zone closer to the gas outlet. We define this as
the critical point just before liquid-to-gas breakthrough, that is,
when a liquid slug gets completely separated just before
reaching the end of the separation zone. Owing to the
sensitivity of the system, the slugs following the one at the

critical point were more likely to breakthrough into the gas
outlet, and the system could not be maintained at the critical
APg;. The flow of liquid through the capillaries took place also
at the liquid-to-gas breakthrough pressure. Figure 7a,b shows
the movement of the menisci, as the advancing meniscus
approaches the gas outlet (L = 4115 pm for the A-1 device)
and the (decreasing) lengths of the slugs at the critical
condition. At this state, both menisci were moving at different
speeds, leading to a nonlinear decrease in the liquid slug
length. The liquid slug lengths were normalized with the
separation length (L) and compared with the theoretical values
given by eq 20 as shown in Figure 7¢,d using the parameter j
obtained from the previous section. We note that the observed
discrepancy in Figure 7c could be a consequence of the
aforementioned pressure sensitivity of the system.

During the liquid-to-gas breakthrough, the receding
meniscus also reaches the gas outlet, and eq 21 applies. Figure
8 shows the experimental liquid-to-gas breakthrough pressures
for different flow rates compared to the theoretical estimation
given by eq 21. Castell et al.”* hypothesized that a decrease in
the advancing meniscus contact angle of the liquid slug with
increasing flow rates and also when the meniscus entered the
capillary zone was the potential reason for an increase in the
breakthrough pressures with increasing flow rates. Similar
behavior was also visually observed from the images of liquid
slugs in the A-1 device.

Figure 8 also shows the experimental gas-to-liquid break-
through compared to the Young—Laplace prediction, eq 1,
hence providing the full operating zone of the separator.
Experimental results of gas breakthrough show strong
deviations from the Young—Laplace equation particularly at
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Figure 8. Operating zone of the gas—liquid separation device, A-1.
Green square markers: points of gas-to-liquid breakthrough (AP, );
blue circle markers: liquid-to-gas breakthrough (AP, ,¢). Dotted line:
theoretical Young—Laplace breakthrough pressure through the
capillaries; dashed line: liquid-to-gas breakthrough pressure given by
eq2l. AP, from the model was obtained from the dimensionaliza-
tion of Apy ¢ in the following form: AP|,; = (Py X Ap.g) + P.. The
gas flow rate (Qg) was 350 uL,/min.

high flow rates, indicating that such theoretical approach may
no longer be valid, thus necessitating a detailed investigation of
the apparent contact angles of the menisci inside the
capillaries.

Phase Separation in Separator A-2. To further
investigate the ability of the model given by eq 21 to predict
liquid-to-gas breakthrough, we performed additional gas—
liquid separation studies in a different microseparator device,
which we denote as A-2 (see Table S1 of the Supporting
Information). The water—nitrogen-segmented flow was
separated using this device via the same procedure adopted
before. Characteristics of the slug flow in the separation zone
were analyzed at two different flow rates and varying APg; (see
Figure S8 of the Supporting Information). The events
occurring during separation were found in general agreement
with the model, namely, the linearity in the decrease of slug
length and variation in the position of pinning of the advancing
meniscus. The model estimated the pinning positions in the A-
2 device for both the flow rates as shown in Figure 9a from eq
14 by fitting the parameter f3, as described before, to a value of
2.1 X 107* This value was then used to calculate the liquid-to-
gas breakthrough pressures in the A-2 device as shown in

Figure 9b, which was compared with experimentally measured
breakthrough values. The fitted § values were observed to be
similar for the A-1 and A-2 devices, as the cross-sectional
geometry of both the capillary designs was similar but with
different number of capillaries and channel depths. In the A-2
device, the capillaries were farther apart (R = 45 ym, see Table
S1 in the Supporting Information) than that of the A-1 device
(R = 25 um). Although the pressure drop across a single
capillary is expected to be similar between the two devices, the
fewer number of capillaries in the A-2 device (N = 160)
resulted in a lower f value, thus leading to a lower outflow of
liquid through the capillary array in comparison with that of
the A-1 device with N = 276. For capillaries with nonparallel
geometry, no empirical equations currently exist, and because
of the tapered geometry, a larger flow rate for a given pressure
drop is anticipated in comparison with a capillary with a
parallel geometry of the same length and a width equal to the
capillary width facing the main channel of the tapered
geometry (D;). This property makes f to be all the more
sensitive.

We note that there is a good agreement up to values of Qr =
550 uL/min (Figure 9b) above which the theoretical
estimations deviate from the experimental results. The
deviations occur for Q;/Qg > 0.5 in the A-2 device, which
has deeper channels. This led to shorter slug lengths, and as
the liquid flow rate increased, the gas bubble lengths decreased.
Under these conditions, a second liquid slug can enter the
separation zone before the leading liquid slug has been fully
separated through the capillaries. Because of this, the overall
speed of the leading slug decreases hence giving rise to a lower
liquid-to-gas breakthrough pressure differences. This effect is
not captured by eq 21 and explains the deviation between
theory and experimental results of Figure 9b for Qp > 550 uL/
min. Additionally, the deviations may also be attributed to the
errors in the manual observations of the breakthrough
pressures at such high flow rates along with the variations in
the etch depths in the device resulting from the DRIE process.

B CONCLUSIONS

We have presented a detailed experimental study on the
separation process of a gas—liquid segmented flow in capillary
microseparators that have an array of capillaries on both sides
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Figure 9. (a) Pinning positions of the advancing meniscus (lines obtained by fitting eq 14 with # = 2.1 X 107*) compared with that of the
experiments (markers) for two liquid flow rates, Q; = 20 uL/min (circle markers) and 90 uL/min (triangle markers), at a gas flow rate Qg = 350
uL,/min. The outlet pressure difference AP was varied as follows: 3 kPa (black), 4.0 kPa (red), 5.13 kPa (orange), 6.08 kPa (yellow), 7.03 kPa
(green), 8.1 kPa (blue), and 9.0 kPa (violet). (b) Liquid-to-gas breakthrough pressures (AP ,;) obtained from eq 21 (dashed line) and
experimentally measured values (blue circle markers) for the A-2 device. Green square markers: experimental gas-to-liquid breakthrough pressures
(APg,1); horizontal dotted line: theoretical gas-to-liquid breakthrough pressures estimated from the Young—Laplace equation. AP| , ¢ from the
model was obtained from the dimensionalization of Ap; . in the following form: AP . = (Py X Apr.g) + Pe.
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of a channel. By making use of in situ optical high-speed
imaging, we have been able to quantify the dynamics of the
gas—liquid flow inside the separation zone. We observed that
at stable separation conditions, the advancing meniscus
became pinned in the separation zone, whereas the receding
meniscus approached it at a constant speed, giving rise to a
linear decrease of the liquid slug length. On the other hand,
when the system approached critical conditions, both menisci
were moving at different speeds, leading to an exponential
decrease in the liquid slug length.

A hydrodynamic model based on mass conservation was
developed, which estimated a linear decrease of the slug length
under stable separation and an exponential decrease under
critical conditions (just before liquid-to-gas breakthrough) in
agreement with experiments. The model had only one fitting
parameter, the geometric factor , which was obtained from
the location of the pinned position of the advancing meniscus
as a function of the pressure difference between the gas outlet
and the liquid outlet. Once this parameter was determined, the
model predicted well the liquid-to-gas breakthrough pressures.
The model was further tested against the performance of
another microseparation device with different geometrical
design of the capillaries and with different etch depth. The
model estimated the liquid-to-gas breakthrough pressures with
a good agreement up to Qp = 550 #L/min, above which more
than one slug was encountered in the separation zone, which
was not captured in our model.
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H NOTATION

Ap dimensionless pressure drop, (AP, — AP.)/P,

APg,;, AP at which gas-to-liquid breakthrough occurs
(kPa)

Ap;.c dimensionless liquid-to-gas breakthrough pressure
obtained from eq *"

AP;,; APg at which liquid-to-gas breakthrough occurs
(kPa)

AP, pressure drop across a capillary (kPa)

AP gas—liquid outlet pressure difference, P — P (kPa)

A cross-sectional area of the channel (ym?)

A, cross-sectional area of a capillary (um?)

D capillary width (pm)

H channel/capillary height (#m)

L length of the separation zone (mm)

ly dimensionless initial length of the liquid slug, L,/L

L, initial length of the liquid slug (mm)

L. length of capillaries (ym)

Il dimensionless length of the liquid slug, x, — «,

L, length of the liquid slug in the separation zone, X, —
X, (um)

M mass of the part of the slug in contact with the

microcapillaries (kg)
M, u0w mass outflow of liquid through the capillaries (kg)

N total number of capillaries

P, pressure scale for nondimensionalization, #U,/L,

P, liquid-side pressure at the advancing interface (kPa)
P, capillary pressure of the advancing interface (kPa)
P gas outlet pressure (kPa)

P, total inlet pressure (kPa)

P, liquid outlet pressure (kPa)

P, liquid-side pressure at the receding interface (kPa)

Q. local flow rate through each capillary (#L/min)
Qg gas flow rate (uL,/min)

qr, dimensionless liquid flow rate, Q;/Qg

Q. liquid flow rate (#L/min)

qr dimensionless total flow rate, Qr/Qg

Qg total flow rate (uL/min)

t dimensionless time scale, T/ T,

T time (ms)

T, time scale for non-dimensionalization, L/Uj,

U superficial average velocity of the two-phase flow
(mm/s)

U, velocity term for non-dimensionalization, Qg/A
w width of main channel (um)

X, dimensionless advancing meniscus position, X,/L
X, position of the advancing meniscus (#m)

xp pinning position of the advancing meniscus

X, dimensionless receding meniscus position, X,/L
X, position of the receding meniscus (ym)
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modified geometrical factor presented in this work = NA 2/
g P
aAL?

y surface tension of the liquid (N/m)
n  viscosity of the liquid (Pa-s)
0. equilibrium contact angle (°)
p density of the liquid (kg/m?)
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