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Nano-aerosols from viruses to virgin pollutant particulates from combustion, 100 nm or smaller, are
harmful to our health as they penetrate readily into our body causing various diseases. Nanofiber filter
can capture effectively these nano-aerosols. However, over time the pressure drop increases dramatically
and cleaning of the filter by backpulse/backblow is essential for filter reuse. The cyclic loading-and-
cleaning of a nanofiber filter has been investigated for the first time experimentally and theoretically.
The “skin” layer, a thin region upstream of the nanofiber filter, plays a pivoting role in controlling the
pressure drop excursion of the filter. We model the skin layer to be made up of numerous fine capillaries
and examine how continuous aerosols deposited in the capillaries affect rapid rise in pressure drop fol-
lowed by bridging of aerosols across the capillary openings leading to more bridging and ultimately for-
mation of cake on top of the bridges and filter surface. We have been able to describe the deposition of
aerosols in the capillary pores for depth filtration, the deposition of aerosols in the cake (surface filtra-
tion), and the intermediate bridging regime between these two. We can depict the complete pressure
drop excursion including the S-shaped curve behavior from depth filtration transiting to surface filtration
for a filter with severe skin effect. Our prediction matches extremely well with the 6 cycles of loading/
cleaning on a 280-nm nanofiber filter subject to challenging nano-aerosols, 50-400 nm. During cyclic
loading and cleaning, the porosity and permeability in the skin layer for our experiment drop to 68%
and 11-21% of their original values, respectively, and the effective pore diameter also drops from 1.2

to 0.6 um.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Background

Airborne viruses (from influenza A or common cold, bird
influenza, swine influenza, severe acute respiratory syndrome to
Middle East respiratory syndrome, etc.), small bacteria (tuberculo-
sis), pollutant particulates from combustion (power plants, vehi-
cles, etc.) are of size no more than 100nm (which is
approximately 1000 times smaller than human hair). The air-
borne viruses are usually attached to nuclei sites which make them
slightly larger. Nevertheless, these “nano-aerosols” or nano-
particles can be inhaled readily by human into their bodies leading
to chronic respiratory and cardiovascular diseases. Some of these
pollutant particles are also formed from photochemical reaction
of nitrogen oxide and hydrocarbon gases, including volatile organic
compounds. In the presence of sunlight, they form irritating smog
particles of sizes 10 to several hundreds of nanometers that cause
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impairment in visibility. Numerous cities in the world are faced
with serious smog problems that affect literally millions of inhab-
itants, especially elderly with respiratory diseases and people suf-
fering from asthma, let alone the impact on the economics for
these cities.

Traditional face masks and filters made from microfibers,
2-10 pm, are ineffective in capturing these nano-aerosols. On the
other hand, nanofibers [1,2] with fiber diameter 100-300 nm, that
are 1/10 of the diameter of microfiber, can effectively capture these
nano-aerosols. The operating characteristic of using nanofibers has
been investigated for nanofiber filter with low aerosol loading,
such as face mask [3,4], and with high aerosol loading, such as fil-
ters for offices, indoors, and cabins of airplanes, trains and vehicles
[5,6].

With high aerosol loading, aerosols that got trapped by filter
can reduce the flowable pores of the filter. Further, the region near
the upstream end of the filter which faces the challenging aerosol
stream tends to trap more aerosols not only just from the fibers of
the filter, but also from the trapped aerosols themselves producing
an avalanche/domino effect. This region is known as a “skin” layer
[6,7] with majority of the aerosol trapped tightly there and also it
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Nomenclature

filter area [m?]
constant in Eq. (4a)
constant in Eq. (4a)
concentration [kg m~
skin thickness [m]
intercept of vertical axis [Pa]

constant, 1-3

permeability [m?]

number of capillaries [-]

mass [kg]

cycle number

pressure [Pa]

overall flow rate [m?s~']

flow through single capillary [m®s™!]
capillary radius [m] or media resistance [m~']
slope [Pam? kg™']

time [s]

face velocity [m s™}]

velocity inside capillary [ms™!]

’]

<|E T XIOAaQOT ZIIFTRTITATL>

Greek
o specific cake resistance [m kg™!]
A change
0 density [kg m~3]
€ solid volume fraction [-]
n capture efficiency [-]
& filling factor [-]
u viscosity [kgm~!s71]
Subscript
c cake
f filter
i incipient
o} before aerosol loading, m = 0 or initial
S cake, solid, skin
d deposition
max maximum
Superscript
rate

accounts for a large percentage of the pressure drop across the fil-
ter. This is also analogous to the skin effect in liquid filtration [8].
When the filter pressure drop reaches an unacceptable level, back-
pulse and backblow can be used to clean the filter [9,10]. First,
when a cake has already formed on the filter, the cake needs to
be blown off first from the filter surface prior to blowing aerosols
trapped inside the filter. Aerosols in the filter that are loosened
by backpulse and being blowback to the upstream end of the filter
may get recaptured in the skin region again reducing the flowable
pores further. This certainly modifies the filter porous structure
especially at the skin region even during cleaning. Some interesting
questions remain to be addressed:

1. How would deposition of aerosols during loading and
re-deposition of aerosols during cleaning affect the skin layer
filter properties, such as pore size, porosity and permeability?
These properties certainly affect subsequent repeated cycles
of loading/cleaning. This issue has not been investigated and
is definitely important should filter regeneration be required
for nanofiber filter.

2. Another related question is how does the “depth filtration”
change over to the “surface/cake filtration” in a nanofiber filter,
especially for such a thin filter with thickness only of orders of
tens of micrometers, or even less?

3. What is the role of the skin layer in this change over?

Despite there are various literature reporting on clogging of fil-
ter media (exclusively microfiber filters) during depth filtration
[11] and also buildup of nanostructure forming cake on the filter
surface [12-14], there is not much literature addressing the issues
discussed in the foregoing, especially for nanofiber filter media, yet
they are important considerations for nanofiber filter reuse. It is
with these issues in mind that we start our investigation.

1.2. Present investigation

In the present investigation, we adopted both experimental
approach and modelling to address the problem on the role of skin
in repeated cycles of loading and cleaning. A nanofiber filter with
average 280 nm was used for testing. The pressure drop across
the filter was monitored closely during loading and cleaning. When

the pressure drop escalated to a maximum limit, loading was
stopped and cleaning started. The pressure drop was monitored
continuously until it reached a reasonable low value in which there
was no further substantial decrease over time [9], then cleaning
stopped and the next loading cycle began. The cycle was repeated
for 5 more times with the pressure drop closely monitored.

The skin layer is believed to be “established” and being the con-
trolling region after the first loading-and-cleaning cycle. As dis-
cussed, there are few flowable pores inside the filter for further
storage of aerosols as most of these are being consumed during
the first-time loading followed by cleaning in which the aerosols
reverse its path flowing backwards towards the upstream end of
the filter. As such, the entire filter is being “redundant” and the
pressure drop is controlled largely by the closing/re-opening of
the pores in the skin layer as affected by deposition/cleaning of
aerosols in the capillaries.

A capillary model is developed herein to study the closing of
pore openings due to aerosol deposition after cleaning from the
previous cycle. This ultimately leads to significant reduction in
pore diameter for the capillaries resulting in bridging by aerosols
deposit across the capillary openings. The incipient of bridging is
a preliminary step for subsequent cake formation on the filter sur-
face. All these events are assumed to take place in the skin region
of the nanofiber filter.

Next, the model prediction is compared with test results to
back-out the various parameters, including the porosity of the skin
layer, equivalent capillary diameter, number of capillaries, solid
deposition at the beginning of bridging across the capillary open-
ings, and solids deposition at which cake forms on the filter
surface.

Finally, the predictions from the capillary model, intermediate
region during bridging, and caking are compared with the experi-
mental results for the entire pressure drop excursion.

2. Experiments on cyclic loading/cleaning
2.1. Production of nanofiber filter
Nylon 6 (polyamide, abbreviated as N6) was electrospun to pro-

duce nanofibers for the test air filter. Nylon pellets purchased from
Sigma without further processing was dissolved in formic acid to
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produce a 20% w/w solution. The solution was allowed sufficient
time (at least 1-2 days) until all nylon pellets were being com-
pletely dissolved. The solution was placed in a trough of the
needle-less electrospinning machine. The working principle of
needle-less electrospinning is shown in Fig. 1. The feed rotor (pos-
itively charged) was mounted with 8 strings on its periphery. By
adjusting the potential difference (40-80 kV), standoff distance
(10-19 cm) between the rotating electrode and the grounded col-
lecting plate, electrode rotating speed (6-50 Hz), and concentra-
tion (14-22% by wt.) of the N6 precursor solution, nanofibers
with mean fiber diameters ranging from 90 to 280 nm were pro-
duced. The fabrication of N6 nanofiber was favored under high
electric field around 70 kV, with sufficient time for solvent evapo-
ration wherein the standoff distance being 15-19 cm, and feed
electrode speed of 20-30 Hz. The specific values of the above
parameters depended on the temperature and humidity of the lab-
oratory environment, and the viscosity of the precursor solution.
The solidosity (solid volume fraction) and the basis weight (mass
of fiber per unit filter area) can be controlled by the electrospinning
time in batch production, or by the travelling speed of the sub-
strate material during continuous production, as well as the solu-
tion feeding rate by adjusting the electrode rotating speed during
electrospinning.

Given the target collector (ground) was placed 15-19 cm from
the feed rotor and the voltage of the feed electrode was typically
at 60 kV, this set up a highly charged electrostatic field from the
rotor to the collecting plate. The strings were dipped into the solu-
tion by the rotation of the rotor drawing solution out of the trough
onto the wire surface. When the wires rotated out of the solution,
excess solution from the wires dripped back to the trough. As the
solution thinned out to a film wrapping around the wire, the large
electric field force can overcome the surface tension of the film at
which Taylor cones formed along the surface of the wires. These
cones evolved eventually into micro-jets leaving the wire making
free flight towards the ground electrode under the intense electric
field. In the due course, both evaporation of the solvent and repul-
sion of charges thinned out the fibers to a much smaller diameter
by the time when they eventually got collected at the substrate
attached to the ground electrode. The nanofibers formed are non-
woven with mat thickness that can be controlled by electrospin-
ning time. The longer is the spinning time, the thicker is the mat.
Uniformity of the fiber thickness was assured with appropriate
rotation speed of the collector during preparation of the fibers.
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Fig. 1. Schematic of needle-less electrospinning machine.

The test filter has an average fiber diameter of 280 nm, initial
fiber packing of about 0.05 (clean filter without aerosol loading),
and filter thickness of 10 um. The latter excludes the thickness of
the polypropylene spun-bond substrate material that the nanofiber
mat was electrospun onto. The spun-bond substrate has practically
no filtration efficiency (i.e. less than 1-2% across all test sizes, 50—
400 nm) and pressure drop (i.e. less than 1 Pa under test velocity of
5.3 cm/s).

An aerosol generator (see Fig. 2) was used to generate submi-
cron sized sodium-chloride (NaCl) aerosols. The generator con-
sisted of an atomizer. The atomized NaCl particles passed
through an impactor, a dryer membrane to remove any suspended
water vapor, an ionizer for imparting charges to the particles (not
shown), a classifier (not shown) to classify particles according to
their charges thus also sizes, and a second ionizer to neutralize
the charges left on the aerosols before feeding them into the filter
test column. The concentrated stream with aerosols was
re-adjusted to appropriate concentration by the dilution air stream
feeding also into the test column mixing with the concentrated
aerosol stream prior to challenging the filter. Aerosols between
50 and 400 nm in sizes were generated by the system for filter test-
ing. A typical particle size distribution of aerosol is given in Fig. 3.

2.2. Grade efficiency test

Grade efficiency for a given size from 50 to 400 nm was deter-
mined by first classifying only the size range of interest. The concen-
tration was measured, respectively, upstream and downstream of
the filter using a condensation particle counter (CPC). Thus, the
grade efficiency for that size can be determined.

2.3. Loading test

The filter was mounted inside the test column. Neutralized
polydispersed sodium chloride aerosols with sizes in the range of
50-400 nm at an aerosol concentration of 0.00294 g/m?* generated
by a sub-micron aerosol generator was fed, at a face velocity of
5.3 cm/s, into the test chamber to perform an accelerated loading
test under steady-state condition. The cleaning was triggered at
the arbitrary set upper limit pressure drop of 850 Pa. Backpulse fol-
lowed by backblow were carried out with a tri-nozzle setup with
clean airflow in reverse direction, from the downstream side of
loading. The applied pressure of 6.5 bar was used in all cleaning
process. The duration of pulse-jet, idle, and backblow were 0.5 s,
0.2 s and 10 s, respectively. These have been reported elsewhere
in details [9]. Throughout the experiment, pressure drop across
the filter and the flow rate were monitored by a digital pressure
manometer and a flowmeter, respectively. The filtration cycle
(i.e. loading followed by cleaning) had been repeated a total of
six times (i.e. number of filtration cycles, N = 6).

3. Modeling of cyclic loading/cleaning
3.1. Model of loading on a nanofiber

The nanofiber filter is subject to loading of nano-aerosols until
the pores inside the filter are filled. The upstream end of the filter
collects more aerosols due to its close proximity to the free stream
laden with aerosols. Not only do the nanofibers there collect
incoming aerosols so are the deposited aerosols which also serve
as nanostructures that help to collect incoming aerosols. Over time,
a dense skin layer of aerosol deposit forms at the upstream end of
the filter, while there is much less aerosol deposition in the down-
stream end of the filter. The pressure drop across the skin region
also accounts for a large percentage of the entire pressure drop
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Fig. 2. Submicron aerosol generator (SMAG) and filter tester for respectively, grade efficiency with monodispersed particle size distribution and aerosol loading on filter with

polydispersed particle size distribution.
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Fig. 3. Sodium chloride test particles with count mean aerodynamic diameter
118 nm prepared with concentration of 0.0211 g/m?>.

across the filter. Further with more aerosol loading, bridges of
aerosols form across the open pore of the nanofiber filter at the
upstream face leading to formation of a cake layer on the filter sur-
face (surface or cake filtration). The cake layer grows over time and
the pressure drop across the filter and cake increases. When the
pressure drop reaches a preset maximum limit, the aerosol loading
stops and cleaning is initiated.

After cleaning by backpulse and/or backblow, the cake on the
filter surface is removed first followed by aerosols in the filter that
are loosely trapped. These aerosols are carried by the backblow air
toward the upstream end of the filter and in the due course
re-deposition of the aerosols on the nanofibers/aerosol fibers can
occur. It is likely that after the first backpulse/backblow all the
“dead” pores in the filter are filled with aerosols. The dead pores
refer to pores not accessible to air flow. This also applies to the skin
region at the upstream end of the filter.

In subsequent loading, aerosols continue to deposit in the skin
layer and very much less in the filter as the dead pores have
already been consumed by trapped aerosols from the first loading
and cleaning. The deposition of aerosols during the second loading
can be described in Fig. 4a by which the flowable pore of the nano-
fiber is depicted as a capillary with initial radius R, (before second

aerosol loading). The amount of aerosols can be idealized as depo-
sition by the same aerosol volume uniformly redistributed in the
interior wall along the capillary reducing the inner wall radius
from initially R, to R(t), wherein R(t) < R,, see Fig. 4b. When the
capillary open area reduces to about 50-60% of its initial open area,
it is assumed that the open area is so restrictive that further incom-
ing aerosol will deposit as an “aerosol bridge across” the open pore.
The deposition of aerosols on existing bridges continues until the
bridging process is completed with initial cake layer forming on
top of these bridges and thus on the filter surface, see Fig. 4c. This
condition can be modelled as though there is sufficient aerosol
deposit filling the capillary to its center axis, see Fig. 4d. The cake
continues to grow on the filter surface until the combined pressure
drop across the filter and cake reaches the preset maximum pres-
sure drop limit by which loading stops and cleaning is initiated.
The subsequent loadings, 3rd, 4th, ..., nth, etc. follow similar fash-
ion as with the second loading. The major processes are

1. Narrowing of the equivalent capillary pore with initial radius R,
in the skin layer.

2. Bridging across the opening of the capillary pore. Aerosol
bridges form on existing bridges until they interfere with each
other merging to a continuous cake layer.

3. Cake continues to build-up with more aerosol deposition until
the preset pressure drop limit across the filter media and the
cake is reached.

4. Blowing the cake off the filter, partial removal of aerosol in the
capillary leading to re-widening of the constricted capillary
pore back to a “new” R,.

The entire process 1-4 repeats.

Note a capillary model has been used earlier by Elmoe et al. [13]
and Bourrous et al. [14]. These models are quite different from
ours. In both cases, first the capillary is modelled as flowable cap-
illaries across the entire filter thickness, which contrast with our
model in which the capillaries are located only across the skin
layer, that is only a small fraction upstream of the filter, which
plays a dominant role in the filling and leading to the transition
of cake formation on the filter. Second, in our model the deposition
is assumed to be uniform across the capillaries of the skin layer;
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Fig. 4. (a) Aerosols loaded substantially the void space of a single capillary by about 50-60%. (b) Flow of scenario (a) can be modelled as though the solids are packed lining up
the capillary wall resulting in flow through a constricted capillary. (c) Aerosols forming a bridge across the capillary pore opening from which more aerosols deposit upon. (d)
Maximum amount of solids in (c) is equivalent to aerosols with volume just filling up completely the capillary, i.e. to the axis.

whereas in the other two earlier work [13,14] the deposition is dis-
tributed non-uniformly across the capillaries. Third, after the cap-
illaries are filled to a certain point, aerosol bridging across the
capillary pore openings is initiated. Subsequent aerosol bridging
occurs on the filter surface until the aerosol bridges from neighbor-
ing capillaries interfere with each other and merge to form a con-
tinuous cake layer above the filter surface. This “aerosol bridging”
process, the intermediate step which can take time, is absent in
earlier work [13,14]; and in fact, they assume the transition from
capillary filling to cake formation is instantaneous. With our capil-
lary model as described, which is distinctly used differently from
earlier studies, we can write out the pertinent equations in the
following.

3.2. Deposition of aerosol in capillary

Continuity of aerosol free stream at concentration C, and face
velocity u challenging a filter with area A, yields volumetric rate
Q and mass rate of m that are given, respectively, by the equations
below.

m= CoQ
Q=1uA
The modeling is focused on the skin layer given all the deposi-
tion/removal in subsequent loading/cleaning takes place there.

Assuming the skin layer is made up of n capillaries with mean
radius R, and the flow velocity V in each capillary by continuity,

(1a,b)

Q = uA = VnniR? (1c)

where u is the face or superficial velocity of the filter. Suppose the
porosity (i.e. void-to-total volume) of the skin layer is given by ¢,
the skin layer thickness is h (Fig. 3a), then

RZ
-2 g

Solids deposition on capillary walls
AtnCoV42mRhn = —p nAR(2TR) hes (3)

where 7 is the efficiency of capture, V; the deposition velocity and is
of the order of the in-situ velocity V in the capillary, ps the density
of aerosol/solid, & the solid packing density of the cake in the cap-
illary. Given 4R is negative, a negative sign is used in Eq. (3). Sim-
plifying above and setting AR/ At = dR/dt

dR G,
a T Vd psgs

Assuming R=R, at t=0, the radius of the capillary can be deter-
mined from integrating Eq. (3a),

(33)

Co
R=Ry—nVa ot (3b)

svs

The LHS of Eq. (3) is precisely the mass deposit m(t) in the skin layer
of the filter at time ¢,

Am = AtnC,V42mRhn (4)
Substituting Eq. (3b) into Eq. (4), and setting Am/At = dm/dt, after
integrating
m(t) = at — bt?
a =nC,V42nR,hn
nnh(nC,Vy)>?
= e

The mass deposit increases over time until it reaches a maximum at
tmax for which the latter can be determined from

dm/dt = a — 2bt
Setting dm/dt = 0, t.x=a/2b

(4a-c)
b

:i:psgsRo
26~ G, Vy’

From Eqs. (3b) and (4d), the condition R = 0 at t,,q¢ indicates that the
capillary is filled by aerosols to the center axis of the capillary.
Examining the quadratic behavior of Eq. (4a) for which m increases
with increasing t to a maximum at t,,q,, this behavior is real and can
be realized; whereas when t > t;,.x, m decreases with increasing t,
this behavior is unreal and cannot be realized.

From Eq. (4a), t can be expressed in terms of m,

(4d)

tmax

la 4mb
t:Zb[l 102} 5)
ﬂCon 2
am(bjay " [2psssRJ _om (A _ (m/p))
b mnh(nC,Ve)*  nnR’hpes  dohpses  (hhA)es
pSSS
— Vs
(VS)max
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This reveals that 4mb/a® refers to volumetric aerosol present in
the capillary to the maximum aerosols that the capillary can hold,
which measures the fraction of a capillary being filled. Subse-
quently, this dimensionless group is defined as & with 0 <¢& < 1.
Based on the above and Eq. (4d), rewriting

¢ _ PstsRo {1 - (m/A) }

= - 6
ncovd ¢ahp385 ( )
It can be clearly seen that as time t increases, the mass deposit m
also increases.
Rewriting the radius relationship in terms of t, substituting
Eq. (6) into Eq. (3b),

—V1-¢

R,

S A (6a,b)
(/)ohps‘os

Based on the flow with volumetric rate q through a single cap-
illary tube with radius R, using the Poiseuille-Hagen relationship,

Ap _8uq
TR g
where q = Q/n.

Combining Egs. (1c), (2), (6a) and (7), the pressure drop across
the filter in terms of mass deposit in the capillaries of the filter
can be expressed as

_ 8ungh :8uuh 1

nmRS(R/R,)*  hoR> (1 ¢)°
A (7a.b)
Ap, (1-¢)
where

8uuh
Ap, = 7c
Do o (70)

Ap, corresponds to the pressure drop of the filter with no aerosol
deposition (¢ =0 or m/A =0).

Note, with small amount of aerosol deposition, i.e. ¢ < 1, Eq.
(7b) can be expanded in Taylor series using the first order approx-
imation as

Ap ~ Ap,(1 4 2¢) = Z";’? (142¢) (7d)
_8uuh (m/A)] _

PR [l +2¢ahpssj =+ sm/A) 7e)
_ 16(uu/pges)  _ 8puh

TR bR 7he

sand I in Eq. (7f) and (7g) are the slope and intercept, respectively,
to the Ap curve at m = 0. As noted, when Ap is plotted against m/A,
both ¢, and R, are “larger” for a clean filter, therefore both intercept
I and the slope s of the straight line are small. On the other hand,
when both ¢, and R, are smaller for a clogged filter (skin layer
clogged with aerosol deposit), both intercept I (x 1/[¢, RZ2]) and
the slope s (« 1/[¢o> R,%]) of the straight line (i.e. dotted line in
Fig. 5a) becomes extremely large. This is illustrated in Fig. 5a for
these two cases. Indeed, the capillary model is able to depict cor-
rectly the characteristics of the clogged skin behavior!
An interesting observation is that the ratio s/I gives

2

= edon

Ap
16 uu /(p,e,)
. 5= ———fame
v (,9,)
~—V slarge,R, |, _ 8uuh
[ ¢, smaller $,R,’
Ilarge, R,,
@, smaller
I'small, R,,
@, larger

0 (m/A)

Fig. 5a. Ap is plotted against m/A revealing the behavior for small amount of solids
deposit for both clean filter and dirty filter in which the skin region is clogged with
aerosol deposit.

If ps, &, and h are known, ¢, can be determined. However, we need
to have good data in the proximity of m/A = 0. This can also be done
differently and perhaps more accurately by matching the curve
with test data as shall be seen later when we carry out analysis
on the test data.

3.3. Cake formation

During cake buildup, the pressure drop can be given by

Ap = Ap, + puo(m/A)

A, — g (8a,b)

The first term is due to a combination of the clean nanofiber fil-
ter media and the skin effect (deposition of aerosols as shown in
Fig. 4c). Note the latter is equivalent (by our hypothesis) to filling
of aerosols to the centerline of the capillary, Fig. 4d. We use sub-
script “c” to designate this incipient caking condition. Thus,

éc =1

(m/A)c = d)ohpsgs
Substituting back to Eq. (8a),
Ap. = Ap; + ,LlllO(((j)ohPSSS) 9)

Recall at the recipient point of bridging across the capillary pore
opening, the area reduction from the original down to 60% means
that

(8¢, d)

nR\?
(nRO> =0.6 (10a)
From Eq. (6a),
R\2
&E=1- (R_) =1-06=04 (10b-d)

This condition corresponds to the incipient point of bridging of
aerosols across the capillary pore. The corresponding pressure drop
at incipient aerosol bridging becomes,

_Ap, (10e)

Ap; —
P ey

3.4. Intermediate region between incipient bridging of capillary pore
and cake formation

The mechanism from the incipient point of bridging (¢&;, Ap;) to
the beginning of cake formation on the filter surface (¢. = 1,Ap.) is
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quite complex. We simplify this by using a hyperbolic tangent
interpolation function between these two regimes,

Ap = (Ap, — Ap,) tanhK[i;?} + Ap, a1
— G

where the constant K= 1-3. The foregoing discussion on capillary
deposition between 0 < ¢ < &, bridging across the capillary opening
Ei<E < &, cake formation ¢ > &. can be summarized in Fig. 5b.

4. Results and discussions
4.1. Pressure excursion over loading followed by cleaning

Fig. 6a shows the experimental pressure excursion of a clean fil-
ter followed by loading to a maximum allowable pressure (some-
what arbitrary) followed by cleaning by backpulse and backblow
as described earlier. This cyclic loading/cleaning was repeated 5
more times. The duration of the first loading cycle was quite long
5.6 h to reach the maximum set pressure limit of 850 Pa followed
by backpulse and backblow which took 0.6 h and the pressure drop
was restored back to 100 Pa. On the other hand, the 2nd loading
cycle only took 3.2 h to be followed by a constant cleaning of
0.6 h. The 3rd, 4th, 5th and 6th loading took even less time but
quite consistently constant, respectively, at 2.3, 2.8, 2.1 and
1.85 h, and each loading was followed by a 0.6-h cleaning. These
are all summarized in Table 1.

ap :
,/’/(? o
Aps @ s
cg8
c SO
o H
E‘ £ E’E‘ {«—— Cake Formation ———
28 [ 8% |
T O =]
(GNa] [N ]
4P, : :
0 éf[ §C =1 § —
Ay, (m/A), mA —

Fig. 5b. Model on deposition of aerosols in capillary, bridging of capillary opening
by aerosols, and aerosols building cake layer on the bridges.

Fig. 6b shows only the experimental loading behavior in closer
details. The behavior of the 1st loading cycle is concave upward
(depth filtration with aerosols filling both the skin region and the
filter interior) followed by a linear trend (cake filtration). On the
other hand, the behavior of 2nd and subsequent cycles are all pre-
dominantly concave downward (later attributed to only skin load-
ing) followed by again a linear trend (cake filtration). Note at the
start of loading the pressure drop recorded is denoted as Ap,
(see Fig. 5b) and this value increases with increasing cycle, see
Fig. 6a. For example, Ap, is 22 Pa for a clean filter, after the first
loading and cleaning, it jumps up to 104 Pa at the beginning of
the 2nd loading cycle, 147 Pa for the 3rd, 147 for the 4th, 172 Pa
for the 5th and finally 197 Pa for the 6th. Ap, makes a large jump
from 1st to 2nd due to formation of a skin layer and thereafter the

Table 1
Time duration of loading and cleaning and the residual pressure left on the filter after
previous cleaning and before the current loading cycle.

Cycle Time duration of Time duration Ap,, Pa

loading to 850 Pa (h) of cleaning (h)
1 5.6 0.6 22
2 32 104
3 23 147
4 2.8 147
5 2.1 172
6 1.85 197

Note: This corresponds to clean filter without aerosol deposit.
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Fig. 6b. Loading curve for 6 cycles of repeated loading and cleaning.
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Fig. 6a. Experimental cyclic loading and cleaning of a nanofiber filter with 280-nm diameter fibers.
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skin layer keeps tightening over repeated loading and 4p, keeps
creeping upward but at a much slower pace. For reference, Ap, is
also compiled in Table 1. As will be seen, Ap, is an important
measurement “quantifying” the skin characteristics (inversely
related to the skin permeability, or inversely related to the square
of capillary radius).

4.2. Determining porosity by matching experiments and model
prediction

First, in Fig. 7 the pressure excursion curve from the experiment
is matched with that of the capillary model in the Ap/A4p, versus ¢
for ¢<0.4. Assuming solids volume fraction in the capillary
&=0.135 and the skin layer has a thickness h of 1 pm (10°m),
and given salt has a density p,=2200 kg/m?>, the porosity of the
capillary pores ¢,, before aerosol loading, can be determined based
on matching the test results with the model in Fig. 7. The result on
the matched ¢, is shown in Fig. 8 for the 6 loadings, N = 1-6.

4.3. Determining radius of the capillaries before loading

From Eq. (7c), the capillary radius can be easily determined
once the porosity of the capillaries in the skin layer ¢, is known,
and 4p, is determined from the experiments (Table 1)

|8 uuh
=\ o, an, o

The results for the porosity and the capillary radius are shown
in Fig. 8. As can be seen, the porosity after the 2nd aerosol loading
drops precipitously to 0.6-0.7 and stays constant thereafter for the
subsequent 4 loadings. Note this is the porosity at the beginning of

6 7 F1
.l ¢ 0.9
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Fig. 7. p/p, versus ¢ for the model (solid curve) matching with measurements for
cycle N1 to N6, and R/R, versus ¢ model.
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Fig. 8. Porosity and initial capillary diameter in the skin layer of a nanofiber filter.

the loading for the present cycle and the porosity reduction is
related to loading and cleaning of the previous cycles. It can be
concluded that the porosity in the skin layer after the first two
cycles of loading/cleaning reaches a quasi-equilibrium level with
porosity of 0.6-0.7. Aerosols challenging the filter are stored
mostly in the cake and a small fraction are used to fill the capillar-
ies in the skin layer leading to formation of “bridges” across the
capillary opening, which initiates cake formation subsequently.

The initial diameter of the capillary pore 2R, for a clean nanofi-
ber filter with 280 nm fiber diameter is determined to be 1.2 pm.
This is consistent with the image from the Scanning Electron
Microscope (SEM), see Fig. 9, which is about 1-2 pm. This is rather
encouraging in that the model yields result close to the real situa-
tion. After the first loading, 2R, reduces down to a fraction of a
micrometer, reaching a quasi-equilibrium level of 0.6 um for the
2nd to the 6th loading/cleaning cycles. This confirms the average
pores in the skin layer have been significantly narrowed down
(~50%) by aerosol deposit that cannot be cleaned or removed by
backpulse/backblow.

The porosity and initial pore radius before loading of the current
cycle ¢, and R, are related to the number of equivalent capillaries n
based on the relationship,

2
_ nnk;

®o
(12a,b)

The test filter has a radius Rof 0.035 m, thus the number of cap-
illaries n can be determined. This is shown in Fig. 10. As can be
seen, with exception of the 1st cycle for which quasi-equilibrium

v
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Fig. 9. SEM of nanofiber mat with 280-nm nanofibers with average pore size about
1-2 pm.
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Fig. 10. Number of capillaries in the skin layer.
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has yet been reached the number of equivalent flowable capillaries
under quasi-equilibrium between N =2 and N = 6 is on average 1.3
(10'9). The clean filter prior to the first loading/cleaning cycle (i.e.
N=1) has less capillaries 0.3 (10'°). This is only % of the equilib-
rium level. Indeed, this is consistent from mass conservation that
R, under equilibrium is only half of that at N =1 and area is propor-
tional to the quadratic power of radius.

4.4. Permeability and porosity in skin layer

It is a common practice to express flow in a porous media by
Darcy’s law as shown in Appendix A (Eq. (A1)). The superficial face
velocity u is proportional to the pressure gradient dp/dx and the
permeability k, but inversely proportional to the viscosity w. The
permeability which has a unit of dimension to the second power
measures the flowability of the porous media, which is given in
Appendix A. It would be interesting to compare the permeability
of the skin layer between 2nd cycle, and subsequent cycles, to that
of the 1st cycle both under zero aerosol loading, i.e. m = 0, for the
present experiment. From Eq. A3c and the porosity and pore diam-
eter at zero loading from Fig. 8,

koo (¢0) (R2\”  [0.95)(0.557/2\* 021
6 (62) (&) - (o) (Farza) -0

The permeability of the skin layer in the 2nd cycle plummets to
only 0.21 of that of the 1st cycle. This drastic reduction in perme-
ability represents indeed presence of a skin layer that is not quite
permeable to flow. The skin effect is established sometime during
the 1st cycle. Also, during aerosol deposition in the second cycle,
the permeability of the skin layer k,»/k,; will further decrease. Dur-
ing backpulse and backblow, some of the deposits in the skin layer
are blown off; however, there could also be loosened aerosols deep
in the filter that are being re-deposited in the skin layer. The per-
meability ratio drops further in the 3rd cycle to 0.15, after-which
the drop is much more gradual. The skin region due to cyclic load-
ing/cleaning seems to reach finally a “quasi-equilibrium” state
with permeability ratio decreasing very slowly (but not constant
as in true equilibrium). At 6th cycle, kys/k,; decreases to 0.11. These
are all illustrated in Fig. 11.

Also, an interesting point is that Fig. 5a shows a plot of Ap ver-
sus m/A, near m/A < 1, the curve can be approximated by a linear
line with slope s and vertical-axis intercept I, which can be related
to the porosity and permeability of the skin layer as

s 1 1 1
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Fig. 11. Permeability ratio at various loading/cleaning cycles and evidence of skin
effect reaching quasi-equilibrium after 3rd cycle.

Small k, and ¢, result in large s and I as has been seen with the
skin layer in Fig. 5a; and vice versa when the skin layer does not
exist during the clean filter operation (initial cycle of loading with
N=1) for which s and I are both small.

4.5. Cake formation

Once a bridge forms around the capillary opening, all incoming
aerosols will deposit on the bridge and subsequently forms a cake
layer. The “bridge” of aerosols stack on top of each other eventually
forming a continuous cake layer that keeps growing with aerosol
deposition. Given filtration of aerosol all occur at the cake layer
which builds up over time, the pressure excursion curve is given
by Egs. (8a,b)

Ap = Ap, + puo(m/A)
Aps = HURy,

A plot of Ap versus m/A yields a straight line under the cake for-
mation stage. The slope is simply puo. Consider N =2 as shown in
Fig. 12b, the slope in the cake region is determined to be 426.67 Pa-
m?/g. Given the slope is also puo, with p=1.81(10~°) kg/m-s, and
u =0.053 m/s, therefore the specific cake resistance o = 4.45 (10'")
m/kg. Fig. 12a-f show the comparison of experimental measure-
ments and model prediction for the pressure drop excursion for
all 6 loading cycles. The comparison between measurements and
model prediction is very good. The cake depends solely on the chal-
lenging aerosol which is unchanged, thus both the slope of the cake
line and the specific cake resistance are the same for N = 1-6 as evi-
dent from comparing the slopes in Fig. 12a-f.

In cake filtration, the total pressure drop is attributed to two
serial resistances - one has to do with the actual cake resistance
puo(m/[A), which depends on the amount of aerosols deposited in
the cake and the other an artificial skin resistance due to the filter
media, Aps. The latter incorporates the flow resistance from the
nanofiber filter media and the restricted capillary pore/opening
in the nanofiber filter due to aerosol deposition, which includes
aerosol deposition during loading and re-deposition during back-
pulse and backblow. The second is the major contributor to Ap;
in as much as from the filter media itself. Aps can be determined
from Fig. 12a-f in Table 2 for the 6 cycles. It is to be noted that
Aps increases sharply from N=1 to N=2 and only modestly from
N =2 to N=6. This is consistent with the narrowing down of the
equivalent capillaries or pores of the nanofibers in the skin layer
from R,=12pm for N=1 to R,=0.6pm for the quasi-
equilibrium N = 2-6.

(8a,b)

4.6. Incipient bridging of the capillary to cake formation

From bridging of the pore opening in the capillary to steady
deposition of aerosols onto the filter surface - caking is rather com-
plex. We have made a hypothesis that as the pore opening reduces
to about 50-60% of the area correspond to the equivalent capillary
reducing in radius to 0.75 of its original radius R, bridging starts in
the pore. This corresponds to ¢ ~ 0.4.

As an example, consider N = 2,

At beginning of bridging of pores:

¢ = 0.3876
(m/A), = 0.3876¢,hp.é&

d.hp,es = (0.95)(1 x 10°°)(2200,000)(0.135) = 0.2822 g/m?
(m/A), = (0.3876)(0.2822 g/m?) = 0.10938 g/m?

As ¢~ 0.4, Ap, =104 Pa
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Table 2 Ap = (Ap, — Ap;) tanh K |*—5i] 1 A (11)
Equivalent skin pressure drop and filter medium resistance. P = (AP, Di 1-— & Di
N Aps (Pa) Rpm (1/m)
1 50 5.24E+07
2 410 430E+08 For N=2,
3 470 4.93E+08
4 440 4.61E+08
5 510 5.35E+08 _ _ <i<
5 oo S35Es08 (m/A) = Epohp & 0.282266, ?,3876 <e<
Ap = (Ap. — Ap)) tanhK[l’%ﬂ + Ap;
1
—0.3876
= (530.4 — 277.35) tanh K Fi} +277.35
Ap, 104 1-03876
Ap, = 038767 277.35Pa 03876
’ =253tanhK |-———-==| +277.35
. 1-0.3876
At caking,
K=2

& =1,(mJA), = p,hp.es = (0.95)(1 x 10°°)(2200, 000)(0.135)

=0.2822 g/m?

Ap, = Ap, + puo(m/A) = 410
+(1.8 x 107°)(0.053)(4.267 x 10°)(0.2822) = 530.4 Pa

given Ap, =410 Pa.Using Eq. (11),

Note in the above, K = 2 was selected to provide matching of the
slope at end of aerosol bridging regime to that at beginning of cak-
ing regime. The predicted pressure drop of this intermediate region
(aerosol bridging the pore) is calculated using the above equations;
the results are compared with experimental measurements in
Fig.12b. Similarly, this can be done with N = 3-6.
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In summary, it has been shown the three regimes of pressure
drop increases for each aerosol loading cycle with the following
behavior:

(1) Capillaries in skin layer got constricted from initial deposi-
tion of aerosols inside the capillaries leading to rapid
increase in pressure drop;

(2) Bridging of aerosols across the capillary opening;

(3) Cake forming on the surface of the filter.

The complete prediction of these 3 regimes are completed with
the experimental results for N = 2 cycle in Fig. 12b. The agreement
is reasonably good. Similar comparison has been made for N = 3-6,
which are depicted in Fig. 12c-f. Again, similar level of agreement
has been obtained. An interesting aspect is that there is a concave
upward trend of the pressure excursion curve with aerosol deposi-
tion in the capillary, an inflection point followed immediately by a
concave downward trend of the pressure excursion curve with
bridging leading to caking, and a simple linear behavior during
caking with constant specific cake resistance. These are all demon-
strated in Fig. 12b-f for cycles N = 2-6. In all cases, K was selected
so that the pressure drop prediction at the end of bridging regime
matches the slope of the cake filtration “linear line”.

The behavior in loading a clean filter (N = 1) is somewhat differ-
ent, prior to caking (i.e. linear trend on the pressure excursion
curve with mass deposit), the pressure rises concave upwardly
with increasing aerosol loading but only very gradually. The initial
deposition of aerosols in the flowable pores of the nanofiber is sim-
ilar to subsequent cycles N > 2, however, there is continuous load-
ing of aerosols inside the filter filling up the pores in the interior of
the filter other than the skin layer at the upstream end of the filter.
This provides a rather gentle concave upward behavior which is
not being described by the model. As such, we have used an inter-
polation quadratic function for 0.1 <m/A < 0.55 g/m? to bridge
between these two regimes, capillary filling and caking. This is
shown in Fig. 12a.

Finally, we have compared all the results on the same plot in
Fig. 13 showing the sequential loading and cleaning for all 6 cycles
of aerosol loading followed by backpulse/backblow. It is reasonable
to state that after the first cycle, the filter has reached a quasi-
equilibrium for which the skin layer controls the aerosol deposi-
tion in the pores in the skin leading to subsequent bridging and
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Fig. 13. Comparison between experiments and model prediction on pressure drop
for the entire loading curve for N=1-6.

caking on the filter surface. The capillary model introduced herein
compares well with experiments and also provides the hint to
bridging process across the pores (pore area 50-60% blocked). This
mechanism is rather complex and more refined model may be
required in the future together with in-situ imaging, such as CT
tomography, of this complex bridging process. For now, it is suffi-
cient for the explanation of why this deviates significantly from the
first loading cycle.

An interesting observation is that the entire loading curve
including the “inflection point” between the capillary model and
the intermediate bridging region in Fig. 13 keeps shifting towards
the left as N increases from 2 to 6 (see arrow in the figure). This
shift approaches a “limit” that the pressure drop in capillaries
increases steeply, almost a vertical rise from Ap, to Aps, followed
by the linear line originating from Aps on the ordinate-axis and
with a constant slope, that depicts cake filtration, Eq. (8a,b). This
is essentially the over-simplified “cake filtration model” in the
textbook, see also the “solid” and “dash” line in Fig. 5b.

5. Conclusions

We have investigated the skin effect during repeated loading of
a nanofiber filter using nano-aerosols. After the filter reaches a
maximum pressure drop during aerosol loading, the filter is being
cleaned by backpulse and backblow. A skin layer quickly estab-
lishes upstream of the filter with reduced permeability and poros-
ity during the loading and subsequent cleaning during the 1st
cycle. The permeability and porosity cannot be restored back to
the clean filter condition by backpulse and backblow cleaning.

The deposition of aerosol during each loading can lead to con-
tinuous narrowing down of the pores in the skin at which aerosols
can bridge across this narrower pore opening near the surface of
the filter. This flowable pore has been modelled as a capillary span-
ning across the skin layer with thickness assumed to be about one
micrometer in this study. The cake starts to build up once there are
sufficient layers of aerosol bridges forming on the pore opening.
Subsequently, the formed cake becomes an effective filter media
trapping 100% of all incoming aerosols.

Experiments on loading and cleaning (backpulse followed by
backblow) have been carried out on a nanofiber filter with fiber
diameter of 280 nm. The initial pressure excursion is rather modest
with increasing aerosol deposition. Presumably a skin layer starts
to form near the upstream end of the filter. After the pressure
builds up to a maximum level, the filter is backpulsed followed
by backblow to remove as much trapped aerosols. There are defi-
nitely residual aerosols left in both the skin and the filter interior
that cannot be removed despite cleaning. In the 2nd and subse-
quent cycles of loading up to 6th cycles, the pressure excursion
over mass deposition at least in the beginning is very steep con-
firming further aerosol deposition in the skin layer of the filter
leading to more flow restriction. However, this deposit largely
can be removed by backpulse/backblow keeping Ap, increasing
rather slowly.

By matching experimental pressure excursion with the model
on the clean filter and 5 additional repeated cycles, we found that
the porosity started with a clean filter at 0.95 dropping by 68% to
0.6-0.7 after the 2nd loading, with initial capillary diameter of
1.2 pm also dropping to half the value to 0.6 um during the 2nd
and subsequent cycles. Based on these values, we can infer that
the permeability of the skin layer has dropped to 21% of its original
values when the filter was cleaned before aerosol loading. This per-
meability decreases gradually for subsequent 2nd-6th cycles
under quasi-equilibrium. It is interesting that after the 2nd cycle,
there is virtually no deposition of aerosols inside the filter. The
deposition is in the skin region which quickly changes to cake
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buildup once a bridge of aerosols spans across the pore opening at
the surface of the filter.

The region delineating the beginning of bridging and cake for-
mation have been determined by the model. Based on these, the
experimental pressure excursion curve can be established for all
three regimes, capillary filling (depth filtration), aerosol bridging
(prelude to cake formation, strictly speaking also surface filtration
as aerosols are deposited above the filter surface), and cake filtra-
tion (surface filtration). The prediction based on the models com-
pare well with experimental measurements lending confidence
to the understanding of the skin layer playing a pivoting role in
forming cake upon bridging of the pore opening.

The model also explained the steep rise in pressure drop after a
skin is formed during the 2nd and subsequent loadings, despite the
skin effect is not that obvious during the loading of a clean filter. In
fact, during the loading of a clean filter (N = 1), the filter does have
a prolonged period of depth filtration when the pressure rise is
modest until bridging and caking occur.

This investigation certainly sheds useful insight on the interest-
ing role of the skin in cake formation especially after the 1st cycle
loading on a clean filter. If the filter is being properly cleaned after
each loading, the skin effect would not rapidly deteriorate over
repeated loading as it is under quasi-equilibrium. This is indeed
quite encouraging.
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Appendix A

In porous media, the Darcy’s law is used.

~Q  kAp
U=4=- uh (A1)
Note the porosity is simply
nnR?
¢ = A (A2)
From Eq. (7),

Ap _8uq _8u(Q/n) 7)
h  #r* nR*

Ignoring the negative sign in Eq. (A1), the permeability k is thus

Rt (¢, o\ (RY?
== (3%) ()
R 4
_ 4’0 2
ko, = (§RO)

k, is the permeability before aerosol deposit and it depends on the
porosity ¢, and the pore radius R, to the second power before aero-
sol deposition. Note as more aerosol deposit in the capillary (i.e.
pore of the skin layer), the capillary radius R decreases so is the per-
meability k.

(A3a-A3c)
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