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The capillary microseparator is an important microfluidic device for achieving the inline separation of
biphasic segmented flows. While it has found wide applications in areas such as on-chip synthesis of phar-
maceuticals and fine chemicals, many aspects regarding its operating ranges and hydrodynamic details re-
main to be elucidated. In this work, we employ OpenFOAM computational fluid dynamics (CFD) method to
systematically simulate the performance of the capillary microseparator under the retention, normal opera-
tion and breakthrough regimes. The three distinct operating regimes are in accordance with experimental
observations. In addition, the simulations enable quantification of the instantaneous flow rate through each
micron-scale capillary microchannel and provide detailed predictions even under very low pressure differ-
ences (~10 Pa), both of which are difficult to achieve experimentally. Furthermore, inspired by high-
resolution hydrodynamics from the CFD simulations, we develop a simple analytic expression that predicts
the retention threshold of the microseparator in good agreement with the simulated results and recent
computations and experimental data.
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Introduction

Miniaturization of chemical processes via on-chip synthesis
and manipulation has attracted considerable attention and un-
dergone significant development in recent years."® In particu-
lar, the co-introduction of biphasic flow into a single micro-
channel gave rise to segmented flow, where droplets of the
non-wetting phase are alternated between segments of the
wetting fluid while moving concomitantly through a
microchannel.” ™ The segmented flow configuration exhibits
enhanced heat and mass transfer performance owing to
increased circulation and specific interfacial area, and has thus
found many lab-on-chip applications, including multiphase re-
action screening,'* kinetics determination,'” chemical synthe-
sis,'® crystallization,"”” extraction,"®'® and microchemical
assays.”® These applications have proven to be more efficient
and effective compared to their conventional-scale counterparts.

In tandem with the segmented flow module, in most
applications, the subsequent continuous separation of the
multiphase flow into single phase streams is highly desirable,
which necessitated the development of inline multiphase
microseparators that are tailored to the characteristics of
microscale flows."®*' Conventional multiphase separation
strategies, which operate based on the settling effect of grav-
ity, cannot be scaled down directly, as the influence of the
capillary force dominates over gravity on the microscale. In-
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stead, new designs that take advantage of the capillary force
have been developed to effectively separate biphasic flows,
whether gas/liquid or liquid/liquid. Specifically, Gunther
et al. designed a micro-fabricated PDMS device that separated
alternating segments of immiscible liquids by using interfa-
cial tension.>* As segments of wetting and non-wetting fluid
travel through the capillary section, the wetting phase was
drawn into the side channels due to the capillary effect
(Fig. 1a). Complete separation was achieved by applying a
higher pressure at the non-wetting outlet than the wetting
outlet to propel the wetting phase through the capillaries.

The concept of capillary separation has inspired a wide
variety of on-chip microseparators with applications in
diverse fields. Angelescu et al. employed the capillary micro-
separator to separate oil from emulsion and performed
in situ spectroscopy for compositional analysis.>*> Assmann
et al. adopted similar designs for the complete separation of
two immiscible liquids in the presence of an inert gas phase,
and the separation of water and supercritical CO, for the
extraction of valuable chemical products.>**® Furthermore,
Castell et al. fabricated an integrated PTFE microchip device
that demonstrated the successful separation of water-
chloroform segmented flow.”” The system developed by
Castell et al. was able to work well even when the permeate
phase contained solid microparticles, which extended the
range of working fluid to include particle-laden flow.

The concept of using capillary force to separate seg-
mented flow has also found important applications in micro-
analytical systems with individual samples encapsulated and

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) A series of photographs demonstrating the separation of a gas/liquid mixture using the capillary separator?® (copyright 2005 by
American Chemical Society); scheme of the different operation modes of the capillary separator when varying the pressure difference between the
non-wetting and wetting outlets: (b) retention; (c) complete separation; (d) breakthrough.

compartmentalized via droplets. In that case, the capillary-
separator removed the continuous phase prior to sample
analysis.>>*® While the above examples required the micro-
fabrication of capillaries on a planar device, Scheiff et al
designed a simpler system by inserting a metal needle
through the side wall of a piece of plastic tubing, so that wa-
ter could be removed from the mixture through the needle
as the biphasic segmented flow passed through the tubing.*
In another recent advancement, a section of porous capillary
was inserted into the main channel to serve as an inline sep-
arator, which conveniently removes the wetting phase under
a wide range of flow rates.**?

Regardless of variations in design, the key parameter con-
trolling the performance of the device is the pressure differ-
ence between the two outlets (APyyqet), the main channel out-
let (which is the non-wetting outlet) and the capillary outlet
(which is the wetting outlet) (Fig. 1b). To achieve complete
separation of the two phases, two conditions need to be satis-
fied. (1) While the wetting phase enters the capillary region,
the non-wetting phase must remain in the main channel. (2)
There must be a high enough pressure gradient along the
capillary to propel all the wetting fluid through when the
wetting slug is in contact with the capillary region.

These two conditions gave rise to two design criteria. (1) The
first condition translates into the breakthrough pressure differ-
ence, which is the upper bound of the operating pressure range
of the device. Above this pressure, the non-wetting fluid will also
be forced into the capillary region, producing an unseparated
mixture at the non-wetting outlet (Fig. 1d). Since the break-
through phenomenon is controlled by the meniscus formed
within the capillaries, this pressure threshold is determined
by the Young-Laplace equation within the capillary geometry:

1 1
AR)reakthrough = Anyp =20 (E + W] cosf (1)

Here o is the interfacial tension between the two immisci-
ble fluids, H is the height of the capillary channel, W is the
width of the capillary channel, ¢ is the contact angle.

This journal is © The Royal Society of Chemistry 2019

(2) The second condition corresponds to the lower end of
the operating pressure range, which is the retention pressure
threshold. Below this pressure, the pressure difference would
not be high enough to propel all the wetting phase through
the capillaries, thus resulting in retention of the wetting
phase in the main channel. Theoretically, the retention pres-
sure threshold is determined by the Hagen-Poiseuille equa-
tion of laminar flow in a capillary channel.

_auL, O

AP =AP,
H-P nAcapz

retention -

(2)

where o is a geometric factor determined by the channel
shape,” 4 is the liquid viscosity, Le,p is the capillary length,
Q. is the flow rate of the wetting phase, n is the total number
of capillaries, and A.,, is the cross-sectional area of the
capillaries.

Together, APyreakthrough aNd APreention define the operating
window of the device. Complete separation occurs when
APretention < APoutlet < APblreakthroughy where all the W(?tting
phase is removed through the capillaries, and all the non-
wetting phase remains in the main channel. Complete under-
standing of the upper and lower boundaries is crucial to
predicting the operating range of the capillary separator in
applications.

Based on this theoretical framework, Roydhouse et a
studied the change of the operating pressure window as a
function of feed flow rates and derived a semi-empirical cor-
relation for predicting the onset of the retention phenomena.
In particular, an exponent of 2/3 for the flow rate dependence
of the pressure threshold was proposed, accounting for the
non-linearity in the experimental observation. This study also
gave a brief foray into the computational study surrounding
the breakthrough pressure limit. In addition, in an effort to
widen the operating window and increase the adaptability of
the device, Gaakeer et al.*® designed a wide and shallow side
channel to function as the capillary, in order to reduce hy-
draulic resistance without compromising the breakthrough
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pressure ceiling. Giirsel et al.*® also applied a slit-shaped cap-
illary separator with rectangular channels to achieve extrac-
tion and separation on a pilot scale. While the above studies
provided useful insights into the operating ranges of the de-
vice, there is still a strong need for first-principle-based
modelling that would enable prediction and elucidation of
the multiphase hydrodynamics and operating regimes in the
microseparators.

Owing to recent advancements in computing power and
algorithm development, computational fluid dynamics (CFD)
has emerged as a powerful method for understanding
multiphase hydrodynamics on the microscale, as demon-
strated for different microfluidic devices.>’*° Compared to
experimental measurements and analytical expressions, the
CFD method provides instantaneously and three-dimensional
physical details of the underlying hydrodynamic patterns,
which enables predictions of the performance of a device un-
der given operating conditions, reduces experimental time
and cost, and provides insight into optimal reactor designs.

To our knowledge, there are no comprehensive simula-
tions to date of capillary microseparators covering the full
span of operating conditions. Therefore, in order to obtain a
better understanding of the underlying physics and enable
accurate predictions, we systematically model the hydrody-
namics of the device under various operating conditions
using CFD simulations, specifically the volume-of-fluid (VOF)
method. We describe the simulation of the operating regimes
of the microseparator as well as the quantification of the cap-
illary flow rates. Additionally, we present a new analytical
model for the retention pressure threshold that is easy to ap-
ply and provides predictions consistent with the CFD results.

Methods

CFD simulations

One of the most widely adopted methods for simulating
multiphase flow on the microscale is the volume-of-fluid (VOF)
method.*' We chose this method for the simulation of capillary
microreactors, as it enables the accurate capturing of the
multiphase interface with high spatial and temporal resolution.
Moreover, the same approach has provided accurate predic-
tions for related multiphase flows in microreactors.*®*%** The
characteristic feature of this VOF method is its one-fluid frame-
work that enables treating the multiphasic mixture as one
phase with spatially varying densities and viscosities. Within
each mesh cell, the fluid density and viscosity are expressed as
the weighted averages of the multiple phases:

Pn= zakpk (3)
=

Ky = Zakﬂk 4)
P

Here, o; is the volume fraction of the kth phase in the
cell - a key variable in the VOF method.
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With the one-fluid formulation, the VOF method circum-
vents the difficulty of modeling each phase individually along
with associated complexity of interfacial momentum ex-
change. In the VOF method, only one overall momentum
equation is solved:

%+ U{(p,VU)=u,V'U-VP+p,g+F, ()

vV-U=0 (6)

Here, Fy refers to the surface tension force, which is a
three-dimensional representation of the interfacial tension
force formulated based on the continuous surface force (CSF)
theory.*?

Apart from the momentum equation, an additional equation
is needed to resolve the changing phase distribution field, de-
noted as . The governing equation for ¢ takes the form of:

%'*V'(Pkakljk): 0 (7)

Zak =1 (8)

For the immiscible biphasic system of interest to this
study, o4 must transition sharply between 0 and 1 across
phase boundaries. Therefore, to minimize numerical diffu-
sion through iterations, an interfacial compression term is
included in the o governing equation:***°

0% 4 V(e U,) = V(e (1-,)U, ) =0 (9)

ot
U, =n, min {Cy ||£||,max {mﬂ

U, can be considered as a compression velocity to sharpen
the interface, which is expressed as a function of ng, the nor-
mal vector of the cell interface. Additionally, ¢ is the mass
flux through the interface, S is the surface area of the consid-
ered interface, and C, is a tuning factor that controls the
strength of the compression. The hydrodynamic solver
outlined here has been validated in our previous work with
respect to experiments and analytic solutions for segmented
flows in microreactors.>®***?

(10)

Numerical setup and discretization

All the CFD simulations were performed with the help of the
open-source C++-library OpenFOAM 2.1.1.%¢ The mesh for the
capillary separator geometry was created by the mesh-
generating software Pointwise V17.3R3 (Pointwise, Inc., Fort
Worth, TX, USA). To speed up the calculation, we split the
domain into multiple sections and performed parallelized
computation on a 128-core high performance computing

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Scheme of the simplified CFD simulation setup of the capillary separator.

cluster (Dell PowerEdge C6220). The size of the time steps is
limited by setting a maximum Courant number of 0.3, which
has been reported to be sufficiently low without compromis-
ing the speed of the simulation.”” The limited linear
differencing scheme was employed for spatial discretization.
For the handling of the ¢ function, a special algorithm
named Multidimensional Universal Limiter with Explicit
Solution (MULES) was used to ensure the boundedness of
the solution. (OpenFOAM User Guide, version 4.0, 2016,
OpenCFD Ltd.)

The CFD model required multiple parameters, including
the main channel and capillary dimensions, the interfacial
properties including wall contact angle and interfacial ten-
sion, the fluid properties including densities and viscosities,
and the operating conditions, such as pressure, velocity and
phase distributions.

Fig. 2 shows the geometry used in the simulation of the
capillary separator. The main channel width is 400 um, the
capillary length is 200 um, and capillary width is 20 pm.
The geometry is 10.8 mm in length with a total of 322000
cells. The mesh is two-dimensional to save computation
time and is set up such that there are 120 cells along the
cross section of the main channel, and 8 cells along the
cross section of each of the 16 capillary channels. The simu-
lation has been tested to be mesh independent. The initial
condition is set such that there are alternating slugs of the
two phases flowing through the main channel from left to
right, and the capillary region is fully wetted by the wetting
phase. For demonstration purpose, the channel contains
biphasic flow of water (denoted by blue) and toluene
(denoted by red), and the channel wall is hydrophobic, ie.,
the contact angle for toluene is zero. The fluid combination

and wall hydrophilicity can be tuned by changing fluid prop-
erties, interfacial tension, and contact angle. The pressure
boundary conditions are crucial to the operation of the
device. The pressure at the inlet is set as zero-gradient. We
set the pressure at the outlet of the capillary region, Pcapiiiary,
to atmospheric value (Pcapiliary = 0 Pa), and the back pressure
at the outlet of the main channel, P, inchannel, t0 a defined
positive value. The most important parameter to be tuned in
running the simulation is the pressure difference between

the OUtlets) APoutlet = Ppainchannel ~ Pcapillary-

Results and discussion
CFD simulation of the capillary microseparator

APguuee controls the three operating regimes of the capillary
microseparator, and thus, the most important quantity for
achieving successful and consistent separation in applica-
tions. Therefore, our first goal was to examine whether it was
possible to observe the three corresponding regimes in the
CFD simulation by tuning the pressure difference between
the main channel outlet and the capillary region outlet.

As shown by eqn (1), the breakthrough pressure threshold
is determined by the capillary pressure of the meniscus
within the capillaries. For our system, the calculated Young-
Laplace pressure in the capillary is 3600 Pa. When the pres-
sure difference between the outlets, AP,uet, Stays below this
limit, normal operation was observed. Fig. 3 demonstrates
the complete separation process as a train of segmented flow
approaches the capillary region. When a non-wetting slug
meets with the capillary region, it remains intact and moves
through the main channel as if the capillary region is
nonpermeable. In contrast, due to the capillary effect, the

Time

Fig. 3 Time-lapse snapshots of the phase distribution in a capillary microseparator during normal operation (AP,uuet = 1820 Pa). Here, toluene is
the wetting phase (red) and water is the non-wetting phase (blue). At = 0.15 s.

This journal is © The Royal Society of Chemistry 2019
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subsequent wetting slug enters into the side channels as
soon as it encounters the first capillary.

Increasing the pressure difference above the Young-
Laplace limit causes breakthrough (Fig. 4). In this case, the
increased pressure gradient across the capillaries pushes
both the wetting and non-wetting phases through the capil-
lary channels. The breakthrough of the leading non-wetting
droplet manifest itself by the droplet gradually shrinking as
it bursts through the first capillary periodically (black box
marked region in Fig. 4)

Besides breakthrough and normal operation, the third re-
gime is retention, when the pressure difference is not high
enough to remove all the wetting phase as it passes through
the capillary region. Fig. 5 depicts the entire time sequence
of the retention phenomenon, where at the onset, a non-
wetting slug moves through the capillary region without
being affected, then a wetting slug is partially going through
the capillaries while retaining a residual amount in the main
channel. Another non-wetting slug then follows.

View Article Online

Lab on a Chip

We ran a series of simulations by varying the AP,y in
this configuration, and discovered a retention pressure
threshold of APg,qec = 50 Pa based on the simulations. This is
an interesting finding, as it deviates from the 12 Pa theoreti-
cal limit by more than quadrupling it. Motivated by this dis-
crepancy, we developed an analytic model that correctly pre-
dicted CFD results, by taking into consideration the
utilization rates of the capillaries through different stages of
separation. The analytical model is presented in the next sec-
tion. It is also worth noting that such small pressure differ-
ences on the order of 10 Pa are typically difficult to control
and measure experimentally, but they can nevertheless be
precisely captured in the CFD simulation, demonstrating one
of the unique advantages of the modelling approach.

While the test cases shown above are based on water/
toluene flow in a hydrophobic channel, in practice, the CFD
model can be applied to any biphasic system as long as the
wetting and fluid properties are known. In practice, the mem-
brane separator has difficulty with partially immiscible sys-

Time

Fig. 4 Time-lapse snapshots of the phase distribution in a capillary microseparator during breakthrough (APuuet = 3640 Pa). Here, toluene is the
wetting phase (red) and water is the non-wetting phase (blue). At = 0.05 s. The black box highlights the capillaries through which breakthrough

occurred.

Time

Fig. 5 Liquid-liquid phase distribution in a capillary microseparator capturing the retention phenomenon (AP, et = 30 Pa). Here, toluene is the

wetting phase (red) and water is the non-wetting phase (blue). At = 0.15 s.
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tems with low surface tension differences.”” In addition to
the cases presented here, we ran a wide range of simulations
to demonstrate the robustness of the CFD method in
predicting the operating ranges of the capillary separators, re-
gardless of wetting characteristics (hydrophilic or hydropho-
bic channels), fluid combinations (gas/liquid or liquid/
liquid), and slug configurations (single or multiple slug
systems).

Beyond delineating the three operating regimes with high
resolution, another advantage of the CFD method is its abil-
ity to provide a wide range of physical details, which allows
us to capture and understand the hydrodynamic fingerprint
of the device. In this aspect, one important parameter is the
permeate flow rate through the capillaries. While it is possi-
ble to measure the flow rate in the main channel via experi-
ments, it is very difficult to distinguish and quantify the flow
rate through each one of the micron-scale capillaries. The
CFD method provides us with the transient velocity profiles
at each capillary outlet. We thus obtained the instantaneous
flow rate through each capillary as a function of time by inte-
grating the velocity profiles over the capillary cross sections
(Fig. 6).

We observed several interesting patterns in accordance
with the simulated hydrodynamic behavior:

(1) The flow rate decreases from a plateau value to zero as
soon as a pore is temporarily blocked by the passing non-
wetting segment, and increases as soon as the segment
moves away. Looking at the plot for the first pore, it is ini-
tially obstructed by the non-wetting slug at time (a) and the
flow rate drops to zero. Then as the slug departs at time (d),
it reopens and flow through it resumes. Similarly, time points
(b) and (c) correspond to when the fifth and ninth pores
are blocked. Their flow rates recovered after the same interval
of delay.

View Article Online
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(2) Focusing on the plateau region at the top of the plot,
we notice small periodic spikes. The plateau line of the nth
pore contained n-1 spikes. A closer examination reveals that
the occurrence of the small spikes is caused by the pressure
disturbances as soon as a pore is blocked by the advancing
non-wetting slug. Therefore, the nth pore would experience
n-1 such pressure fluctuations before contacting the non-
wetting slug.

The preceding examples demonstrate that the CFD model
is able to simulate and predict the three distinct operating
stages of the capillary separator. Moreover, the simulations
offer a wealth of hydrodynamic details, such as quantifica-
tion of the instantaneous flow rate through each capillary,
which are difficult to measure experimentally. The physical
insights lay the foundation for the development of a more ac-
curate analytic model for the retention behavior.

Analytic model of the retention pressure threshold

While the simulated breakthrough pressure threshold corre-
sponds well with theoretical prediction from the Young-
Laplace equation, we observed that there is a significant devi-
ation between the simulated retention pressure threshold
(50 Pa) and the pressure threshold calculated based on the
Hagen-Poiseuille equation (12 Pa). In order to reconcile this
discrepancy, the physical scenario surrounding the retention
pressure threshold was analyzed in more detail.

Suppose that the separator is operating right on the reten-
tion pressure threshold. This corresponds to the limit when
the wetting slug has completely moved through the capil-
laries (i.e., its back meniscus touches its front meniscus) ex-
actly at the end of the capillary region. This process can be
further decomposed into two stages, as shown in Fig. 7. The
first stage, the duration of which we shall name ¢, starts

(a)
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Fig. 6 Real-time flow rates through different capillary pores obtained from CFD simulation. In this case, a segment of non-wetting phase moved
through the capillary region without entering into the pores, corresponding to the normal operation regime. Pore 1 referred to the leftmost capil-
lary channel, while pore 16 was the rightmost. Only the top half of the channel was simulated (with symmetric boundary condition on the bottom)

to reduce computation time.
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Fig. 7 Scheme showing the two-stage model for calculating the re-
tention pressure boundary.

when the front meniscus meets the beginning of the capillary
region (Fig. 7a), and ends when the back meniscus arrives at
the beginning of the capillary region (Fig. 7c). The second
stage, the duration of which is ¢,, follows after the first stage,
and lasts until the back meniscus catches up with the front
meniscus (Fig. 7d), at which point the film-thin slug would
collapse into small residual droplets attached to the wall.
Those droplets do not usually move with the bulk flow and
eventually become absorbed into the capillaries. The two
stages in combination cover the entire separation process
when the pressure operates on the retention boundary.

This model sheds light into the discrepancy between theo-
retical and simulation retention pressure thresholds. The the-
oretical model in eqn (2) implicitly assumes that the flow of
the wetting phase is evenly distributed among all the capil-
laries, and that all the capillaries remain open throughout
the separation process. However, this is not true as shown in
Fig. 7. In fact, this assumption applies to neither stage: in
both stages, only a fraction of the capillaries is being used.
Therefore, the effective number of capillaries is smaller than
the total number of capillaries, leading to a higher volumetric
flow rate through each capillary, and consequently, a higher
pressure threshold.

To solve for the retention pressure threshold using this
model, we start by formulating the mass balance for the re-
moval of the wetting slug during the first stage. Note that the
slug in this stage consists of two sections, L; and L,, as
shown in Fig. 7b, and only L, is in contact with the capillary
region. The mass balance for the shrinking of the wetting
slug during stage I therefore takes the following form:

_d[Ll(t) + Lz(t)]Amain = LZ(t)éQcapdt (11)

Here, A.in iS the cross-sectional area of the main chan-
nel. Qc,p is the volumetric flow rate through each capillary, ¢
is the capillary density, defined as the number of capillaries
per unit length along the main channel. The inverse of ¢ is
the distance occupied per capillary, which we name 4.

Since the back of the slug is constantly propelled by the
linear velocity from the main channel inlet, the first section

712 | Lab Chip, 2019, 19, 706-715
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L, shrinks steadily at the rate of V;,, which can be expressed
as Ly(t) = Lgug — Vint, Where Vj, is the linear velocity in the
main channel coming from upstream of the capillary separa-
tor. Stage I ends when L, reduces to zero, meaning that the

L,
duration of stage I is ¢, = %

With that, the only unknown left in eqn (11) is L,, with an
initial condition of L, = 0 at ¢ = 0. The value of L, at the end
of stage I is equal to the length of the slug at that time point,
Lint, the intermediate slug length, as shown in Fig. 7c.

The solution of eqn (11) is:

Lyg
L= lC(l - ew]

, which is the ratio between the total flow

(12)

tot
Ocap
rate coming in from the inlet, Q,, and the flow rate through
one capillary, Qcap. Note that Qi = VinAmain- In most cases,

Here, C=

Ly,

l—e 7€ ~1’ and the exponential term can there-

@M SO
AC
fore be neglected. An example will be demonstrated
subsequently.

For stage 1I, similarly, the mass balance equation for the
wetting slug is as follows:

_dLS(t)Amain = LSSQcapdt (13)

Ls(¢) is the total length of the slug during stage II. We
know that at ¢ = 0, L3 = Li,; and that at the end of stage II,
Lz = Lgp. Lgy is the final length of the wetting slug, which can
be considered as the distance occupied by one capillary, 4,
since a minimum of one capillary is needed to remove the
wetting phase from the main channel.

) 1)
il 9%,

=— 14
Lﬁn Amain ’ ( )

Therefore, the minimum length of the capillary region is
the distance travelled by the back meniscus during stage II:

‘cap

Qtt L't _ﬂ
L :Vintzz/l—"lnf:/lc InC+In|1-¢ #*€ (15)

cap

Neglecting the second term (which is also the second term
in eqn (12), and is much smaller than the first term), the
final expression is:

Leap =ACInC (16)
or:

n=ClnC 17)

This journal is © The Royal Society of Chemistry 2019
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cap

where 7 is the total number of capillaries, and C= . The
developed model can be applied in two ways:

(1) Given the number of capillaries or the length of the
capillary region, calculate the retention pressure threshold.
One can start from eqn (16) or (17), and solve for the only
unknown C. With C and Q, Qcap can be calculated, which is
%. Since the

cap

directly proportional to AP, as AF, =

retention pressure threshold is the pressure difference be-
tween the outlets, AP, ey, it is also important to factor in the
difference between AP, and AP,uie. The main difference
arises from the flow resistance in the main channel beyond
the capillary region, which is only about 2.4 Pa cm™ as esti-
mated by the Hagen-Poiseuille equation. In our geometry,
this translates into a pressure difference of 1 Pa, meaning
that AP,, — AP,ue = 1 Pa. The retention pressure threshold
can thus be obtained.

(2) Given an operating pressure difference of the device,
AP,uter, the above process can be followed in the reverse or-
der to obtain the minimum length of the capillary region, or
the minimum number of capillaries, that is needed for com-
plete separation.

This model is able to predict the retention pressure thresh-
old observed in the CFD simulations with high accuracy. In
our test case, n = 16, therefore, C = 7.8 based on eqn (16), and

View Article Online

Paper

— a:uLQtot —

w = o 2 =51Pa, Taking into consideration the differ-
cap

ence between AP,, and APyyqec due to laminar flow pressure
drop, which is 1 Pa as stated previously, the model-predicted
APyuuer 18 50 Pa, which is the same as the 50 Pa retention
threshold (AP,yuet) that was observed in the CFD simulations.
To complete the analysis, we should also examine whether
it is a valid assumption to neglect the second term in eqn

L,

Lo

(12): in this case, ﬁ:4.5, l—e *© =0.99~1- Therefore,
AC

neglecting this term would greatly simplify the model without
compromising its accuracy.

Comparison of model predictions and experiments

The small dimensions and low flows through the micro-
separator channels raise significant challenges for detailed
experiments. Fortunately, Ladosz and Rudolf von Rohr have
recently published detailed experiments and computations of
the operating limits of capillary separators.*® They modelled
the breakthrough pressure with the Young-Laplace equation
and determined the retention pressure bound with a model
derived from experimental observations.

As shown in Fig. 8, our results (dotted black line) overlap
model results by Ladosz and Rudolf von Rohr (solid red line).
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Fig. 8 Comparison of model predictions in this work with the results of tadosz and Rudolf von Rohr;*® A-F: flow rate ratio equal to one, five
capillary geometries were tested, with capillary dimensions denoted in um as width-length: A: 10-250; B: 10-500; C: 10-1000; D: 20-1000; E: 30-
1000; F: varied flow rate ratio experiments using separator 10-500, only retention bound shown.
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When comparing the two models for the lower pressure
bound it is evident that the underlying equations are identi-
cal, even though our work is based on CFD simulations and
the model of Ladosz and Rudolf von Rohr on experimental

Lo

observations. In our model we drop the term l—e 7€ ~1 and

neglect the possible change in the velocity of the back of the
slug if multiple slugs come into contact with the capillary re-
gion, which results in a simpler expression, free of experi-
mental parameters. This simplified approach provides best
results for the flow rate ratio Q4/Q. = 1 (where Qq is the flow
rate of the non-wetting phase) i.e. for large droplets and short
slugs. In this case, droplets provide sufficient spacing be-
tween subsequent slugs so that isolated slugs arrive at the
separator. For short droplets and elongated slugs, i.e. Qq/Q.
< 1, the model over predicts the lower bound (Fig. 8F), most
likely because it neglects the scenario of multiple slugs
contacting the separator at once. For these more complex sit-
uations, the model of Ladosz and Rudolf von Rohr and full
CFD simulations provide predictions that are more accurate.
Both models perform much better than the Hagen-Poiseuille
equation in predicting the behaviour of the capillary separa-
tors, and can provide a deeper understanding of hydrody-
namics than is possible through experiments alone, such as
the flows through individual channels. The good agreement
with reported results*® and our previous validation of the
VOF simulations*®**®*? provide confidence in the present cap-
illary simulations and analysis.

The analytic model provides the essential connections be-
tween the retention pressure threshold, wetting phase flow
rate and the design of the capillary separator, including its
shape, size and number of the capillaries. Therefore, it can
be used to predict not only the pressure range of a given de-
vice, but also the maximum throughput under a given pres-
sure, as well as the minimum number of capillaries necessary
to achieve complete separation under a given operating con-
dition (Table 1).

Conclusions

In this contribution, we systematically modelled the perfor-
mance of the capillary microseparator using a combination
of CFD simulations and analytical methods. The OpenFOAM-
based CFD model simulated the multiphase separation pro-
cess at the capillary level and accurately predicted the differ-

Table 1 Summary of the retention pressure and breakthrough pressure
thresholds for the capillary microseparator

Retention threshold
ap. = HLOq

retention 2
cap

Breakthrough threshold

AR, cokihrongh = 20 (% + %jcos@

where QO —% and CInC=n

cap
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ent behaviours of the separators corresponding to the full
range of pressure controls. With its high spatial and tempo-
ral resolution, the CFD model provides physical details, such
as instantaneous velocity field, pressure field, and local phase
distributions, which are difficult to obtain experimentally. In-
spired by the observations from the CFD simulations, we de-
veloped a simple analytic expression that provided predic-
tions of the retention pressure threshold with significantly
increased accuracy. A comparison with recently published ex-
perimental data and models demonstrates the complete un-
derstanding of the mechanism of microcapillary separators.
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