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The capture of liquid microdroplets on fibers, webs, and surfaces is important in a range of natural and
industrial processes. One such application is the fibrous filtration of aerosols. Contact angle and wetting
dynamics have a significant influence on capture and re-entrainment, yet there is no comprehensive model that
accounts for these properties and their influence on capture efficiency. In this study, a series of computational
simulations using liquid droplets and air are carried out to investigate the influence of equilibrium and
dynamic contact angles on the capture and re-entrainment of mist droplets. A range of operating conditions
for droplet-fiber diameter ratios, flow velocities, and contact angles, encapsulating both super-oleophilic and
super-oleophobic media, are considered. All simulations are carried out using the volume of fluid (VOF) interface
capturing approach in the finite volume solver interFoam within OpenFOAM. The physics of microdroplet
impacting on a fiber is discussed and three distinct regimes for the spreading of the droplet around the
fiber—inertia, capillary, and stagnation pressure controlled—are identified. It was found that the classification of
filtration media for any fluid system, rather broadly as philic or phobic, based on the equilibrium contact angle
alone may be insufficient for two reasons: (i) the characteristics of droplet-fiber interaction, including capture or
re-entrainment, differs significantly over the range of contact angles for both philic and phobic media; and more
importantly (ii) equilibrium contact angle plays little role in the initial stages of the droplet-fiber interaction that
predominantly dictates the fate of the droplet. On the contrary, it is the contact angle dynamics that influences the
initial stages of droplet impact on fibers, while commercial filters are seldom characterized based on this property.
The isolated influence of equilibrium, advancing and receding contact angles on the potential mechanisms that
can result in full or partial capture or re-entrainment are highlighted. The influence of equilibrium and advancing
and receding hystereses are summarized in the form of a capture-regime map that shows four distinct regimes: (i)
likely capture, (ii) likely re-entrainment with minimal or no capture, (iii) receding contact angle assisted partial

or full capture, and (iv) advancing contact angle inhibited partial or full re-entrainment.
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I. INTRODUCTION

Recovery of liquid aerosols is of significant importance in a
variety of industrial and automotive applications for economic
and toxicological reasons. The underlying processes are also
relevant to fuel cells, tissue culture scaffolds, and natural
processes such as coalescence of dew and sea mist on surfaces
such as spider webs. Removal of such mist is typically accom-
plished by using highly porous fibrous, knitted, or foam filters
[1,2]. The process of mist filtration is characterized by initial
capture of aerosols in a dry filter, coalescence and redistribu-
tion of the collected fluid into larger structures, and finally, an
equilibrium state of fluid saturation with continuous balanced
collection and drainage or re-entrainment. Some filters such as
respirators operate predominantly in the initial capture state
with low levels of fluid saturation. Most industrial oil-mist
filters are oleophilic in nature, while carefully engineered
oleophobic media are gaining increasing interest due to the
advantages in reduced pressure-drops [3] resulting from en-
hanced drainage of the captured oil, and potentially greater
capture efficiencies [4,5]. The effect of oleophobicity or -
philicity of the filter media on the overall filtration efficiency
has received some attention [3,6] for conditions of high fluid
saturation. However, the capture efficiency in the initial dry
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filtration stage is estimated predominantly by the single-fiber
efficiency theory (SFE) [7] that was originally developed for
dust filtration—with the assumption that a particle sticks to
the surface of the filter after contact.

The SFE theory presents a series of equations for each
possible mechanism for particle (or droplet) capture. In most
liquid aerosol applications the main capture mechanisms are
impaction, interception and diffusion, and authors have used
a combination of these equations summatively to predict the
overall collection efficiency [7]. There have, however, been
a number of discrepancies noted between theory and experi-
ment [2,4,8,9] which are usually explained by the differences
between “real” filters used in experiments (and applications)
and the “idealized” geometries, operating conditions and
physical processes considered to develop the SFE models.
There are also several expressions available for each capture
mechanism, the choice of which will ultimately influence the
calculated efficiency [2,10]. These models often include em-
pirically derived terms, which may give excellent agreement
for the specific filters used to develop them, however, are
less applicable, when the filter properties differ significantly.
This was illustrated conclusively in Mead-Hunter et al. [2].
There is also the added influence of liquid coalescence and
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redistribution within the filter [2] during mist filtration, as
opposed to solid particles. This is, however, less significant
during the initial capture stage.

For purely initial capture, the equations in SFE theory en-
capsulates the major capture mechanisms in play (impaction,
interception and diffusion), but fails to account for processes
that can lead to the re-entrainment of a particle or droplet
that has formerly come in contact with a fiber. This can lead
to overestimation of the capture efficiencies. For solid and
dust particle filtration, some of the physical processes that
result in deviations from SFE theory have been identified
and corrections have been proposed for improving the effi-
cacy of predictions. Rebound of solid microparticles on fiber
surface is one such process that has received considerable
study [11-18], leading to the development of a semiempirical
plastic and elastic collision model [15,18] for particle-fiber
interactions, accounting for the physical properties of the
particle (and substrate). These models have also been imple-
mented in computational frameworks for filtration simulations
[19,20]. It would be possible to use these methods to simulate
collection of liquid microparticles on fibers, if we could treat
the liquid droplet as highly plastic and elastic solids. However,
such a treatment would be non-physical and it would be more
useful to explicitly resolve the impact forces and deformation
in the droplets.

Besides elastic deformation, liquid particles are also sub-
jected to spreading and sliding and rolling around the fiber,
based on the wetting (or nonwetting) properties of the liquid-
fiber combination, as governed by interfacial tension, equi-
librium contact angle and wetting hysteresis [21-26]. These
parameters can ultimately play a role in the retention of a
captured droplet. In a recent study, Wei et al. [4] showed from
measurements, using microfiber glass filter coated with perflu-
oroalkyl acrylic copolymer, that super-oleophobicity can also
augment the filtration efficiency. A dynamic “bounce-collide-
drain” mechanism was proposed [4] to explain this coun-
terintuitive enhancement in the efficiency resulting form the
superoleophobicity. However, there is yet no comprehensive
model characterizing the mist-fiber interactions accounting
for the wide possibilities in contact angles and associated hys-
teresis [27,28] that can arise from the gamut of materials (and
coatings)—including metal, polymer, cellulose, or glass—
used to make filtration media. These terms therefore offer
additional explanation as to why there is deviation between
SFE predicted and experimentally measured efficiencies for
the filtration of liquid aerosols in the initial stages of filtration.
The detailed understanding of the role of the contact angle on
droplet capture (and retention) will therefore help to improve
efficiency prediction, through the incorporation of new physi-
cal terms, rather than additional (nonphysical) semi-empirical
correction factors.

While the influence of contact angle dynamics on the
droplet-surface interactions has been widely investigated for
flat surfaces [29-34], there is little information in the context
of microdroplets on filters. McHale er al. [35] also showed
that the nature of wetting and equilibrium shapes of ses-
sile droplets on cylindrical surfaces can be quite different
from that on flat surfaces, even when the surfaces have
identical chemistry. Further, most of the literature on the
impact dynamics of droplets on cylinders or wires [36—40]

is restricted to droplets or fiber sizes that are several or-
ders magnitude larger than those relevant to mist filtration
applications. The dynamics of interactions at larger scales
(or Weber numbers) can predominantly be characterized as
inertial interactions, and are significantly different from those
at microscales (We « 1). The low Weber number effects
(or capillary dominated modes) such as droplet-sliding and
rolling around the fiber, as mentioned earlier, may not occur
for larger droplet sizes, and any theory based on the former
scales alone may be insufficient in characterizing the droplet-
fiber dynamics prevalent in mist filtration processes. One of
the motivations for this work is to extend the understanding
of the fundamental interactions between droplets and fibers
to lower Weber numbers, and conditions involving surface
curvature.

Computational fluid dynamics (CFD) is increasingly be-
coming an integral part of the filter design process [1,41—
43] employed in a spectrum of applications spanning from
automobile to health care. The efficacy of such CFD is greatly
dependent on the accuracy of material properties, such as
wettability, used in the simulations. Yet, commercial filters are
classified only as philic or phobic, with little or no information
on contact angle hysteresis, despite that different combina-
tions of gas and mist and filter media exhibit a spectrum
of static and dynamic contact angles. This is because the
measurement and characterization of the wetting behavior on
micro- or nanofilters is still a significant challenge [44-47],
which further limits any visualization of the dynamics of wet-
ting mist droplets on fibers at the micro- or nanoscales. Pore-
scale CFD [41-43] using advanced droplet- and interface-
tracking techniques provide unique advantages in allowing
precise definition of contact angles, and other interfacial prop-
erties [48,49], for the characterization of filtration media.

In this study, a series of CFD simulations are carried out
using OpenFOAM, to investigate the influence of equilibrium
contact angle and wetting dynamics on impaction and inter-
ceptional capture, and re-entrainment of a microdroplet on
an isolated fiber, under a range of operating conditions for
droplet-fiber diameter ratios and flow velocities. Diethylhexyl
Sebacate (DEHS) and air are used as the working fluids. The
physics of microdroplet impact on a fiber (in a surrounding
viscous flow) is discussed, and some of the potential mecha-
nisms that can result in a deviation from single fiber efficiency
theory are identified and highlighted through this work.

II. GEOMETRY AND COMPUTATIONAL DOMAIN

A microdroplet of Diethylhexyl Sebacate (DEHS) oil mist
of diameter d is carried by a steady stream of air at u, such
that it impacts or intercepts a cylindrical fiber of diameter
dy from an initial location represented by an offset w or
apparent overlap s (nondimensionalized as W = w/dy and
S = s/df), as shown in Fig. 1. The droplet diameter is kept
constant in the present study at d = 2 um which is typical of
oil mist generated in many applications, including lubricated
machining [52], compressors, or engine crankcase ventilation
[53]. The range of other parameters are: 0.25 < S (=s/d)
<1, 1 <R (=d/df) < 4, and u, = 0.5 m/s or 1 m/s
resulting in droplet Weber numbers We = pjud /o = 0.01425
or 0.057 and fiber Reynolds numbers in the range 0.01667
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FIG. 1. Schematic of the (a) geometry and computational domain showing fiber orientation, direction of flow and droplet motion, contact
angle definitions, and boundary conditions, and (b) representative droplet-fiber impact configurations indicating drop-fiber offsets (w, W) and

overlaps (s, S).

< Re (=pguodi/mg) < 0.133, where the density (o) and
dynamic viscosity (u) of the gas or liquid are designated with
subscripts “g” or “1,” respectively, and o is the surface tension.
The wetting characteristics of the droplet on the fiber surface
are specified using equilibrium (6.), maximum advancing
(0,), and maximum receding (6;) contact angles based on the
local velocity (u) of the oil-air interface tangential to the
filter surface, according to the empirical model from Yokoi
et al. [29,30]. The properties of DEHS and air used in the
simulations are: p; = 912 kg/m?, u; = 0.0228 Pas, pg =12
kg/m?, e =1.8 x 1073 Pass, and o = 0.032 N/m.

The computational simulations are carried out in a domain
of size m x m x m with the cylindrical fiber placed at the
center, and its axis aligned with the z axis. The low Re (based
on cylinder or droplet diameter) considered in this study typ-
ically correspond to the Stokes flow regime, wherein viscous
effects extend to relatively greater lengths from the droplet or
cylinder surface; i.e., for Re — 0, the relative boundary layer
thickness §/d or 8/dy — 00. As the controlling length scales
for the simulations are dy or d (for a captured droplet), separate
simulations for Stokes flow around a sphere and cylinder were
carried out using successively larger domains to identify an
adequately large domain size for CFD.

Figure 2 illustrates the variation in the dimensionless pres-
sure coefficient with domain size. The theoretical pressure
coefficients during Stokes flows around a cylinder and sphere
from Stokes [50] and Kawaguti [51] (given below) are also
included in the figure for comparison:

6 cos ¢ /Re = sphere [50]

2 cos ¢ (4 +1) cos 2¢
wavn T Taan - +O0®) (L

= cylinder [51].

o = A
P U pul

Here, x = Re/4, ¥ =log(k/2)+ vy, y =0.57721... is
Euler-Mascheroni constant and ¢ is the angular position from
the upstream stagnation point. The simulations for Figs. 2(a)
and 2(b) were carried out using d = 1 um, dr = 2 um, and u,
= 1 m/s. It can be seen from the figures that the distribution

of the coefficient of pressure around the cylinder or sphere
becomes sufficiently independent of domain size at m ~ 20 d
or m ~ 40 dy; the larger of the two values were used for all
further simulations reported in this paper.

III. COMPUTATIONAL METHODOLOGY

The governing equations for the conservation of mass
and momentum are solved iteratively using the transient,
finite-volume solver interFoam in OpenFOAM. The interface
between the two fluids (oil and air) is determined by solving
for the transport of volume fraction o, where o = 0 or
1 represents the computational cell occupied by air or oil,
respectively. The solver uses an algebraic volume-of-fluid
(VOF) method which is well established for multiphase flow
problems of the type considered in this study [42,54-56].
In the VOF technique, a single set of mass and momentum
conservation equations (given below) describe the system
where the local fluid properties are determined based on the
volume fraction:

V.i=0, )
d(pi)/dt +V - (puiti) = —=Vp+ V(uVii) + pg + fo, (3)

da/dt + V - (aii) + V[ida(l — )] = 0, 4)

where p, g, and t represent pressure, acceleration due to
gravity, and time, respectively. In Eq. (4), the compression
velocity . is used to ensure a sharp oil-air interface and
reduce numerical smearing. The interfacial surface tension
force density (f,) is based on the continuum-surface-force
model given by Brackbill et al. [57] to avoid any numerical
issues arising from the discontinuous pressure-jump across
the interface [54,58]:

fo =—0o[V - (Var/[VauD](Va). (&)

The conservation equations are solved using the combined
iterative PISO-SIMPLE algorithm, and the multidimensional
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FIG. 2. Influence of domain size on the predicted distribution of pressure coefficient around (a) sphere and (b) cylinder, during Stokes flow

(Re = 0.0667) and comparison against theory [50,51].

universal limiter with explicit solution (MULES) algorithm
for the volume-fraction transport equation [54]. Multiphase
flow simulations in the surface tension dominant regimes,
which is encompassed in this work, require careful choice
of the computational time-step to avoid the notorious issue
of parasitic velocities on the oil-air interface [54,59-61].
Hence, an adjustable time-step scheme, which is limited by
the flow and interface Courant numbers (<0.2) and addition-
ally by the recommendations of Deshpande et al. [54], is
employed.
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The local contact angle on the fiber surface is modeled
based on the interface capillary number (Ca = uus/o) and
the limiting advancing (6,) or receding (6;) contact angles,
following Yokoi et al. [29,30] as

min[6, + (Ca/ky)'/?, 6,]
max[6. + (Ca/k,)'/3, 6,1

In Eq. (6), k, and k, are empirically determined material
parameters [29,30] for the advancing and receding contact
angles, respectively. While the model was developed for flat
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FIG. 3. Dynamic contact angle model from (a) Yokoi et al. [29,30] and (b) the various combinations of equilibrium, advancing and receding
contact angles considered for the parametric analysis in this study; for (b—d) k, = 1077 and k; = 107°.
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solid surfaces, the relationship is expected to hold for curved
surfaces, such as fibers, where the contact angles are evaluated
with reference to the local tangent [62,63] at the three-phase
contact line. It is noted that static contact angle hysteresis
is implicitly accounted for in the present dynamic contact
angle model, through the parameters k, and k;, where the
local contact angle can still vary significantly with minimal
variation in the wetter area for |us| — 0. In this study, the
influence of wetting dynamics is investigated in two parts:
(1) influence of contact angle hysteresis for given equilibrium
contact angles, and (ii) effect of contact angle (each with a
specified hysteresis). An example for determining k, and k; ac-
cording to Eq. (6) is shown in Fig. 3(a), and the further models
based on Eq. (6) that are used for the parametric analysis are
shown in Figs. 3(b)-3(d). Three different groups of static and
dynamic contact angle combinations are studied—different
equilibrium contact angles with zero or specified hysteresis
[Fig. 3 (b)], a range of equivalent advancing and receding
hysteresis for a given equilibrium contact angle [Fig. 3(c)],
and superoleophilic or phobic fibers with varying levels of
advancing or receding hysteresis [Fig. 3(d)] to isolate their
influence on the dynamics of droplet-fiber interaction. In the
following sections, the term “contact angle hysteresis” indi-
cates the maximum extent of contact angle hysteresis or the
difference between limiting advancing and receding contact
angles [64—66], unless explicitly specified otherwise.

IV. VALIDATION OF COMPUTATIONAL TECHNIQUE

While the VOF methodology in interFOAM has been
widely validated for multiphase simulations in the literature
[54-56,70], few studies involve the (small) length scales
considered in this work. The CFD methodology used in
this study, along with the contact angle models employed
for the simulations, are validated against several theoretical
and experimental data sets from the literature [29,56,67,68],
encapsulating both static as well as dynamic droplet wetting
conditions and processes. The first data set corresponds to 2D
sessile droplets placed on a flat and cylindrical surfaces (see
inset in Fig. 4) such that the droplets equilibrate from an initial
shape given by the droplet height 7 = d/2 to a final shape
dependent on the static contact angle 6.. The simulations were
carried out with p; = 1000 kg/m?3, u; = 1073 Pa s, o =1
kg/m?, ug = 107> Pas,and o = 0.01 N/m, following Fakhari
and Bolster [67]. Figure 4 compares the present predictions of
the dimensionless equilibrium droplet heights (h/d) against
the theoretical and computational (LBM) predictions from
Fakhari and Bolster [67], for different contact angles. It is
seen from the figure that the predicted droplet shapes are
in excellent agreement with the literature over the entire
range of contact angles, covering both philic and phobic
surfaces.

The second data set considered for validation corresponds
to the breakup of a thin liquid film around a microfiber due
to Plateau-Rayleigh instability [56,68]. The present computa-
tions are carried out using a thin film of DEHS (surrounded
by air) of different initial film heights i, > d¢/+/2 [71] coated
on microfibers of various diameters dr. Figure 5(a) shows
the comparison in the equilibrium spacings (ds,) between the
droplets against analytical, experimental and computational

data from Kalliadasis and Chang [69], Haefner ef al. [68] and
Mead-Hunter et al. [56], respectively. A comparison of the
transient variations in the dimensionless growth rate of the in-
stability (that eventually form the droplets) between the pres-
ent simulations and Haefner et al. [68] is shown in Fig. 5(b).
The arrangements of droplets at various instants are also
visualized in Fig. 5(b). It is seen from the Fig. 5(a) that the
predicted droplet spacings are in excellent agreement with
the literature. Though the measurements of Haefner et al.
[68] involved molten entangled polystyrene, and the present
simulations used DEHS (p; = 912 kg/m?, y; = 0.0228 Pa s
and o = 0.032 N/m), the predicted dimensionless growth
rate in Fig. 5(b) compares well with the measurements [68],
reinforcing the validity in the present methodology.

The final exercise involves the validation of the customized
implementation of the dynamic contact angle model from
Yokoi et al. [29] into OpenFOAM. This is carried out by
evaluating the dynamics of wetting of a droplet impacting
a stationary flat surface—a case that was originally used in
Yokoi et al. [29] for the development of the dynamic contact
angle model. A droplet of water (o = 1000 kg/m?brk u,
= 1073) falls due to the influence of gravity, in an ambiance
of air (o = 1.25 kg/m?, e = 1.82 x 1073) and impacts
a flat surface at a velocity u, = 1 m/s. The contact angle
between water and the surface is as shown in Fig. 3(a), and
the air-water interfacial tension is assumed to be 0.072 N/m.
The comparison between the predicted wetted diameter (cal-
culated as dy = /(4Ay/7) where A,, is the wetted area)
and experimental data [29] is shown in Fig. 6. Instantaneous
shapes of the droplets at different times are also shown in
the figure and compared with the photographs in Yokoi et al.
[29]. It can be seen in the figure that the predictions from
the present methodology are in good agreement with the
literature, thereby validating the incorporated dynamic contact
angle model for the study, and reaffirming the validity of the
present computational approach.
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FIG. 4. Comparison of predicted dimensionless heights of sessile
drops on flat and cylindrical surfaces, for different static contact
angles, against theoretical and lattice Boltzmann simulation results
from Fakhari et al. [67].
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FIG. 5. Comparison of (a) droplet spacing and (b) droplet growth rate during Plateau-Rayleigh instability, predicted by the present CFD
methodology, against the theoretical, experimental, and computational data in the literature [56,68,69].

V. RESULTS AND DISCUSSION

The relative significance of wetting properties on the cap-
ture or re-entrainment of a microdroplet impacting or in-
tercepting a fiber of mist filter is investigated under differ-
ent operating conditions (free-stream velocities, droplet-fiber
offset and diameter ratios). The potential for the retention
of a captured droplet under the dynamic conditions is also
quantified in terms of the dimensionless area wetted by the
droplet upon contact with the fiber, and qualitatively charac-
terized from visual representation of the results from CFD.
The latter is pertinent as any observed low wetted area can be
due to the phobicity or rather deceptively, partial capture or
re-entrainment, as can be seen in the following sections.

10
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<
4
L ..
2 oo o
) ®  experimental - Yokoi et al. [29]
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FIG. 6. Comparison of the transience in predicted equivalent
wetted diameter on the impingement surface against Yokoi ez al. [29];
photographs of the droplet shapes [29] are shown above the predicted
shapes obtained in the present study.

A. Head-on droplet-fiber impaction

The simplest configuration involving the impact of a
droplet on fiber corresponds to W = 0 which, under steady
free-stream flow conditions, results in droplet capture [72].
Figure 7(a) illustrates the variation in the dimensionless wet-
ted area given by A = A /(rd?/4) and droplet height for
three equilibrium contact angles 8. = 10°, 80 ° and 120° (each
with associated hysteresis), and Fig. 7(b) shows the corre-
sponding evolution in droplet shapes for two representative
cases at different time points (given by the dimensionless
time T = uyt/d). The droplet height £ is calculated as shown
in Fig. 4. The dimensionless contact area and the height
for the three diameter ratios R = 1, 2, and 3 considered
for the study (only R = 1 and 2 are shown in the figure
for clarity) were found to collapse for empirical functions
of R (obtained by correlating the dataset generated in the
present study) as shown in the ordinates of Fig. 7(a). It can
be seen from the figures that there are at least three distinct
regimes of droplet-fiber interactions: Kinetic energy or inertia
controlled spreading [21,22], capillary and contact angle con-
trolled spreading and retraction [23,24] and upstream stagna-
tion pressure-induced viscous spreading, until equilibrium is
attained. Unlike typical droplet impact scenarios in quiescent
mediums which involve only the first two stages [31], the
presence of a surrounding flow [32] results in third stage
of spreading of the droplet on the cylinder. It can be seen
from Fig. 7(a) that rate of spreading under the third stage
is considerably lower than that during the inertia dominated
stage. Figure 7(a) also shows that the transient variation in
the dimensionless wetted area between 6. = 80° and 120°
during rapid spreading (kinetic) are nearly equivalent, but
substantially differ during the third stage where the droplet
spreads more slowly. Recalling the contact angle model in
Fig. 3, the dynamics of droplet spreading is controlled by 6, in
the stages where us > 0 (kinetic) and by 6. during the slower
spreading process. Since the advancing contact angles are
nearly equivalent (6, = 155° and 160°) between the two cases
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FIG. 7. Influence of contact angle on the characteristics of head-on droplet impaction: (a) dimensionless wetted area and droplet height for
different droplet-fiber diameter ratios and (b) droplet shapes during the three stages of head-on impaction.

considered (6, = 80° and 120°), the transience in the wetted
area in the inertia controlled rapid spreading stage are nearly
equivalent between the two cases. However, the differences in
0, itself between the two cases contributes to the difference in
the rate and magnitude of spreading in the third phase.

It is also interesting to note in Fig. 7(a) that the oscillations
in the droplet height are more prominent than the same in
wetted area during the capillary controlled phase. While the
duration of the inertial spreading phase is nearly independent
of the equilibrium contact angle, it can be seen that the
transition from the capillary driven droplet dynamics phase
is greater for greater contact angles. This can be attributed to
the fact that greater contact angles invariably result in greater
droplet heights because of the simultaneous effects of lower
wetted area and surface tension. When the surface energy
of the fiber is lower, i.e. high contact angles, the tendency
of the droplet to spread is weaker, than the surface tension
force that seeks to minimize the surface area of the liquid. The
greater droplet height, compounded by the greater hysteresis
at the contact line results in the oscillations to last longer for
greater contact angles. The duration of the capillary controlled
stage is determined by the total momentum in the droplet, as
some of it is continuously absorbed and redistributed for the
spreading of the droplet on the fiber, until the viscous effects
make the oscillations insignificant and the droplet continues
to spread due to the upstream stagnation pressure induced due
to the air flow.

Given that (1 4+ R)*? increases with the droplet to fiber
diameter ratio R, Fig. 7(a) also implies that the wetted area on
the cylinder decreases with an increase in R, irrespective of the
contact angle. This is indicative that droplet retention potential
on the fiber is greater for filter media with larger fibers.
This observation is however not extensible to relate R with
particle capture efficiency—which is undoubtedly lower for
greater fiber diameters [7], for any given packing density or
droplet diameter. Figure 7(a) also indicates that an increase in
phobicity for oil on the filter surface (or increase in 6, ) results
in a concomitant reduction in the wetted area irrespective of
the other operating conditions considered. Consequently, the
droplet heights are consistently greater for greater equilibrium
contact angles.

The influence of contact angle hysteresis on the wetted
area and droplet height is illustrated in Fig. 8 for a repre-
sentative equilibrium contact angle 6, = 80° and the other
operating conditions given by R = 2, We = 0.057, and W
= 0. For simplicity, the difference between the advancing
or receding and equilibrium contact angles is kept the same
(AO = 6, — 6, = 0, — 6) for the cases shown in Fig. 8. It can
be seen from the figure that, irrespective of the droplet-fiber
interaction regime (discussed in Fig. 7), the dimensionless
wetted area is consistently lower, and the droplet height is
consistently greater, for higher Af. In the initial spreading
stage, for example, 0.5 <t < 1.50r5 < v <8, an increase
in A6 results in greater deformation of the droplet upon
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FIG. 8. Influence of wetting hysteresis on the characteristics of
head-on droplet-fiber impact on the dimensionless contact area and
droplet height, for . = 80°.

impact (or greater curvature adjacent to the fiber surface),
due to the greater contact angle (6,) that is accommodated at
the contact line, for a given initial droplet velocity. However,
for lower 6,, the kinetic energy of the impacting droplet is
utilized for greater spreading on the fiber surface. In the
droplet retraction stage, for example 1.5 < t < 5, the lower
receding contact angles for greater values of Af results in the
faster recoil of the droplet surface at the contact line, thus
resulting in the fluid inside the droplet to be sprung toward
its center. As a consequence, the droplet heights are greater
for lower values of 6. during droplet recoil. The reduction
in amplitude of droplet oscillations (such as in the droplet
height) are generally attributed to the energy dissipation due
to viscous forces [33]; however, the presence of a surrounding
flow can further suppress the oscillations, due to the upstream
stagnation pressure that acts as an additional resistance to the
recoil. Figure 8 also shows that since 6, is the same for the

cases considered, A and h/d both tend to converge for all
the values of wetting hysteresis (A6) considered here.

B. Influence of contact angle hysteresis—Impaction
and interception

The isolated influence of advancing or receding contact
angles on the dynamics of an impacting microdroplet is illus-
trated in Figs. 9(a) and 9(b) for R =2, § = 0.75, We = 0.057,
and two representative equilibrium contact angles 10° and
120°, respectively. An increase in 6, for a given value of 6;, or
adecrease in 6, for a given value of 6,, both result in increasing
the contact angle hysteresis (A8 = 6, — 6;). However, it is
seen from the Figs. 9(a) and 9(b) that an increase in the
hysteresis has contrasting influence on the wetted area and the
dynamics of the droplet progression around the fiber, between
the two cases. As outlined earlier, an increase in the advancing
contact angle results in the accommodation of greater cur-
vature on the advancing section of the three-phase contact
line on the fiber (analogous to pinning the front end of the
droplet to the fiber) and thus results in an associated consistent
reduction in the wetted area. On the contrary, lowering of
the receding contact angle tends to have the same influence
on the receding section of the contact line (by resisting the
progression of the droplet’s receding end) thus resulting in an
associated increase in the wetted area. The recoil of the droplet
due to surface tension, compounded by the curvature of the
fiber over which the droplet traverses, results in the increased
reduction in A with an increase in the advancing hysteresis
(62 — 6¢). In congruence, a lesser reduction in A is seen with
increase in the receding hysteresis (6. — 6;). Hence, the key
inference from Figs. 9 (a, b) is that contact angle hysteresis
plays a dual role depending on the individual limiting contact
angles. Large contact angle hysteresis on a philic fiber can be
detrimental for droplet capture while the same on a phobic
media can be beneficial for capture. This is due to the fact that
a larger hysteresis for a generally philic fiber results greater
advancing contact angles (or relative decrease in contact area)

:_D_ 9r=10°

—0— 6,=120°  6.=6,=120°
—&— 6,=100° R=2,5=0.75
1f—0o— 6,=60°  We=0.057

(b)

FIG. 9. Influence of contact angle hysteresis in the form of isolated variations in the (a) advancing or (b) receding contact angles, on
dimensionless wetted area; droplet shapes at different dimensionless times are shown, where the center of the fiber indicates the corresponding

value of 7 as illustrated in (b).
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FIG. 10. Relative influence of contact angle hysteresis under different initial apparent droplet-fiber overlaps on the (a) transient evolution
of the dimensionless contact area, and (b) droplet-fiber interaction; the different instances shown in (b) correspond to t =0, 1, 4, 6,9, and 15.

when the droplet is in motion around the fiber, while the same
for a phobic fiber results in the reduction in the receding
contact angle (or relative increase in wetted area).

The role of contact angle hysteresis under different droplet-
fiber apparent overlaps (or offsets) is explored in Fig. 10.
Four overlaps corresponding to S = 0.25, 0.5, 0.75, and 1
are considered, for a given set of operating conditions R = 1,
We = 0.057, equilibrium contact angle 6, = 120°, and contact
angle hysteresis A@ = 0° or 40°. The equilibrium contact
angle for all cases is 120°, corresponding to a poorly wet-
table (and superphobic) fiber. The transient variation in the
dimensionless wetted area for the eight cases are shown
in Fig. 10(a), and the evolution of droplet shapes for two
representative cases are shown in Fig. 10(b). It is seen from
the Fig. 10(a) that the zero, low, and moderate offset cases
(§ = 0.5 to 1) approach similar equilibrium contact areas with
time; however, there is significant variation in the instanta-
neous wetted area during the initial stages of capture, i.e., in
the inertial and capillary controlled stages. From Fig. 10(b),
we can also see the influence of droplet offset, where the
droplet may end up on the top or rear of the fiber. At greater
offsets (or lower overlaps), the initial contact of the droplet
on the fiber is smaller in area, and momentum acts to move
the droplet over the surface of the fiber, until this force is
diminished and the adhesion force predominates. This can be
seen in the visualization in Fig. 10(b), where the cases with
S = 0.5 result in the droplet adhering to the rear of the fiber.

Conditions involving greater droplet fiber offsets can often
result in noncapture or partial capture. The lower apparent
overlap for the representative case with S = 0.5 discussed in
Fig. 10, is sufficient to reduce the size of the initial contact
area to the extent that no effective adhesion force is present.
However, it is interesting to note from Fig. 10(a) that contact
angle hysteresis acts both favorably as well as adversely on
the initial stages of the droplet-fiber interaction, depending
on the initial droplet-fiber overlap S. It can be seen from
Fig. 10(a) that, during the capillary phase 2 < 7 < 40), the
dimensionless wetted area for A@ = 40° is greater than that
for A6 = 0° for § = 1, while the same is lower for § = 0.5,
and nearly equal for S = 0.75—indicating a clear shift in
the trend. This can be attributed to the interplay between the

asymmetry in the spreading and progression of the droplet
around the fiber. For perfectly centered impact cases (S = 1),
the droplet spreads uniformly on either side of the fiber upon
impact, with all contact lines either advancing or receding as
the impact and restitution progresses. For offset impact, there
is an imbalance or asymmetry in motion of the contact line,
and for greater offset it is increasingly likely that advancing
and receding contact lines can occur simultaneously. Contact
angle hysteresis (or not) serves to amplify the difference
between cases at lower values of S, provided break-up or
detachment does not occur. As one can expect, lower initial
overlaps such as S = 0.25 shown in Fig. 10 results in the re-
entrainment of the droplet into the stream. The small nonzero
dimensionless wetted area A seen in Fig. 10(a) for § = 0.25,
A@ = 40° is due to partial capture of the droplet on the
fiber.

Figures 11(a) and 11(b) illustrate the effect on droplet (and
free-stream) velocity (in terms of We) on the capture process.
At the lower value of We (=0.01425), in the absence of con-
tact angle hysteresis, we can see that the droplet is captured.
However, when contact angle hysteresis is nonzero, despite
the fiber being oleophilic, it can be seen from Figs. 11(a)
and 11(b) that the droplet is re-entrained into the flow, how-
ever with a small fraction of the droplet retained on the
fiber resulting in partial capture. This is seen as the nonzero
dimensionless area for We = 0.01425 (grey triangles). The
interplay between the local flow field, dynamics of the droplet
movement on the fiber and point of detachment of the droplet
can sometimes result in the re-capture of a re-entrained droplet
as seen in Fig. 11(b) for We = 0.01425 (with hysteresis) at
T = 8. An associated increase in A can be seen in Fig. 11(a).
It is also seen from the representative cases for We = 0.057
shown in the figures that the influence of contact angle
hysteresis is of lesser significance for greater values of We.
This is because, at higher values of We, momentum of the
droplet and drag exerted by the surrounding air that carries
the droplet, are far greater for the resistance offered by the
surface adhesion forces to retain the captured droplet. It can
also be extrapolated that the probability of capture of a droplet
moving at a high values of We will be lesser for lower initial
apparent overlaps—notice the reduction in the peak value of A
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FIG. 11. Relative influence of contact angle hysteresis under different droplet Weber numbers, on the (a) transient evolution of
the dimensionless contact area and (b) droplet-fiber interaction; the different instances shown in (b) correspond to 7 = 0, 1, 2, 3,

4,7, and 8.

with S at the end of the impaction stage in Fig. 10(a). This has
implications for droplet capture processes, and specifically
affects interceptional capture efficiency.

Figures 12(a) and 12(b) illustrate the relative influence
of contact angle hysteresis for varying droplet-fiber diameter
ratios and for We = 0.01425, § = 0.5, and 6, = 80°. It is
seen from the figures that the dimensionless wetted area is
greater for R = 1 as compared to R = 2 for the entire duration
of the droplet-fiber interaction, irrespective of contact angle
hysteresis. An increase in the hysteresis is also seen to be
particularly detrimental for droplet capture for the lower fiber
diameter; for example, A@ = 50° and 75° for R = 2 results in
re-entrainment as seen in Figs. 12(a) and 12(b). It is noted
that the relationship between R and droplet capture or re-
entrainment that is discussed in this section does not reflect the
overall capture efficiencies of a fibrous filter as the variation in
the overall packing density due to variation in fiber diameter is
not accounted for in this section. Nevertheless, the efficiency
of droplet capture based on the single fiber efficiency theory

10
—e— R=2,A0=0°
—4&— R=2,A6=40°
r—e— R=2,A6=55°
r—&— R=2,A0=75°
1k
<
0.1 We =0.01425
5$=0.5
0.01

100

[7] can be an overestimate as the re-entrainment of a captured
droplet is not accounted therein.

C. Influence of equilibrium contact angle
in the absence of hysteresis

To isolate the influence of wettability in terms of the
equilibrium contact angle alone, simulations are carried out
by varying 6. in the range 10° to 120°, encompassing the
spectrum of filters from oleophilic to oleophobic, and in
the absence of contact angle hysteresis. Figures 13(a) and
13(b) show the influence of equilibrium contact angle on
the transience in the droplet-fiber impact dynamics for two
initial apparent overlaps given by S = 0.25 and 0.5. It can
be seen from the figures that the dimensionless contact area
decreases, as expected, with an increase in 6, owing to re-
duced wettability. It is also seen that, for the superoleophobic
(6. = 120°) media, re-entrainment occurs only for § = 0.25
while the droplet is captured and retained on the fiber for

80°,A0=0°

Vo @ &L Zeegquy

T= 0.75 1.75 4.75
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FIG. 12. Relative influence of contact angle hysteresis under different droplet-fiber diameter ratios, on the (a) transient evolution of the
dimensionless contact area and (b) droplet-fiber interaction; the different instances shown in (b) correspond to t = 0, 0.75, 1.75, 2.75, 4.75,

7.25, and 14.75.
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FIG. 13. Relative influence of equilibrium contact angle under different initial apparent droplet-fiber overlaps, on the (a) transient evolution
of the dimensionless contact area and (b) droplet-fiber interaction; the different instances shown in (b) correspondto t =0, 1, 2, 3, 5, and 7.5.

S = 0.5. This observation, and the comparison of the images
for the phobic filter (6, = 120°) between S = 0.25 and 0.5
shown in Fig. 13(b) indicate that an increase in S increases
the likelihood of droplet capture for all contact angles. It is
also important to note that while the droplet remains captured
for § = 0.5, 6. = 120°, the lower contact area (compared
to lower values of 6,) at steady state indicates that in many
real situations, which involve dynamic velocity fluctuations,
droplet re-entrainment may occur due to the relatively lower
force required for droplet detachment [73].

The influence of equilibrium contact angle on the dynamics
of droplet capture or re-entrainment under different flow
velocities (or We) is illustrated in Figs. 14(a) and 14(b). Since
higher values of We indicate higher droplet momentum as
well as surrounding flow velocities, a concomitantly greater
adhesion force is necessary for the retention of a droplet
that has impacted or has been intercepted by the fiber. Since
adhesion forces are lower for greater contact angles, this
indicates that the increase in We invariably compounds the
effect of low wettability and increases the possibility of re-
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entrainment. This is evident from Figs. 14(a) and 14(b) where,
besides the reduction in wetted area with increase in 6.,
droplet detachment occurs at 6, = 80° for We = 0.057 but
re-entrainment occurs only at 6. = 120° for We = 0.01425.

The influence of equilibrium contact angle on the transient
variation in the dimensionless wetted area and the interaction
between the droplet and fiber, under the absence of hys-
teresis, for varying droplet-fiber diameter ratios is shown in
Figs. 15(a) and 15(b). Here, larger droplet-fiber ratios are con-
sidered at three different equilibrium contact angles, covering
the spectrum from philic to super phobic. As observed in the
previous section discussing the significance of contact angle
hysteresis, Figs. 15(a) and 15(b) show that an increase in R en-
ables greater contact between fiber and the oncoming droplet,
irrespective of the droplet-fiber wettability. This increase in
contact area results in an associated increase in the frictional
resistance to the traversal of the droplet on the fiber, thereby
favoring capture. It is hence seen in Figs. 15(a) and 15(b) that
while R = 4 results in re-entrainment for 8, = 120°, droplet
remains captured for the counterpart (R = 2).
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FIG. 14. Relative influence of equilibrium contact angle under different droplet Weber numbers, on the (a) transient evolution of the
dimensionless contact area and (b) droplet-fiber interaction; the different instances shown in (b) correspond to t = 0, 0.75, 1.75, 2.75, 4.75,

7.5, and (for We = 0.01425) 15.
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FIG. 15. Relative influence of equilibrium contact angle under different droplet-fiber diameter ratios, on the (a) transient evolution of the
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and 12.

D. Significance of wettability for filter design

First, both static and dynamic wetting properties play key
roles in microdroplet (mist) filtration process, and filter media
manufacturers must take this into consideration for optimizing
filtration performance. While most filters intended for oil or
water filtration and separation are hydro- or oleophilic, there
has been a recent interest and increase in the use of phobic me-
dia due to their reduced pressure-drop [3] and even potentially
greater capture efficiencies [4,5]. Second, the classification
of filtration media for any fluid system, rather broadly, as
philic or phobic (based on the static contact angle) may be
insufficient for two reasons: (i) the behavior of filters varies
widely over the possible range of contact angles and operating
conditions; and more importantly; (ii) the equilibrium contact
angle plays little role in the initial stages of the droplet-fiber
interaction which is found to dictate the fate of the droplet in
most cases. On the contrary, it is the contact angle hysteresis
that influences the initial stages of droplet impact on fibers the
most—however, commercial filters are seldom characterized
based on this property. Finally, computational modeling is
increasingly becoming an integral part of design of filter
media [1,41,42] and its efficacy is greatly dependent on the
accuracy of material properties, such as wettability, used in
the simulations. Characterization of filters based on more
accurate wetting properties are inherently essential for better
optimization, although it is known that the measurement even
the static contact angles on micro- or nanofibers is still a
significant challenge [44—47].

The most widely used tool for predicting the performance
of mist and dust filters is the classical single-fiber theory [7]
which assumes that a particle (mist or dust) is captured as soon
as it comes in contact with the fiber. However, several studies
for dust [11-18] and mist filters [4,8] have found that this is
not true. To the authors’ knowledge, the present work is the
first attempt at investigating the influence on contact angle
dynamics on single particle (droplet)-fiber interaction. This
work has highlighted the importance of characterizing filter
media based on the contact angle dynamics on some of the
mechanisms that can result in the deviations from predictions
in SFE theory. Further controlled experiments or a series of

simulations with isolated variation in parameters over a wider
range of operating conditions are required to empirically
correlate capture efficiency with wettability. However, it is
evident that the total capture efficiency for mist droplets must
be evaluated as

Ey >~ Eg + E; + Ep + Epr + Eg — f(0e, 0a, 0),  (7)

where f (6, 0,, 6;) is always positive and accounts for droplet
re-entrainment after initial capture, due to the influence of
contact angle dynamics. The variables Ey-, ER, Ei, Ep, EpR,
and Eg are defined in their conventional way [7] as the total
single fiber efficiency and the individual contributions due
to interception, impaction, diffusion, interception of diffusing
droplets, and gravitational settling, respectively. The nature
of the last term in Eq. (7) is such that capture can be esti-
mated or correlated as a function of the contact angles rather
having to resolve the impact forces and deformation, for any
given value of other parameters such as Weber number or
diameter ratio (which are already included in the individual
capture efficiency contributions). It is also pointed out that
mist capture efficiency can further be reduced for larger mist
particles (or mist with greater inertia) due to droplet splitting
or slicing [38—40] on upon impaction on a fiber, associated
with re-entrainment or partial capture. This is another as-
pect of mist-fiber interaction that does not occur during dust
filtration.

Based on over 200 simulations carried out for the para-
metric analysis summarized in the preceding sections, rep-
resentative capture or re-entrainment regime maps are devel-
oped, that show the tendency of equilibrium, advancing and
receding contact angles, toward droplet capture. Figures 16(a)
and 16(b) show the schematics of the transition regimes
on two different maps that relate equilibrium contact angle
with total contact angle hysteresis [Fig. 16(a)], and that with
individual advancing and receding hystereses [Fig. 16(b)].
The parametric analysis suggests that there are at least four
distinct regimes: (i) likely capture (philic), (ii) likely particle
re-entrainment with minimal or no partial capture (phobic)
and which may involve particle bounce [4], (iii) receding
contact angle assisted partial or full capture (sticky-phobic),
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and (iv) advancing contact angle inhibited partial or full re-
entrainment (roll-off-philic). Balu et al. [74] discuss a detailed
list of the surfaces and materials that can result in the vari-
ous contact angle combinations discussed in the figure. The
terminology for the two contact angle combinations sticky-
phobic (high equilibrium contact angle with high receding
hysteresis) and roll-off-philic (low equilibrium contact angle
with high advancing hysteresis) is also adopted from literature
[74,75]. The arrows shown in Fig. 16(a) indicate the direction
in which these transition lines map may shift with variation
in the other operating parameters such as We, R, W, or S.
For example, an increase in the droplet-fiber spacing W, the
transition regimes are likely to move inwards for the philic
and the sticky-phobic regions, but outwards for the phobic
and roll-off-philic regions. While a representative schematic is
introduced in this work, it is pointed out that further controlled
experiments and/or simulations are required with isolated
variations in each of the controlling parameters to develop
exact maps for different controlling parameters over the range
of interest for mist-filtration.

VI. CONCLUSIONS

Computational simulations are carried out using the inter-
face capturing VOF technique, to evaluate the influence of
equilibrium contact angle and contact angle hysteresis, on the
dynamics of a microdroplet colliding with an isolated fiber
during mist filtration. The numerical technique is validated
against theoretical and experimental data in the literature
[29,56,67,68]. The key findings from the present research are
follows:

(1) In the presence of flow (air carrying the droplet),
three distinct regimes of droplet-fiber interactions are present
during head-on collision—inertia controlled rapid spreading,
capillary controlled spreading and recession (oscillations) and
upstream stagnation pressure controlled spreading.

(2) The key factors characterizing the three collision
regimes are: Advancing contact angle determines the extent of
initial spreading in the inertial controlled regime, the capillary

stage is influenced by both, advancing and receding contact
angles, and the spreading in the third stage is governed by the
equilibrium contact angle and gas velocity.

(3) For arbitrary droplet-fiber collisions, irrespective of
whether the filter is philic or phobic, all three scenarios viz.
full capture, particle capture or re-entrainment, are plausible
depending on the other operating parameters such as Weber
number, droplet-fiber diameter ratio and droplet trajectory,
unlike that assumed in the current SFE theory.

(4) An increase in wetting hysteresis through a reduction
in the receding contact angle benefits particle capture, while
an increase in advancing contact angle, ceteris paribus, in-
creases the possibility of droplet-slide on the fiber and re-
entrainment.

(5) Contact angle hysteresis plays contrasting roles de-
pending on the limiting contact angles; large wetting hystere-
sis for a philic fiber can be detrimental to particle capture
while the same for a phobic media can be beneficial for
particle capture.

(6) Representative capture or re-entrainment regime maps
for mist filtration are introduced, that summarize the paramet-
ric analysis carried out in this work into four regions termed
as as philic, phobic, sticky-phobic, and roll-off-philic.

The role of equilibrium and dynamic wetting properties
on the capture or re-entrainment under different operating
conditions are further characterized through a parametric
analysis for Weber number, droplet-fiber diameter ratio and
dimensionless initial droplet-fiber offset (droplet trajectory).
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