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Abstract

We report results from numerical simulations of the flow past a liquid-gas interface embedded
with solid particles. This work mainly focuses on the reduction in effective slip length by solid
particles adsorbed at the liquid-gas interface in textured microchannels. Initially, we present
numerical simulations past transverse ribs with single cylindrical particles on the liquid-gas
interface positioned at the midpoints between ribs. The reduction in the effective slip length (or
slip loss) with respect to the particle-free interface as a function of gas fraction, constriction ratio,
particle position and contact angle was quantified. A significant slip loss (~20-80%) was induced,
owing to acceleration-deceleration cycles experienced by the liquid advecting across the particle-
laden liquid-gas interface. This rendered such a particle-laden interface of a textured microchannel
to be ineffective as compared to a completely wetted textured microchannel under certain
conditions. Furthermore, the effective slip length for two bi-dimensional surface texturing patterns,
viz. posts and holes, with their interfaces embedded with spherical particles was also investigated.
Due to the unbounded liquid-gas interface in the surface with posts, unlike the one with holes, the
slip loss was observed to be less for the former than the latter. The simulations enabled the validity
of scaling laws to be extended to textured microchannels containing particle-laden interfaces. In
overview, even a small number of inert solid particles adsorbed on a liquid-gas interface will
considerably reduce the effective slip length in textured microchannels. Since a stringent
requirement of cleanliness is often difficult to achieve in real-world applications, our results
suggest that significant drag reduction using textured microchannels might be challenging to

realize in practice.
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1. INTRODUCTION

Measured in terms of pressure drop (4P), the resistance to transporting a liquid through a
microchannel decreases rapidly with the characteristic cross-stream length (/) ': AP ~ 1//%. This is
attributed to the increase in surface area to volume ratio at microscales. One way to partially
overcome this issue is by texturing the inner surfaces of the microchannel. Surface texturing causes
the liquid state to exist in one of two states. These can be described by either liquid flow over
entrapped gas in cavities formed by the textures, known as the Cassie-Baxter state (CB), or flow
with the liquid filling the cavities formed by the textures, referred to as the Wenzel state (W). In
the former, a reduction in the pressure drop is due to velocity slip at liquid-gas interface. A
reduction in pressure drop in the latter is ascribed to an increase in the effective flow area. Both
experiments and theory suggest that the Cassie-Baxter state offer a lower resistance to the liquid

flow than the Wenzel state®>.

Navier proposed that the s/ip velocity (us) at a solid-liquid surface is proportional to the local rate
of shear stress (Ous/0y) ®. The constant of proportionality 1 is termed as slip length, which is the
imaginary distance underneath the surface at which the no-slip boundary condition is recovered.
Experimental studies and molecular dynamics simulations on solid-liquid interfaces have reported
slip lengths in the range of tens of nanometers’. However, a significant fractional reduction in
the pressure drop in a microchannel is only possible if the slip length is of the order of the
characteristic length scale of the microchannel. Textured microchannels consisting of alternate
no-shear and no-slip regions are known to yield high slip lengths'®. Lauga and Stone!! introduced
the effective slip length as a useful metric to compare the reduction in pressure drop on textures of
different geometries and sizes. Analytical studies formulated simple predictive expressions for the
effective slip length for one-dimensional (longitudinal and transverse ribs) and two-dimensional
textures (posts and holes) as a function of gas fraction (ratio of shear-free area to the total projected
area) 12, Numerical works augmented these expressions for the effective slip length by including
gas fraction, Reynolds number and constriction ratio (ratio of microchannel height to pattern
width) 13-4, Traditionally, the liquid-gas interface is assumed to be flat and shear-free in these
works. These idealized conditions result in over prediction of the effective slip length. Therefore,
subsequent analytical and numerical works accounted for the interface deformation and dissipation

between the liquid and gas phases to amend the previously reported correlations'>-!¢, For example,



the ratio of effective slip length for longitudinal to transverse ribs with dissipation in both the
phases no longer amounts to a value of two as predicted in the idealized case. On the contrary, the
liquid-gas interface deformation is not always detrimental in terms of the effective slip length.
Theoretical works showed that the effective slip length increases to an optimal value when the
liquid-gas interface bows into the liquid flow field, which is further supported by experiments!”-
20, However, a deformation beyond the optimal value leads to a negative effective slip length due

to blockage caused by the protruding interface into the core flow.

Experiments on flow past textured surfaces have however revealed contrasting outcomes. Lee et
al.?! reported slip lengths closer to the theoretical limit on textured surfaces in a shear-driven flow.
Tsai et al.?? observed a deviation of greater than 50% in experimentally measured slip length from
theory, in pressure-driven flow through textured microchannels. The liquid-gas interface
deformation was partly attributed to this nonconformity. In some experimental studies where the
global average quantities such as pressure drop or volumetric flow rate were measured, the Wenzel
state was observed to be better than the Cassie-Baxter state?>2°, With the help of experiments and
numerical simulations, these works deduced that the liquid-gas interface behaves like a partial no-
slip boundary. Local velocity measurements in flow through textured microchannels were also
shown to exhibit no-slip behaviour at the liquid-gas interface?®2’. The authors presumed that the
deposition of impurities on the liquid-gas interface carried by the liquid, from the external system
or the substrate itself could be the cause of this interfacial immobility. A more recent study showed
that a substantial decrease in slip length occurs even at a low concentration of surfactant adsorbed
at the liquid-gas interface?®. A change in boundary condition from full-slip to partial slip was also
observed with an addition of a small amount of salts**-**, In summary, any particle or surfactant

contamination on the liquid-gas interface may lead to a significant reduction of slip length.

Solid particles (or colloidal particles, as they are often called in the literature) are ubiquitous in
closed channel flows in biological, chemical and industrial systems®!-33. Colloidal particles are
categorized based on their architecture and dimensionality (3D - spherical, 2D - flat disc and 1D —
cylinder) with a typical size distribution ranging from one nanometer to tens of micrometers. These
particles tend to accumulate spontaneously at the fluid-fluid interfaces irrespective of the chemical
composition on their surface®*. If a chemically active solid particle is trapped at the liquid-gas

interface, a change in surface tension occurs along the interface. A gradient in the surface tension



along the liquid-gas interface leads to Marangoni stresses, which oppose the liquid flow over the
interface. However, not all the colloidal particles are chemically active through their surface. It is
hypothesized that even an inert solid particle can influence the flow behaviour at the liquid-gas

interface.

To this end, we numerically investigate the effect of a solid particle embedded at the liquid-gas
interface on the effective slip length in textured microchannels. This paper begins with numerical
simulations past one dimensional textures (transverse ribs) with a cylindrical particle situated on
the liquid-gas interface. The effects of particle contact angle, position on the liquid-gas interface,
microchannel constriction ratio and gas fraction on the effective slip length are presented.
Subsequently, the simulations are extended to bi-dimensional textures (posts and holes) with a
spherical particle adsorbed on the liquid-gas interface. Furthermore, we invoke the “dirty’ interface
argument to explain why the experimental pressure drop in the Wenzel state was observed to be

less than the Cassie-Baxter state in the literature.

2. MEHODOLOGY
2.1 Physical description of the problem

An infinitely wide microchannel containing texture elements on the bottom wall was considered
in this study, while the top wall was set to be smooth. Fig. 1(a) shows a single module of a
microchannel containing a one-dimensional texture (transverse ribs) on the bottom wall with a
cylindrical particle situated on the liquid-gas interface. The nomenclature and boundary conditions
of the computational module are shown in the figure. As the velocity field repeats from one module
to the next, periodic boundary conditions were imposed at the module inlet and outlet. For a typical
air-water system inside a textured microchannel, the very low viscosity ratio between the two
phases (ua/uw = 0.01, where, u,and u, are viscosities of air and water respectively) allowed us to
impose a no-shear boundary condition at the interface. That is, no gas phase was involved in the
numerical simulations where the Cassie-Baxter state exists and the cylindrical particle was reduced
to a circular bump on the liquid-gas interface for transverse ribs. A no-slip boundary condition was
applied on rest of the surfaces including the top wall, rib, and cylindrical particle. The liquid-gas

interface was assumed to be flat owing to a sufficiently small Capillary number (Ca) in the



simulations. Similarly, in the limit of small capillary number, the rotation of particle on the

interface is negligible.
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Figure 1: (a) Computational module with nomenclature and boundary conditions for transverse
ribs. (b) Contact angle and interfacial tensions for the embedded particle at the interface. (¢)
Liquid-gas interface at the posts top surface for bi-dimensional textures. The region highlighted
by red dashed line was chosen for the numerical simulation domain. (d) Computational module
with appropriate boundary conditions for posts. (¢) Computational module with appropriate
boundary conditions for holes. A one-quarter portion of the spherical particle is shown in red in

(d) and (e) on one of the symmetry planes.



Furthermore, the typical size distribution of colloidal particles (generally < 10 um) endorses that
the capillary forces on a particle trapped at the interface is orders of magnitude greater than the
weight of the particle. Therefore, the liquid-gas interface around the particle was assumed to be
locally flat. Micro/nano-particles adsorbed at an interface with a contact angle closer to 90° possess
the free energy of adsorption several orders of magnitude greater than the thermal energy?*. This
favours an irreversible attachment of particles at the interfaces. Thus, the contact angle (6c4) of
the particle was fixed at 90° in the simulations, unless stated otherwise. The particle contact angle
was defined as an angle between the tangent to the particle surface (into the gas phase) and the

interface. as illustrated in Fig. 1(b).

Owing to the periodicity and symmetry of the bi-dimensional texture configuration (posts and
holes) inside the microchannel in the X and Z directions, the region illustrated in Fig. 1(c) was
chosen for the numerical simulations. The computational domain with nomenclature and
appropriate boundary conditions for posts and holes is illustrated in Fig. 1(d) and (e) respectively.
In the flow direction (X-direction), periodic conditions were imposed at the inlet (X = 0) and the
outlet (X = L). Due to a mirror symmetry in transverse direction (Z), a symmetry boundary
condition was applied at Z = 0 and L/2 planes. The spherical particle was positioned at the liquid-
gas interface on one of the symmetry planes for the posts and holes simulations, as shown in Fig.
1(d) and (e). As noted earlier, the liquid-gas interface was assumed to be flat and shear-free, while

rest of the surfaces were considered to be no-slip.
2.2 Calculation of flow parameters

The relevant geometrical parameters in this study are the gas fraction (d), constriction ratio (g) and
cavity aspect ratio (). The gas fraction is defined as the ratio of no-shear area to the total area of
the module. For instance, the gas fraction in the case of transverse ribs is Ls/L whereas, in case of
posts it is expressed as Ls’/L°. The constriction ratio is defined as the ratio of module height (H) to
its width (L) and the cavity aspect ratio is the ratio of cavity height (%) to its width (Ls). Note that
the cavity aspect ratio is only relevant in those simulations where the flow exists in the Wenzel
state. The pressure gradient value obtained from the simulations was converted into an effective
slip length through the following equations
fRe= DypAP. (1)
mul
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where AP is the pressure drop, miis the mass flow rate, L is the length of the domain, fRe is the
Poiseuille number and A is the effective slip length. Note that in the subsequent sections, the
effective slip length normalized by the module height (A/H) will be termed the effective slip length
itself, while the effective slip length normalized by the module length (4/L) will be called the

normalized effective slip length.
2.3 Numerical details

The liquid flow inside the textured microchannel was assumed to be steady, incompressible and
laminar with constant thermo-physical properties. Therefore, the following continuity and

momentum equations are applicable for this scenario:
Vu=0, 4)

ou

” +p(uVu)=-VP+ 1Vu, (%)

yo,

where the velocity field u = [u, v, w] corresponds to the spatial field X = [X, ¥, Z].

The geometries were modeled and meshed in ANSYS ICEM CFD 14.0 and the governing
equations (4)—(5) were solved using ANSYS FLUENT 14.0. All the simulations were carried out

in the Stokes flow limit (Re < 1), to ensure Ca << 1. Here, Re = puD,, / u is the Reynolds number

and Ca = pu/y,;is the capillary number. In these equations, p is the density of liquid, u is the

velocity in the X-direction, Dy is the hydraulic dimeter, u is the viscosity of liquid, and y;¢ is the
surface tension along the liquid-gas interface. Abrupt acceleration-deceleration cycles were
expected in the computational module at the textured surface due to a change in the boundary
condition from no-shear to no-slip at the three-phase contact line (at the edge of the texture and in
the vicinity of particle). Therefore, the mesh was locally refined at ¥ = 0 in the module at the
beginning of the simulation through the region adaption method. A second-order upwind scheme

was adopted for discretizing the convective and diffusive terms, while the SIMPLE algorithm was
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chosen for the pressure-velocity coupling. Once the mass flow rate corresponding to the desired
Re specified at the inlet was reached, the continuity and velocity residuals in the simulations were
allowed to converge until they reached 10*. Thereafter, a dynamic velocity gradient-based mesh
adaption method was followed in the simulations to attain a grid independent solution until the
desired convergence criteria or 10" was achieved. This technique adds/deletes cells depending on
the local velocity gradient to ensure that the flow field is well captured at convergence of the
process. As an indication of its computational efficiency, the difference in predicted pressure drop
values for a particular case of ¢ =land ¢ = 0.5 without a particle was less than 0.5% between an
extremely fine mesh consisting of 160,000 elements and an adapted mesh consisting of just 10,800

elements.

3. ONE-DIMENSIONAL TEXTURE WITH A CYLINDRICAL PARTICLE

In this section, the numerical results for flow past transverse ribs containing a cylindrical particle
on the liquid-gas interface are presented. A particle situated on the liquid-gas interface will be
termed as ‘adsorbed particle’ in the following discussion. Also note that the terms ‘liquid-gas
interface’ and ‘interface’ will be used interchangeably in this paper. An effect of the adsorbed
particle on the effective slip length with respect to module geometric parameters such as gas
fraction and constriction ratio were studied, followed by particle-related parameters such as

particle position on the liquid-gas interface and the contact angle.
3.1 Validation of the results

To investigate the validity of numerical simulations, the numerically obtained normalized effective
slip length for flow in the Cassie-Baxter state and the Wenzel state were compared with the
corresponding analytical results. Teo et al.>® expressed the normalized effective slip length for
flow past transverse ribs as a function of gas fraction as:

A 1 o

—=—"7In|sec(—) |. (6)

L 2rx { ( 2 )}

The above relation was derived for a shear flow past transverse ribs in the Stokes regime and is

valid for a relatively large separation between the top wall and the textured bottom wall (¢ >> 1).



Therefore, the simulations were carried out for the case where ¢ = 10 at a very low Reynolds
number (Re =0.01). In a similar manner, the numerically obtained normalized effective slip length
in the Wenzel state was compared with the phenomenological relationship provided by Woolford

et al.!l3

The simulations for the Wenzel state were carried out keeping x = 1, in view of the
limitations imposed on the phenomenological relationship. Fig. 2(a) shows the comparison of the
numerical and analytical normalized effective slip length for both the Cassie-Baxter state and the
Wenzel state. The numerical results were in good agreement with the analytical results with a

maximum deviation of 3%.
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Figure 2: (a) Comparison of the numerically obtained effective slip length for flow in the Cassie-
Baxter state and the Wenzel state, across a microchannel containing transverse ribs on the bottom
wall with analytical results at ¢ = 10. The simulations for the Wenzel state are carried out at x =
1. (b) Comparison of numerically calculated normalized drag force on a solid particle positioned

on a liquid-gas interface (for Oc4 = 90°) with Faxen’s analytical solution®’.

Further, the accuracy of simulations for the particle-laden interface were validated through Faxen’s

power series analytical solution. The drag force (#p) on a cylindrical particle traversing along the



axis of an infinitely wide channel is expressed in terms of viscosity, diameter of particle, channel

height and center-line velocity (Upmax) as®’:

F, 4r

- . 7
uU In(2H / d)—0.9157+1.7244(d / 2H)* —=1.7302(d / 2H)* @

max

In the present work, a flow past an adsorbed particle with Ocs = 90° in a microchannel was
numerically simulated. The computational module was similar to that shown in Fig. 1(a) without
a rib. The simulations were carried out for H/d values ranging from 10 to 150. As the no-shear
boundary condition (Ou/0y = 0) at the interface is physically identical to a symmetry boundary
condition (Ou/0y = 0), the numerically calculated drag force on a cylindrical particle is half of that
calculated by Eq. 7. Fig. 2(b) shows good agreement between the normalized drag forces

calculated both analytically and numerically.
3.2 Influence of gas fraction

We begin our analysis by examining the influence of an adsorbed particle on the effective slip
length at different gas fractions when the particle is situated at the mid-section of the cavity (x/Ls
= 0.5) on the liquid-gas interface. The particle contact angle was fixed at 90° in these simulations
with a constriction ratio of unity. The particle dimensions for this case correspond to H/d = 100,
i.e., for instance, a microchannel with a height of 100 um has an adsorbed particle of 1 pm diameter

at all gas fractions.

Fig. 3(a) shows the effective slip length on the interface with an adsorbed particle along with the
condition where flow exists in the Cassie-Baxter state and the Wenzel state as the two limiting
cases. Under normal circumstances, it is reasonable to envisage the effective slip length has upper
and lower limits corresponding to whether the flow exists in the Cassie-Baxter state or the Wenzel
state respectively. As mentioned earlier, the cavity aspect ratio was kept constant, i.e., x = 1, for
those simulations where the Wenzel state exists. We can define a particle-free interface as a ‘clean’
interface and particle-laden interface as a ‘dirty’ interface. The curve representing the effective
slip length for a “dirty’ interface rightly lies between the low and upper limits of the effective slip
length. It is also apparent from the figure that an adsorbed particle has considerably reduced the
effective slip length on the interface with respect to a ‘clean’ interface. Further, the curve showing

the effective slip length for a ‘dirty’ interface is closer to the lower limit of the effective slip length.
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An adsorbed particle reduces the no-shear area of the module, which leads to a reduction in the
effective slip length. The percentage reduction in the no-shear area due to a particle is plotted in
Fig. 3(b) for each gas fraction. Importantly, it is evident from the figure that a reduction in the no-

shear area is not so significant (< 10%) for the given geometric parameters (¢ = 1 and H/d = 100).
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Figure 3: (a) Effective slip length as a function of gas fraction for flow in the Cassie-Baxter state
(green squares), the Wenzel state (blue diamonds) and for interface with an adsorbed solid particle
positioned at x/Ls = 0.5 for 6cs = 90° (red circles). (b) Percentage reduction in slip length for a
particle-laden interface (hollow red circles) and for an interface with reduced no-shear area (hollow

dark green diamonds) is shown. Percentage reduction in no-shear area is also shown.

Therefore, it is required to compare the magnitude of reduction in the effective slip length in two
different cases to understand the flow behaviour at the liquid-gas interface. The slip loss (or

percentage reduction in the effective slip length) is calculated by following expression:

AL A=t 00 ®
ﬂ'c A’C

Here, Acand Ap are the slip lengths for ‘clean’ and ‘dirty’ interfaces respectively. In the first case,
the effect of the adsorbed particle is shown as the slip loss with the gas fraction (red circles) in Fig

3(b). A significant reduction in the effective slip length (45 — 80%) can be seen from the figure.
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In the second case, simulations were carried out on a computational module with an equivalent
increase in rib dimension (L-Ls) corresponding to the particle diameter for each gas fraction. The
slip loss for this case is minor (3 — 6 %) as shown in the figure. Therefore, an adsorbed particle

significantly influences the flow behaviour at the interface.
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Figure 4: (a) Normalized interfacial slip velocity for ‘clean’ and ‘dirty’ interfaces at 6 = 0.5 and
0.8. (b) Normalized interfacial slip velocity for ‘clean’ and ‘dirty’ interfaces plotted as a function

of gas fraction.

To understand the local hydrodynamics on an interface with and without a particle, the slip velocity
on the interface at each gas fraction is calculated. Fig. 4(a) shows the normalized interfacial
velocity for ‘clean’ and ‘dirty’ interfaces at two different gas fractions (6 = 0.5 and 0.8). Here, the
interfacial velocity is normalized by the center-line velocity (Una) of the microchannel. It is
apparent from the figure that the liquid accelerates to a maximum value at the mid-section of the

interface and then decelerates to a minimum value on the rib surface for a ‘clean’ interface.

However, there exist two acceleration-deceleration cycles for a ‘dirty’ interface. That is, the liquid
accelerates to a maximum value between the rib surface and the solid particle and the cycle repeats
until the liquid passes from one cavity to another cavity. This leads to an overall reduction in the
average slip velocity on a “dirty’ interface. The magnitude of average normalized slip velocity with

respect to gas fraction is plotted in Fig. 4(b) for ‘clean’ and ‘dirty’ interfaces. It is evident that the
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slip velocity is significantly reduced (35 — 65 %) by introducing a particle on the liquid-gas
interface. Note that, the curves representing percentage reduction in slip length and slip velocity

are showing similar behavior, as seen from Figs. 3(b) and 4(b).

3.3 Influence of constriction ratio

The constriction effect on the effective slip length for both ‘clean’ and ‘dirty’ interfaces has been
studied in this work by maintaining a smooth upper wall. Figs. 5(a) and b show a variation in the
effective slip length with the constriction ratio at two different gas fractions (J = 0.5 and 0.9). In
the limit of large constriction ratio (¢ >>1), the flow behaviour on the bottom textured surface will
not be affected by the upper wall. Therefore, the effective slip length for a ‘clean’ interface was
shown to increase linearly with a decrease in constriction ratio for ¢ > 0.5 and set to level off for &
< 0.5, for both the gas fractions. A similar trend is noticed for an interface with a particle adsorbed
at x/Ls = 0.5. However, an increase in number of particles to three situated equidistantly on the
interface (x/Ls = 0.25, 0.5 and 0.75), recovered the linear behaviour of the effective slip length

with the constriction ratio.

A variation in the slip loss with the constriction ratio for the interfaces with one and three particles
is plotted in Figs. 5(c) and (d) at two different gas fractions. It is apparent that an increase in the
number of particles on an interface from one to three doubled the slip loss for both the gas fractions.
A change in no-shear area due to one and three adsorbed particles is 2% and 6% respectively for
0 = 0.5, the corresponding values are 1% and 3% for 0 = 0.9. That is, a minor change in the no-
shear area due to adsorbed particles leads to a significant slip loss (attaining a maximum value of
~ 80%). Introducing more particles on an interface leads to an increase in the number of interfacial
acceleration-deceleration cycles. Therefore, the average interfacial slip velocity decreases further,
leading to a more slip loss for an interface with three particles. This situation is identical to
increasing the number of textures in a microchannel for a given gas fraction, where a similar
observation was made in the earlier works®®. That is, the friction factor was found to increase as
the liquid experiences more acceleration-deceleration cycles. Also, the slip loss is steeply
decreasing with a decrease in constriction ratio for ¢ < 1. This indicates that a textured
microchannel of 10 um in height loses its effectiveness by ~ 20%, whereas a textured microchannel

of 200 um in height loses its effectiveness by ~ 45% with an adsorbed particle of 1 um diameter.
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Further, curves representing the slip loss asymptote to ~ 45% and ~ 80% for interfaces with one
particle and three particles respectively for ¢ > 1. Although textured microchannels with ¢ < 1 yield
slip lengths as large as the microchannel height, the pressure required to drive the liquid through

such a textured microchannel exceeds the critical pressure that the interface can sustain®.

0
100\\\“ R | R | 10 LI | UL | R |

H
2
LERRE | T T T
Ll Ll L
AMH
2
IBEEEER | BN | T
EEEET | Ll !

10" 10"

8=0.9

107 -~ —4@—— 'Clean’ interface = 10° - —4@— 'Clean’ interface E
I — A Interface with one particle at x/Lg = 0.5 ] - ——A—— Interface with one particle at x/Lg = 0.5 ]
[ ——w%—— Interface with three particles at x/L = 0.25, 0.5 and 0.75 || ——w—— Interface with three particles at x/Lg = 0.25, 0.5 and 0.75 ]
10* \\\\lr IR | NI | 10* \\\\lr IR | IR |
107 10° 10’ 107 10° 10'
€ €
(2) (b)
100 T T T T T T T T 100 I | L L

80 80

60 60

AMA (%)

T T T

RTINS SN S

A (%)

— “?““I““I““
[T BTN W S

40

20 . 20}
$=0.5 5§=09

—A—— Interface with one particle at x/Ls = 0.5 —A—— Interface with one particle at x/Lg = 0.5
——¥—— Interface with three particles at x/L¢ = 0.25, 0.5 and 0.75 —W¥— |Interface with three particles at x/L; = 0.25, 0.5 and 0.75
[ | [ | T | TR | T | T |

10 10° 10’ 107 10° 10’

€ €
() (d)

Figure 5: (a-b) Variation of the effective slip length with the constriction ratio, with and without
a solid particle on the interface for two different gas fractions (0 = 0.5 and 0.9). (c-d) The
effective slip length data for an interface with solid particle(s) re-cast in the form of percentage

reduction in slip length with respect to a ‘clean’ interface.
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This leads to flooding of the gas cavities by the liquid, which limits their usefulness. Therefore,
textured microchannels with low constriction ratios are impractical, even though the negative
influence of the adsorbed particle on the effective slip length is vanishing at lower constriction

ratios.
3.4 Influence of particle position and contact angle

As explained earlier, a particle positioned at the middle of the interface (x/Ls = 0.5) reduces the
average interfacial slip velocity as the liquid experiences acceleration-deceleration cycles. In this
case, the interfacial velocity is equally distributed on either side of the adsorbed particle. That is,
the particle position dictates the distribution of the interfacial velocity. Fig. 6 shows the distribution
of the interfacial velocity for a particle positioned at x/Ls = 0.1 and x/Ls = 0.5 for a gas fraction of
0.9. It is apparent that the distribution of the interfacial velocity varies when the particle is
displaced from x/Ls = 0.5 to x/Ls = 0.1, with the maximum distribution occurring on the
downstream side of the particle along the interface. The limiting case occurs if the particle is

attached to the rib decreasing the no-shear area.

1

‘Clean’ interface
------ Interface with a particle at x/L; = 0.1
- e Interface with a particle at x/L = 0.5

uu__

| Particle moved from °

" x/Lg=05tox/Lg=0.1" '

xIL

Figure 6: Distribution of normalized velocity on the interface for a ‘clean’ interface (black solid
line), particle positioned at x/Ls = 0.5 (green dashed line) and particle positioned at x/Ls= 0.1 (blue
dot dashed line) at 0 = 0.9.
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In this case, the slip loss is not very significant as explained through Fig. 3(b). The magnitude of
slip loss at different constrictions ratios (¢ = 0.1, 1 and 10) is plotted in Fig. 7 with respect to
position of the particle on an interface for 6 = 0.5 and 0.9. It is apparent that the slip loss drastically
changes with the position of a particle for ¢ > 1. The slip loss attains a maximum value when the
particle is positioned at the middle of the interface (x/Ls = 0.5). A change in position of the particle
near to the rib decreases the slip loss to a limiting case of a rib of enlarged dimensions. However,
the slip loss is not a strong function of the particle position for smaller constriction ratios (¢ < 1),

as shown in figure.
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Figure 7 (a-b): Percentage reduction in effective slip length with position at different constriction

ratios for (a) 0 = 0.5 and (b) 0 = 0.9.

Although the particle contact angle is set to 90° as a limiting case in the present simulations, micro/
nanoparticles tend to adsorb at the interface at different immersion depth i.e., at a different contact
angle due to their physical and chemical properties. For example, Janus particles belong to a class

of interesting colloidal particles with two distinct surface regions of wettability*®. An interaction
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of these particles with the fluid-fluid interface varies depending on their architecture and

41-42

amphiphilic nature*'**. Therefore, a set of simulations was carried out at different constriction

80 80
B 3=0.5 B 5§=0.9
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Oca Oca
(a) (b)

Figure 8 (a-b): Percentage reduction in effective slip length with particle contact angle at different
constriction ratios for (a) 0 = 0.5 and (b) J = 0.9. The flow behaviour near to the particle is shown

in the inset for two different particle contact angles (8ca = 75° and 120°).

ratios (¢ = 0.2, 1 and 5) and gas fractions (d = 0.5 and 0.9) by varying the contact angle (15° < 8cy4
<120°).

The numerical results for the slip loss with respect to the particle contact angle are plotted in Fig.
8. It is clear that the slip loss increases with an increase in the particle contact angle. It should be
noted that the no-shear area is a non-monotonic function of the particle contact angle. That is, the
no-shear area initially decreases with an increase in the particle contact angle until 90° and
increases thereafter until 120°. However, the particle pushes the streamlines into the liquid region
with an increase in the particle contact angle, and leads to an immobilized liquid region (or dead
zone) in the vicinity of the particle on the interface for 6c4 > 90° as shown in the inset of Fig. 8.

This is attributed to a monotonic increase in the slip loss for 15° < ¢y < 120°.
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3.5 Particle-laden Cassie-Baxter state versus the Wenzel state

As seen in section 3.3, an increase in number of particles on an interface led to a significant
increase in the slip loss (~ 80%), even though the reduction in the no-shear area is minor. In some

experimental studies, the pressure drop in the Wenzel state was observed to be less than the Cassie-
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Figure 9 (a-b): Percentage reduction in the effective slip length calculated with respect to the

Wenzel state versus constriction ratio for (a) 0 = 0.5 and (b) 6 =0.9.



Baxter state?3®

. The authors reasoned that the interface displayed a no-slip behaviour and
attributed it to impurities deposited over the interface. It is interesting to note that no surfactants
were employed in these studies, which could possibly induce Marangoni stresses. Therefore, it is
reasonable to compare the effectiveness of the textured microchannel with particle-laden Cassie-
Baxter state and the textured microchannel in which flow exists in the Wenzel state. As explained
earlier, the simulations in the Wenzel state were carried out keeping x = 1. In other words, the gas
cavity height (&) corresponding to 6 = 0.5 and 0.9 are 50 pm and 90 pum respectively. The slip loss

is calculated with respect to the Wenzel state according to the following expression:

A _ Ay =2 0. )

Ay
Fig. 9 shows the slip loss at two different gas fractions (6 = 0.5 and 0.9) for interfaces with one
and three particles. It is apparent from the figure that the textured microchannel in which flow
exists in the Wenzel state is more advantageous than the textured microchannel in which the
interface is covered with three particles. It is important to notice that there is only a minor change
in the no-shear area of < 6% due to particles resulting an ineffective non-wetted textured
microchannel, as compared to a completely wetted textured microchannel. Even in the case of an
interface with just one particle, the completely wetted textured microchannel is shown to be

advantageous for ¢ < 0.2 at both the gas fractions.

—ll— Particle-laden interface (5 = 0.5)

09 — — — Liquid-liquid interface in the Wenzel state (5 = 0.5)

o —4@— Particle-laden interface (5 = 0.9)
08F - — = Liquid-liquid interface in the Wenzel state (5 = 0.9)

E —++— Decrease in no-shear area for 5 = 0.5 15
07F —<&— Decrease in no-shear area for § = 0.9

uSIU max

AAJA, (%)

Number of particles

Figure 10: Percentage reduction in the normalized slip velocity with number of particles on

interface for 6 = 0.5 and 0.9. Percentage reduction in no-shear area due to particles is also shown.
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Fig. 10 shows a decrease in the average slip velocity with an increase in the number of particles
on an interface at two gas fractions (6 = 0.5 and 0.9). The particles are positioned equidistantly on
the interface in these simulations. The particle numbered zero in the figure corresponds to a ‘clean’
interface. The slip velocity at the liquid-liquid interface when the flow is in the Wenzel state is
also included in the figure. It is observed that there is a clear loss of effectiveness of the non-wetted
textured microchannel if the interface is covered with more than two particles in comparison to a
completely wetted textured microchannel. Furthermore, increasing the number of particles on an
interface leads to a no-slip behaviour, even if the corresponding decrease in the no-shear area is

marginal (< 10%).

4. BI-DIMENSIONAL TEXTURES WITH A SPHERICAL PARTICLE

In this section, numerical results for the flow past surfaces with posts and holes containing a
spherical particle on the liquid-gas interface are presented. An effect of an adsorbed particle on the
effective slip length with respect to gas fraction and orientation were studied. A validity of the
scaling laws proposed by Ybert et al.'> are extended for particle-laden interfaces for posts and

holes by determining appropriate model coefficients.
4.1 Numerical validation

To investigate the validity of the three-dimensional numerical simulations, the numerically
obtained normalized effective slip lengths for posts for flow in the Cassie-Baxter state are
compared with the analytical formulae proposed by Enright et al.**, as shown in Fig. 11a. The
numerical simulations were carried out at a very low Reynolds number (Re = 0.01) and a large
constriction ratio (¢ = 80). Terms up to O[(1-5)*?] were retained in the analytical formulae to
validate the accuracy of the numerical simulations. Further, the numerical results were re-cast in
the form of Eq. 10 to determine the appropriate coefficients in the scaling law proposed by Ybert

et al.!? A scaling law for the normalized effective slip length is expressed as:

=A1-6)"-B. (10)

N~

The coefficients (4, B) obtained through the numerical simulations are given in table-1. The results

from the earlier numerical works are also included in the table for comparison.
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Figure 11: (a) Comparison of numerically obtained normalized (by module periodicity) effective

slip length with the analytical solution provided by Enright et al. at all gas fractions. Numerical

results at low gas fractions are shown in the inset. (b) Comparison of the numerical results for a

spherical particle positioned on an interface (fc4 = 90° and ¢ = 5) with the analytical solution.
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Table-1: Comparison of coefficients in Eq. 10 from different numerical works.

Reference A B Conditions
Cheng et al.'* 0.336 0.450 Double-wall textured, € =2, Re = 1
Cowley et al.* 0.323 0.429 Double-wall textured, € = 50, Re = 0.14
Enright et al.*? 0.332 0.468 Double-wall textured, & = 80
Present work 0.335 0.464 Single-wall textured, € = 80, Re = 0.01

The numerical simulations for the textured microchannel with a particle-laden interface is
validated through the analytical solution of drag force on a spherical particle traversing along a
fluid-fluid interface as a function of the particle contact angle. An analytical formulae for the drag
force on a particle at an interface, in the limit of a vanishing viscosity ratio of the two fluids, is

expressed as*’:
F,=—6mufU, (11)

where U is the particle velocity at the interface and f'is a function of the particle contact angle.

This is expressed as:

1

f :5{1+%COS(I—HCA)—O.B%osz(l—GCA)+O(cos3(l—6’CA))} . (12)

A particle traversing along a liquid-gas interface with a velocity U is computationally identical to
pressure-driven flow past a stationary particle adsorbed at a liquid-gas interface in a textured
microchannel. Therefore, the simulations were carried out on a computational module similar to
Fig. 1(c) without a post top surface at Re = 0.01 and ¢ = 5. Fig. 11(b) shows good agreement

between the numerically obtained value of the function f'and the analytical result obtained through

the Egs. 11 and 12.
4.2 Posts versus holes: Influence of gas fraction

The simulations are carried out on the post and hole configurations with one/three spherical
particles positioned on the liquid-gas interface with 6cs = 90°. The particles were arranged in the

flow direction on the interface for the posts, i.e., at x/Ls = 0.5 for a single particle and at x/Ls =
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0.25, 0.5, 0.75 for three particles. For holes, the particles were arranged normal to the flow

direction i.e., at x/Ls = 0.5 for a single particle and at z/Ls = 0.25, 0.5, 0.75 for three particles.
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Figure 12: Variation of the effective slip length with gas fraction for flow in the Cassie-Baxter
state (black squares), the Wenzel state (black diamonds), an interface with one particle (red
triangles) and three particles (blue inverted triangles) for (a) posts and (b) holes. The constriction
ratio is 2 in both the cases. Note that numerical simulations in the Wenzel state were carried out at

h/H = 0.5 for both cases.
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The effective slip length for posts and holes is plotted in Fig. 12 with respect to gas fraction. The
effective slip length in the Cassie-Baxter state and the Wenzel state is also included in the figure
as limiting cases. The effective slip length shows a dual behaviour for single-wall textured
microchannels i.e., the effective slip length in the Wenzel state exceeds Cassie-Baxter state and
vice versa based on the gas fraction and gas cavity height*®. Therefore, the gas cavity dimensions
are chosen according to #/H = 0.5 for simplicity, in those simulations where the flow exist in the
Wenzel state. As seen from Fig. 12, an increase in number of adsorbed particles decreases the
effective slip length for both posts and holes. Unlike the transverse ribs, the curves representing
the effective slip length for ‘dirty’ interfaces are closer to the upper limit of the effective slip length.
However, the percentage decrease in the no-shear area due to adsorbed particles is < 1% in all the
cases for bi-dimensional textures. Therefore, the effective slip length data is expressed in the form

of the slip loss in Fig. 13.
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Figure 13: Percentage reduction in effective slip length versus gas fraction for posts and holes.
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The slip loss shows a non-monotonic variation with respect to gas fraction, reaching a minima at
0 = 0.5 for both posts and holes. Similarly, the minimum is found to shift towards a larger gas
fraction with a decrease in number of particles. A similar non-monotonic variation of the slip loss
is also evident for traverse ribs in Fig. 3(b). Since posts consist of a continuous no-shear area along
the flow direction unlike holes, the liquid experiences less intense acceleration-deceleration cycles.
Therefore, the slip loss is more in the case of holes than posts. It is interesting to note that the slip
loss is also significant for bi-dimensional textures (5 - 35%) for a negligible reduction in the no-

shear area due to the adsorbed particles.
4.3 Influence of orientation of particle-ensemble

In order to appreciate the effect of acceleration-deceleration cycles on the slip loss in three-
dimensional flows, the simulations were carried out for the geometry with holes by varying the
orientation of the particle ensemble. In the first case, particles were arranged on an interface along
the flow direction (X) and in the second case, particles were arranged normal to the flow direction
(Z), as shown in the inset of Fig. 14. In both the cases, the particles are arranged equidistantly

along particular directions.
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Figure 14: Effect of orientation of the particle ensemble on the percentage reduction in the
effective slip length for holes. A graphic representing the particle ensemble orientation is shown

in the inset with the flow direction marked (black arrow).
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Fig. 14 shows the slip loss in both the cases mentioned earlier with respect to gas fraction. The slip
loss caused by a single adsorbed particle at x/Ls = 0.5 is also added for comparison in the figure.
The particle-ensemble arranged normal to the flow direction splits the distribution of interfacial
velocity, thereby allowing the liquid to undergo two acceleration-deceleration cycles. However,
the particle-ensemble arranged along the flow direction results in one acceleration-deceleration
cycle on either side at the interface. Therefore, the slip loss is shown to be more in the former than

the latter.
4.4 Validity of scaling laws

Ybert et al.!? expressed scaling laws for the normalized effective slip length, both in the dilute (6
— 0) and dense (0 — 1) limits of the gas fraction, for various texture configurations including
posts and holes. For instance, the scaling laws for the normalized effective slip length for shear

flow past posts and holes respectively in the dilute limit is expressed as:

= A5”, (13)

1

L~ 1 Posts

A
=~ =cCs” 14
7 (14)

L~ 1 Holes

The constants 4 and B for posts in the limit of a large constriction ratio (¢ >> 1) in the Stokes
regime are 0.21 and 2 respectively. Similarly, the constants C and D for holes under the above
conditions are 0.17 and 1.5 respectively. The constants of scaling laws were shown to be a function
of Reynolds number in previous works'4. Further, the value of the constants were shown to be
decreasing with an increase in Re. In another study??, the authors expressed that viscous dissipation

effects in a textured microchannel alters the values of the constants in scaling relationships.
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Table-2: Value of coefficients in Eq. 13 for ‘clean’ and ‘dirty’ interfaces for posts.

‘Clean’ interface Interface with one solid particle
A B Ap Bp
e=0.5 0.464 2.117 0.439 2.118
e=1 0.255 2.175 0.240 2.176
e=2 0.130 2.178 0.124 2.179

Table-3: Value of coefficients in Eq. 14 for ‘clean’ and ‘dirty’ interfaces for holes.

‘Clean’ interface Interface with one solid particle
C D Cp Dp
e=0.5 0.317 1.488 0.304 1.524
e=1 0.174 1.531 0.167 1.569
e=2 0.084 1.560 0.088 1.599

A particle positioned on a liquid-gas interface creates a three-phase constant line around the
periphery (junction of the no-slip and no-shear regions), where an additional viscous dissipation
occurs. This could lead to a change in the value of the constants in Egs. 13 and 14. To validate
this, simulations were carried out on the posts and holes configurations at different constriction
ratios in the dilute limit of gas fraction (6 < 0.4) with a single adsorbed particle. The particle was
positioned on the interface at x/Ls = 0.5 with c4 = 90° in the simulations. Fig. 15 shows the
variation of the effective slip length at different constriction ratios for ‘clean’ and “dirty’ interfaces
for posts and holes respectively. To avoid the overlapping of the normalized effective slip length
curves, the data is represented in the form of the effective slip length for clarity. In the first
instance, it is interesting to note that the scaling laws can be extended to single-wall textured
microchannels. Further, the linearity of the effective slip length with gas fraction for a ‘dirty’
interface ensures that the scaling laws do indeed account for viscous dissipation effects. The value
of the coefficients in the scaling laws for posts and holes are listed in tables 2 and 3 respectively
for both ‘clean’ and ‘dirty’ interfaces. The value of the primary coefficients (4 and C) for a ‘clean’

interface reduce, while the value of the secondary coefficients (B and D) increase, with an increase
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in constriction ratio for both posts and holes. The variation of these constants in the above manner
tends to reduce the effective slip length. In other words, as the constriction ratio decreases viscous
dissipation increases in a textured microchannel, which results in a drop in the value of the
effective slip length. A similar trend (i.e., variation in the value of the coefficients, Ap, Bp, Cp, and
Dp) is also observed for a ‘dirty’ interface, as shown in tables 2 and 3. This indicates that the

additional viscous dissipation caused by the adsorbed particle tends to reduce the effective slip

length.
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Figure 15 (a-b): Variation of the effective slip length with gas fraction for flow in the Cassie-
Baxter state, and for an interface with a particle at different constriction ratios, for (a) posts and

(b) holes.

5. CONCLUSIONS

In this work, the flow through a textured microchannel with an interface contaminated by solid
particles was simulated. In the first part of this study, transverse ribs with one cylindrical particle
on the liquid-gas interface was considered. The induced reduction in the effective slip length as a
function texture geometry related parameters (gas fraction and constriction ratio) and particle
related parameters (position and contact angle on an interface) was determined. In the second part,
simulations were carried out for configurations of a two-dimensional textured surface containing
posts or holes, with one or spherical particles situated on the liquid-gas interface. The validity of
scaling laws for a particle-laden interface was examined. The main conclusions of this work are

presented below:

1. For transverse ribs, it was observed that a particle adsorbed on the liquid-gas interface

enforces the liquid to experience additional acceleration-deceleration cycles on the
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interface. This leads to a reduction in the average slip velocity, and thus the effective slip
length. Further, the effect of just a single adsorbed particle on the slip loss is significant (~
20 - 80%) even though the reduction in the no-shear area is marginal (< 10%).

The slip loss was observed to be more in textured microchannels with a large constriction
ratio (¢ > 1). A larger slip on the liquid-gas interface at small constriction ratio reduces the
detrimental effects of adsorbed particles.

Even a moderate increase in the number of particles on an interface drastically reduces the
average slip velocity. Therefore, a textured microchannel with a particle-laden liquid-gas
interface was observed to be ineffective in reducing slip as compared to a completely-
wetted textured microchannel.

For a two-dimensional textured surface, a bounded particle-laden liquid-gas interface
intensifies acceleration-deceleration cycles on the interface. Therefore, the slip loss was
observed to be more for a surface with holes than posts. Further, the orientation of the
particle ensemble on a liquid-gas interface signifies the importance of acceleration-
deceleration cycles in increasing slip loss.

The variation in the computed values of coefficients in the scaling laws for particle-laden
interfaces was attributed to viscous dissipation at the three-phase contact line around the

periphery of the particle.
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