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from coalescence filters to fog harvesting. In this paper, we report experimental measurements
of collection efficiency with a model system consisting in an array of vertical nylon fibers. In par-

ticular, we report precise measurements over a large range of parameters, and identify the key
role played by the drop distribution on the overall collection efficiency. Due to a growth and coa-
lescence process, this drop distribution evolves toward a regular pattern of uniformly distributed
drops, and a balance between capillarity and gravity sets an average drop size. Accounting for
these effects in a simple inertial impaction model allows predictive and quantitative comparisons
with experiments. Drop growth can be suppressed by forming long continuous liquid columns
between close fibers; incoming droplets immediately coalesce with these wet columns, and the
capture efficiency is increased. In addition, we extend our model to take into account the interac-

tions between fibers.

1 Introduction

The passive filtration of liquid droplets from aerosol streams
or emulsions is done by placing a porous (generally fibrous)
structure in the path of the mist. In particular, coalescence
filters are used to remove liquid from aerosols'= or for de-
emulsification®>. Plants can intercept wind-blown water drops
from fog with their leaves; this so-called cloud water intercep-
tion can have a significant impact on the water balance in arid
or semi-arid regions as fog water is redirected to the ground®’
and certain plants rely on intercepted fog water as their main or
sole source of water®?, For a couple of decades, fog harvesting,
i.e. the collection of fresh water from fog, has been developed
for domestic use or for agriculture/livestock, as well as for refor-
estation projects 1912, As in coalescence filters, the fog droplets
are captured as they impact the wires of fibrous nets; the water is
then collected as drops fall along the mesh.

The main mechanisms for this removal of droplets from gas or
liquid streams are inertial impaction and interception, while other
mechanisms (gravitational, brownian or electrostatic effects) may
play a role in specific systems!. Despite extensive literature on

aerosol filtration and fog harvesting, there is a lack of measure-
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ments on model systems. Numerous studies aim at optimizing the
collection efficiency; however, developed models are mostly em-
pirical, and therefore only applicable to specific fibrous materials
and operating conditions. A simple inertial impaction model was
proposed by Langmuir and Blodgett!3; this model is currently
widely used, although there are few direct comparisons with ex-
periments. Wong et al. 14 report experiments on a model system
consisting in a controlled sulfuric acid aerosol projected onto par-
allel metallic wires; these measurements are not in agreement
with the model '3, and the reason of this discrepancy remains un-
clear.

In this paper, we report experimental measurements and the-
oretical predictions of aerosol collection efficiency with an ideal-
ized model system consisting in an array of vertical nylon fibers.

2 Experiments

In order to obtain a controlled and well characterized mist, we
use a custom made environmental wind tunnel (Fig. 1(a)). The
tunnel contains a large turbulent chamber in which a water bath
is maintained at constant height; piezoelectric actuators vibrat-
ing at ultrasonic frequencies excite the water surface to emit
micron-sized droplets. Fans are used to create turbulence, en-
suring an homogeneous mixing of the water droplets within the
air stream. The mist is then pushed through an honeycomb struc-
ture and convergent in order to obtain an homogenous, laminar
and well controlled flow of fog through an exit vein of surface
area S,; = 22 x 22 cm?. The water flow rate is kept constant
Q,, = 7TLh~!, corresponding to fog water content (i.e. density)
between 4 and 20 gm 3, and the average flow velocity can be

adjusted to 2 < U < 10 m.s™!. We use a microscope objective
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Fig. 2 (a) Collection of droplets on the net, for fiber diameters d; (from
left to right) 800, 600, 300 and 85 um. (b) Evolution of the volume of
collected water V,,; with time, for a net composed of fibers of diameter
dy =300 um. The slope gives the collection flow rate Q.. Inset: evolution
of Q. with the number of fibers in the net N;.

mounted on a fast camera (with a long distance optical adaptor)
to image the fog and measure the droplets radii (Fig. 1(b)). The
droplet distribution is narrow, with a droplet radius r;, =3 +3 um
inside the wind tunnel, and we estimate a larger average value
of 4u m at the exit due to coalescences, as will be detailed in
the following. These characteristics are close to environmental
fog conditions and filtration operating conditions-19. A collect-
ing net composed of Ny vertical parallel nylon fibers of diame-
ters 60 < dy < 2000 um is placed at the exit and spans the entire
vein in height, i.e. the fiber length is Ly =22 cm (Fig. 1(c)).
We define the total projected surface of the net as Sy = NyLydy.
Water wets partially the nylon, with a contact angle hysteresis
Acos @ = cos 6, —cos 6, =0.23 (measured with a tensiometer). The
net is maintained by a structure with a collector bath, and the
distance between the fibers e can be accurately adjusted. This
structure (net and collector bath) is attached to a strain captor
that measures the evolution of collected water mass, both on the
fibers and in the collecting bath, as a function of time. A reference
net composed of 10 fibers of radius ry = 300 um, corresponding
to a surface Sy = 660 mm?, is placed in the wind tunnel for all
experiments; the collection rate of this reference net is used to
ensure constant fog properties and is checked to be constant over
the course of all experiments.

As the mist passes through the mesh, fog droplets starts col-
lecting on the fibers (Fig. 2(a)); drops appear on the fibers, grow,
coalesce and fall periodically, and water accumulates in the bath.
By convention, we use droplet for the suspended fog droplets and
drop for the sessile drops on the fiber. The typical evolution of
mass with time is given in Fig. 2 (b). As the flow of fog starts,
we first observe a short transient regime (~ 15 s) where the first

2| Journal Name, [year], [vol.]1-7

(green triangle), dy = 300 um (blue square) and dy =85 um (red dots)
and (b) as a function of the fiber diameter d, for a velocity U = 3.4 ms~!
(black crosses). (c) Sketch of droplets trajectories in a flow around a
fiber. (d) Efficiency as a function of Stokes number. Experimental data
(symbols) and solution (5-7) (solid curve).

drops appear on the fibers. After this short initial wetting of the
fibers, drops fall continuously and the volume of collected water
increases linearly with time, i.e. the collection rate Q. is con-
stant. While at short time scale the collection is discontinuous,
i.e. is given by the successive fall of individual drops, over the
time scale of the experiment (up to 30 minutes) the flow rate
remains remarkably constant, indicating that drops fall freely un-
der gravitational drainage and do not accumulate on the wires,
i.e. drainage is not a limiting factor here. We can thus define the
collection efficiency E as the ratio of the collected flow of water
Q. to the flow of water passing through the net 0,,S¢/S,, i.e.

QCSH/[
E=——. 1
0,5 €3]

3 Collection mechanisms

We first focus on widely spaced fibers (e; = 5 mm), i.e. on the col-
lection efficiency of a single fiber. Measurements are performed
on Ny = 15 evenly spaced fibers; the experiments is repeated 12
times, each time removing one fiber from the net. The collection
rate is proportional to Ny (inset in Fig. 2(b)); we thus verify that
the fibers are independent, i.e. neighbour fibers are not affecting
the collection rate of a single fiber. We measure this collection
rate for various mean flow velocity U (Fig. 3 (a)) and fibers di-
ameters d; (Fig. 3 (b)). The collection rate, i.e. the collection
efficiency, increases with the fibers diameter and fluid velocity.
The main mechanism for the collection is the inertial impact
of droplets on the fibres: a droplet carried in the flow can ei-
ther follow the streamlines, and avoid the obstacle, or impact
the fiber provided it has enough inertia (Fig. 3 (c)). With typ-
ical flow speeds U of 1 m/s, fiber radius of typically 100 um

This journal is © The Royal Society of Chemistry [year]
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gives a moderate Reynolds number for the flow around a fiber
(Rey ~ 100), whereas the Reynolds number based on droplets is
about Re; ~ 0.1 so the motion of the drop is dominated by viscous
drag. The motion of the fog droplet is thus given by a balance be-
tween viscous drag and inertia, i.e.

my dstd = 767rurd (Vd — Vf) (2)
where vq is the droplet velocity, v¢ the flow velocity, m; =
(4/3)pg7ry the mass of the droplet and u the viscosity of air. Adi-
mensionalizing this equation with the mean flow velocity U and
the characteristic flow time scale ¢y = %’ we obtain the evolution
equation (bars denote dimensionless values)

dvg 1
—_ = = Vg—V 3
@ st ®
with a single parameter, the Stokes number

. 4pdr§U
~ 9udy

St , @
that corresponds to the ratio of inertial force to viscous drag.
The trajectory of the droplet, and thus the condition for impact
and the collection rate, depends only on the Stokes number. At
large Stokes numbers, inertia dominate and droplets can not fol-
low curved streamlines, thus impacting the fiber. At small Stokes,
all droplets follow the streamlines and are thus deviated around
the fiber, and the collection rate is null. The efficiency E can be
linked to the drops trajectories, by assuming that all drops impact-
ing the fibers are collected; we thus have a unique value of E for
a given Stokes number, and the efficiency increases with increas-
ing impacts, thus increasing Stokes numbers. Solving equation
(3) requires to know the flow field around the fiber. We assume
the flow is potential, and solve numerically for the drop trajecto-
ries. A first solution of this problem was given by 13, who gave an
approximate solution as

E = 0 for St < 0.125 5
E = 0.466Log;(8St)> for0.125<St< 1.1 6)
St
E = ——70r for St > 1.1.
St+m/2 orsr= )

We plot our data as a function of Stokes number (Fig. 3 (d)),
alongside the solution (5-7). The fog droplet radius here is taken
as the average value r; = 3.9um. The data do not collapse onto
a single curve; in addition, the solution (5-7) overestimates the
efficiency. Note that a small error in r; gives rise to a large varia-
tion of St; the experimental data all fall within an error of +3um,
consistent with the measured drop size distribution. However, we
observe coherent trends and the discrepancy can not simply be
explained with a large droplet distribution.

The main limitation of this model is that it does not account
for the growth of drops on the fiber; however, drops can reach a
size larger than the fiber diameter (Fig. 2(a)) and the collection
is slower in the transient regime when no drops exist on the fiber
(Fig. 2). We thus expect that the drops sizes and distribution play

This journal is © The Royal Society of Chemistry [year]
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a major role in the flow deviation and the impact and coalescence
of incoming droplets, thus on the overall efficiency.

Initially, there are no drops on the fiber. Since the fog is ho-
mogeneous, droplets impact anywhere on the fiber, resulting in
an even distribution of small drops along the fiber length. Incom-
ing droplets coalesce with existing drops, and two adjacent drops
may coalesce to form a larger drop. Drops on the fibers thus grow
with time, until they reach a critical size where they fall; as they
fall, they entrain the drops placed below them on the fibers (see
video in Supplementary Material). This process is repeated peri-
odically. We simulate this drop growth numerically in 1D with an
iterative algorithm (coded in Python). At each time step, droplets
impact the fiber uniformly; as two drops touch, they merge and
their center of mass is displaced. The drop fall when reaching a
critical drop size, clearing the fiber of all drops present below. At
each time, we report the number N of drops on the fiber (Fig. 4
(a)). Gradually, after a short time where a large number of small
drops are evenly distributed on the fiber, a regular droplet pattern
is formed: for most of the collection process there is a constant
number N; of drops equally distributed along the fiber, as seen in
the drop number distribution (inset of Fig. 4 (b)) and as also ob-
served in the experiments (Fig. 4 (e)). Drops are separated by a
distance close to the typical drop size 24, i.e. N; = ZLTf This value
is nearly independent of the fiber radius (Fig. 4 (b)). The process
is reminiscent of breath patterns, i.e. the growth and coalescence

1516 and in the de-emulsification, i.e.

observed in condensation
the collection of suspended droplets in a flow on an horizontal
fiber* where similar algorithms have been used. Similarly, the
combined growth and merging process leads to a constant cover-
age of the surface; the main difference here is the maximal drop
size above which drops fall that sets a mean drop size along the
fibers. This critical, or maximum drop size is given by a balance
between surface tension and weight. Assuming that the force
maintaining the drop is given by wdyAcos 6 17 and considering
a spherical drop of volume V,; = %nRZ 15 the maximum drop size
is given by

3 5 1/3
Rdf = <Z£CACOS(6)df) (8)

with 4. =
of this critical value on an independent set-up, where mist is pro-
jected through a small tube on a single fiber and the evolution
of the drop size is recorded from the side. We verify the expres-
sion (8) for several fiber radii (Fig. 4 (c)). While the drop radius
always slowly evolves in time due to the constant coalescences
of incoming droplets, size distributions over several cycles reveal
that there is statistically an average drop size, set by R, (inset of
Fig. 4 (c)).

p—f the capillary length. We perform measurements

We can thus consider that there is on average a constant num-
ber of drops Ny of size R;; on the fiber. We assume that all col-
lection occurs on the drops, i.e. the characteristic length for the
flow time scale as well as the collection surface is now R, rather
than ry. We thus defined a modified Stokes number

d
Starop = St ﬁ )
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Fig. 4 (a) Evolution of the number of drops on the fibers obtained numerically. (b) Evolution of the final distance between drops as a function of the
fiber radius. Inset: histogram of the number of drops N over several cycles. (c) Evolution of the maximum drop size as a function of the fiber radius;
solid curve: equation (8). Inset: histogram of the drops sizes R; over several cycles. (d) Collection efficiency E as a function of the modified Stokes
number St,4,,,. Symbols correspond to the data presented in Fig. 3, with the addition of efficiency measured for inclined fibers at different angles a, with
dy =300 um and a velocity of U = 3 ms~! (stars). Solid curve is the solution (5-7). (e) Drop distributions observed experimentally on fibers of radius
(from left to right) 600, 300 and 85 um.

The collection efficiency is the efficiency E associated with this

modified Stokes number, renormalized by the ratios of collection
areas i.e. S
f

E, =E— 10

drop Sdf 10

where Sy = Ndﬂ:Rfjf is the projected surface of the drops. We

plot our data with these two new parameters E,,, and Sty

@, | ®) ©
(Fig. 4(d)). All data now collapse onto a single curve, indicating — 120
04
E
0.2
0
(

that the relevant parameters indeed are the ones coming from
the proposed drop distribution. The dependence in fiber radius
is well captured through the dependance of the mean drop size
Rgy. In addition, the solution (5-7) is in good agreement with
the experimental data. Note that here again the droplet radius
is taken as a constant r;, = 3.9 um, in agreement with the value
expected at the exit of the vein. The small spreading of the data  Fig- 5 (a) Sketch and photography of two fibers collapsed by a capillary
. . bridge, placed in the mist, on which no drop growth is observed as all

corresponds to errors in Stokes number of about 15%, that is a . ) . .
. . L . droplets coalesce immediately with the column. (b) E as the function of
spread in droplet radius below 4%, which is below the width of = ¢ stokes number st. Experimental data for two fibers of 300 um. The
the droplet size distribution. solid curve corresponds to (5-7) for a cylinder of diameter 2dy. Inset:

. . e . . Sketch of the fibers repartition. (c) Comparison of the collected flow rate
We further validate this model by modifying the maximal size for wet columns (solid line) and fibers in partial wetting (dashed line) of

R4y of the drops. This can be done, without changing the fiber equivalent diameter.
radius and surface properties or the flow, by inclining the fibers
by an angle « : small « (horizontal) fibers can hold larger drops
than large a (vertical) fibers!8:1°, We measure experimentally
the maximal drop size that can be held by an inclined fiber with
our independent setup (see Supplementary material). This size
is used to evaluate the efficiency and the Stokes number (stars in
Fig. 4(c)). The data collapse on the curve obtained for vertical

Qc(mLh™t)
\
\
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fibers. Scatter is more pronounced for small angles o, i.e. small
Stokes numbers, as the drops hanging on horizontal fibers more
resemble an assembly of spheres than a cylinder, which modifies
equations (5-7). A detailled calculation and comparison to ex-
perimental data is given in the Supplementary material. Another
way to affect the drop distribution is to change the contact angle
hysteresis yAcos(0). In particular, making the fibers perfectly hy-
drophilic will suppress the presence of drops on the fibers, that
will thus behave as totally wet cylinders. This effect can actu-
ally be obtained by using two fibers separated by a small distance
ey < dy (Fig. 5(a)); indeed, the liquid will spread between the
fibers and form a long liquid column2® (see Fig. 5 in Supplemen-
tary material). As droplets impact this liquid column, they imme-
diately coalesce and are drained continuously. We thus suppress
the drop growth on the fibers, and simply have a wet cylinder of
diameter 2d;. The measured efficiency is then in excellent agree-
ment with the model (5-7), i.e. the model without drop growth
(Fig.5(b)). Note that we used here the value r; = 3.9 um that was
treated as an adjustable parameter beforehand, thus validating
our choice of parameter which simply reflects on the more prob-
able droplet size of our experimental fog. We can compare the
collection rate of a net composed of independent fibers, i.e. with
drop growth, to the collection rate of a net with a fiber arrange-
ment with liquid columns (Fig.5(c)). For a given fiber radius, the
collection rate is always significantly higher on the columns than
on the partially wetting fibers.

4 Collection efficiency of a net

In order to define the efficiency of a net, and not only of a single
fiber, we next evaluate the collection rate of an assembly of fibers,
with varying inter-fiber distances ey, for a given surface S,,. We
report the collection efficiency of a single fiber within this assem-
bly E, or equivalently O./Ny (Fig. 6 (a-b)). At large distances ey,
the fiber collection rate is constant and equal to the single fiber
collection rate defined for independent fibers. Below a critical
distance, the fiber collection rate decreases to reach 0 when the
fibers are touching, i.e. ey = dy. This decrease of collection rate
can be accounted for by a decrease in flow speed through the net
as the permeability decreases. Following a simple model?! we es-
timate the pressure drop through the mesh by considering a drag
force on each fiber 1

F= EpCddefUz (11

where C; is a drag coefficient and is treated as an adjustable pa-
rameter. We can thus write for the momentum p

d
f :Lfgfp(Uz_Uz%cr) :NfF7 (12)

such that, with £; = Nyey, the velocity across the net is given by

[ Cud
Uer = U [1— =25 (13)
26f

When e = dy, no fluid passes through the net, i.e. Uy.r = 0, while
when ey > dy, Uy ~ U. Accounting for this change in velocity,

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 (a) Collection of one fiber as a function of e/, for a mesh of width
22 mm with fibers of diameter 300 um and a velocity U = 1.15 ms~! (blue),
U=17ms"! (green), U =2.3 ms~! (red) and U = 2.8 ms~! (black). Ex-
perimental data (points) and curves derived from equations (5-7) and
(13). (b) Efficiency of a single fiber in the net as a function of the modified
Stokes number. Line: equations (5-7) and (13) with C; = 1. (c) Collection
of a net as a function of es. Inset: Evolution of ey, as a function of the
diameter dy. (d) Maximal efficiency of a net at the optimal fiber spacing
ermax as a function of the fiber diameter for different flow velocity, for per-
fectly hydrophilic fibers (red dashed line) and partially wetting fibers (blue
plain line).

we define a new Stokes number St,,, for a porous net
StNet = StdropUacr/U- (14)

The efficiency E of one fiber in the net is thus given by the effi-
ciency at the modified Stokes number (Fig. 6 (b)). All data col-
lapse together and are well described with equations (5-7) and
a drag coefficient C; = 1. The prediction for the collection rate
accurately describe the experimental results (Fig. 6 (a)). To re-
fine the model we could take into account the presence of drops
on the fibers, which increases the drag?2. In addition, we slightly
overestimate the collection rate as we assume no finite size effect,
i.e. we consider that all the fog goes through the net. However,
the deviation of fog around the net is important, in particular for
small spacings (low permeability).

We define the overall efficiency of the net E,, with the col-
lection per unit area Q./S, (Fig. 6 (c)). While decreasing the
fiber collection efficiency, decreasing the distance between adja-
cent fibers also increases the number of fibers per unit area, and
thus increase the overall collection of the net. There is thus an
optimal value for collection, independent of the velocity, corre-
sponding to the maximal number of fibers that can be placed in
the net without a decrease in single fiber collection rate. The
overall efficiency of the net is the efficiency E,,., associated with
the modified Stokes number St,,,, and renormalized by the ratios

of areas, i.e.
NSy

S}’l@f '
For a given fiber radius and wetting properties, we obtain the op-
timal distance ey, i.e. the distance at which E,,; is the maximal, as

Epet =E (15)
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https://doi.org/10.1039/c9sm01205b

Published on 26 July 2019. Downloaded by KEAN UNIVERSITY on 7/26/2019 2:04:08 PM.

Soft Matter

shown in the inset in Fig. 6(c). The optimal distance increases lin-
early with fiber radius, and remains close to e,,, = 2dy. Finally,
we plot the net efficiency E,, at the optimal distance e , as a
function of the fiber radius, and for various incoming velocities
and wetting properties, either in partial wetting and a uniform
drop distribution or for totally wetting, i.e. no drop growth, in
Fig. 6(d). The net efficiency increases with decreasing fiber di-
ameter as the number of fibers per surface area increases. The
divergence of efficiency at small diameters in partial wetting is
unphysical; indeed, we have to take into account that for small
diameters the size of the drops become comparable to the inter-
fiber distance, i.e. e =~ 2d; ~ R4y, leading to the formation
of bridges between adjacent fibers and ultimately clogging of the
net.

5 Conclusions

In conclusion, the collection rate on a single fiber strongly de-
pends on the drop distribution on the fiber. This distribution re-
markably evolves towards a uniform pattern of a constant number
of evenly distributed drops whose size is set by a balance between
gravitational and surface tension forces, and is thus strongly af-
fected by the wetting properties of the fibers. Collection can be
affected by small changes in drop size (e.g. with a small incli-
nation of the fibers or a change in contact angle hysteresis). A
small change in the structure of the net allows to create super-
hydrophilic fibers by simply bringing adjacent fibers closer in
order to form continuous liquid columns; the overall efficiency
is then significantly increased. The collapse of adjacent fibers
to form these columns may be easily induced by using flexible
fibers23-26, In addition, in this model system, the liquid can freely
flow along the fibers which prevents clogging, i.e. the accumula-
tion of drops on the wires that may block the flow and affect the
collection. Indeed, limited drainage is though to be a major limit-
ing factor in collection efficiency, as it causes an increase in pres-
sure drop27-28 and/or deviation of the droplets2®. These studies
suggest that the optimal collection results from a compromise be-
tween favorable drainage, to prevent clogging, and adhesion on
the fibers, to avoid re-entrainment of the droplets in the flow.
This particular situation is obtained when the drops exhibit both
a low contact angle and a small contact angle hysteresis, which
requires specific surface treatments2?, and large scale measure-
ments do not show significant differences in collection efficiency
with such meshes30. In comparison, nets composed of vertical
parallel fibers seem to yield a higher collection rate even in par-
tial wetting situations 252631 The results presented here may be
used to derive design rules for the optimisation of aerosol collec-
tion with such fibrous materials.
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