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A quantitative model is described and verified to predict the growth of oil droplets by
coalescence on a single nanofiber. The model considers a stream of fluid carrying many
tiny droplets of a different fluid. The mechanisms by which the tiny droplets are captured
by a drop growing on a fiber are considered. Different capture mechanisms are examined,
including interception, Brownian motion of droplets, and vapor deposition by diffusion. It
is shown that droplet interception and Brownian diffusion contribute to drop growth on
nanofibers for airborne oil droplets in the size range from 100 to 1000 nm. Merging of
growing drops on the fiber is also modeled and experimentally observed. © 2005 American
Institute of Chemical Engineers AIChE J, 52: 217-227, 2006
Keywords: drops, fibers, nanofibers, electrospinning, coalescence, filtration

Introduction

Coalescing filters are used to remove immiscible droplets
from fluid streams. Removal of water droplets from gasoline or
aviation fuels provides an example. Coalescing filters are also
used to remove small liquid droplets from gases. Coalescing
filters (also called de-misters) are used for cleaning indoor air
in large buildings, for capture and recycle of liquid droplets
produced by industrial operations, for cleaning of exhaust
gases from industrial chemical reactors and cleaning of restau-
rant kitchen fryer exhausts, and for preventing fine droplets of
lubricants from entering computer hard-disk enclosures.

The present article predicts the capture of oil droplets from
an airstream by microfibers or nanofibers and predicts the
growth of drops on the fibers. Nanofibers are of interest be-
cause of their potential to enhance capture efficiency of sub-
micron droplets. The nanofibers used in this work are produced
by electrospinning of polymer solutions.!-3

Note that herein the term droplet refers to a liquid particle
present in the gas flow stream and the term drop refers to a
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liquid particle attached to a fiber. Droplets are captured by the
fibers and the drops on the fiber grow as they capture more
droplets. The main steps in the coalescence filtration process
are (1) transport of small droplets in an immiscible fluid to the
filter, (2) attachment of small droplets to the surface of fibers,
(3) increase in size of drops on the fiber, (4) merging and
transport of drops on the fiber, and (5) removal of the drops
from the filter.# The smallest drops may have clamshell attach-
ment, which changes to a bead as more or large droplets are
captured, although this process cannot be followed in the
optical micrographs. By the time the drops are large enough to
be observed they are spherical beads.

Single collector capture mechanisms collect each droplet in
one event, at one point on a fiber, on a granular particle or on
the surfaces of a pore. Multifiber capture mechanisms such as
straining, pore bridging, and pore blocking are not considered
in this study. Efficiency prediction methods in aerosol filtration
are well developed.*7 Various models for drop coalescence and
drainage are discussed by Sherony et al.,* Sareen et al.,® Spiel-
man and Goren,® Bitten,!° Rosenfeld and Wasan,!'! Briscoe et
al.,’> and Raynor and Leith.!® Predictions of overall filter
performance model of individual collection mechanisms is the
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sum of several dominant collection mechanisms. Raynor and
Leith!® combined several mechanisms to model the effect of
accumulated liquid on the filter performance. Most of these
models were developed to predict only filter efficiency.

Briscoe et al.'? presented images of growing and merging oil
drops on microfibers in a continuous water phase. Aramid
fibers with a diameter of 7 pn were used. A simple physical
model was proposed to explain the influence of coalescence
processes on drop growth. Their model predicts that the growth
rate of drop diameter (2a) is inversely proportional to the drop
diameter. The drop radius a is proportional to "%, where a is
the drop radius and ¢ is the time.

An aerosol droplet is assumed to be captured rapidly if a
droplet touches a fiber or the surface of the collected fluid,
which is usually a larger drop. The interception type of mech-
anism occurs when a droplet of a finite diameter follows a
streamline (in a steady-state flow field) and touches the fiber or
a drop. In the Brownian diffusion capture mechanism, the
Brownian motion moves droplets from one streamline to an-
other. The inertial type of capture occurs when the inertia of a
droplet causes the droplet to depart from a streamline, impact
the fiber or a drop, and then be captured.

This report describes an extensive model of growth of oil
drops on a single fiber based on hydrodynamics of the two-
phase stream flowing past the fiber. Both potential and creeping
flows are considered. In potential flow!'# the velocity is the
gradient of a scalar potential function. A potential flow is
steady, irrotational, and the fluid is inviscid. In creeping flow'>
viscous forces dominate the inertial forces, as indicated by the
Reynolds number Re < 1, and the fluid is viscous. Interception,
Brownian motion, and vapor deposition by diffusion mecha-
nisms for droplet deposition are considered. The inertial im-
paction type of capture mechanism is not considered herein
because the Stokes number for the fibers and droplet sizes
considered in this study was calculated to be about 0.003. For
this Stokes number the capture efficiency arising from inertial
impaction is only about 1.6 X 10~ compared to interception
mechanism, which is of the order of 1.

In the two sections that follow interception based on poten-
tial flow and on creeping flow of the gas are modeled. In the
next three sections models are derived for the Brownian motion
of the droplets; the vapor deposition of the liquid molecules
onto a growing drop as a possible mechanism of liquid accu-
mulation in the drop; and the merging of two neighboring drops
on a fiber, leading to the sudden appearance of a bigger drop,
which may be blown off the fiber or removed by movement
along the fiber. The next two sections include a discussion of
the experiments and a comparison of the theoretical results to
the experimental data. Conclusions are drawn in the last section
of the paper.

Drop Growth on a Single Fiber: Potential Flow
with Interception

Consider potential flow with tiny spherical droplets of radius
6. Droplet concentration is denoted by ¢ (¢ is measured in
droplets/m>). The fiber is normal to the x-axis at x = 0. The
direction of the fiber defines the z-axis (Figure 1). The flow
velocity along the x-axis is —U. Assume that at time 7 a droplet
is intercepted by the fiber (see Figure 1). A droplet is said to be
intercepted by the fiber when the droplet following a streamline
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Figure 1. Drop of radius a(t) growing on a fiber in two-
phase flow.

The oncoming droplets are carried by fluid flow in the —x
direction, toward a growing drop.

touches the fiber surface and attaches to the fiber. Other on-
coming droplets are subsequently intercepted and the drop on
the fiber grows. In the present section the drop growth rate is
modeled and its current radius is calculated as a function of
time. Note that those oncoming droplets that are not intercepted
by existing drops but do deposit on a fiber will give rise to other
growing drops. Transport of liquid between the captured drops
on the fiber by a film mechanism is neglected in the present
section because there is no evidence that such films exist in our
experiments.

In the present work we deal with droplets in the range of 100
to 1000 nm and drops growing on nanofibers (333 nm in
diameter) of the order of 1.5 um. It is emphasized that it was
demonstrated in the literature that continuum-like flow patterns
and continuum-based approaches to their description are fully
valid in this size range.>16-18

Considering the flow around a larger growing drop on the
fiber, we neglect the effect of the fiber because we assume that
the drop grows rapidly to a diameter much larger than the fiber
diameter. The Reynolds number [Re = U2a/v] is significantly
greater than one (Re > 1) in the present section. The drop
radius is a and v is the kinematic viscosity of the gas. The
general structure of the flow field can be represented as an
inviscid potential flow (that is, neglecting viscous effects). The
flow is axisymmetric around the x-axis of the drop, assuming
only minor local effects from the fiber that supports the grow-
ing drop. The corresponding stream function ¥ is given as'®

— 1 212 Cl3
¢17—§UR511161—F (1)

where R and 6 are the spherical coordinates (Figure 1).
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The corresponding velocity components are found as

= Lﬂl (2)
YR~ R%in 0 96
1 oy
Yo~ T Rsin 0 0R )

The values of the stream function at the drop equator are
obtained from Eq. 1 by substituting 6 = /2

1 ) a
¢|9:w/2: _EUR 1 _ﬁ (€]

At the equator the streamlines approach the drop surface
closer than at any other cross-section. Therefore all the oncom-
ing droplets, whose centers are within the streamline, i, s =
Y(R = a + 8, 8 = w/2) will be intercepted by the growing drop.
Substituting for R in Eq. 4, we obtain

— 1 2 a3
Wors = —EU(G"‘S) [1_(61‘*‘5)3] (5)

The surface of the growing drop, R = a, according to Eq. 1,
corresponds to the streamline

¥, =0 (6)

Volumetric flow rate Q of gas between the streamlines s, 5
and s, in the equatorial cross section is given by

a+8
0= J Ue| o=m22 TRAR @)

a

Substituting v, from Eq. 3 in the above equation we find

B a+d 1 all/ .
0= —zar 2mRdR| = 2, = thuvs|  (8)
O=m/2

a

Based on Egs. 5-8, we obtain

1 a’
== — 2 e —
Q=2m 2 Ula + 6) [1 @+ 8)3] 9)
Also we know that for a circular cross-section
0 = wh’U (10)

where £ is the cross-sectional radius of the stream tube corre-
sponding to the streamline i, 5 at infinity. Combining Eqs. 9
and 10, we find
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a3
h:(a‘f‘ﬁ)\l_m (11)

Because the growing drop rapidly becomes much larger than
the oncoming droplets, we assume 6 << a and then Eq. 11
reduces to

h=\38a (12)

The mass flux of the oncoming droplets intercepted by the
growing drop during time df is given by

4
dJ = wh*Udtcp, 3 &’ (13)

where p; is the liquid density.
The mass balance describing the growth rate of the drop on
the fiber is given by

4
d(pe 3 7Ta3> =dJ (14)
Substituting Eqgs. 12 and 13 in Eq. 14, we obtain

da .
a = 7wUco (15)

Integrating Eq. 15 using the initial condition a = d atr = 7 we
obtain

a=38\1+2wUcdt— 1) (16)

Drop Growth on a Single Fiber: Creeping Flow
with Deposition of Droplets by Interception

In the case of Re < 1, the flowfield cannot be described as
a potential flow as was done in the previous section. Then the
stream function of Eq. 1 is replaced by the one for the corre-
sponding low Reynolds number creeping flow as follows'®

o 2l 1 3a o 17
Lp——zURsm _2R+2R3 17)
Substituting R = (@ + 8) and 6 = /2 in Eq. 17, we obtain

a 3

1 5 3 a
Vars = —5 Ula+9) [1 T2@r o) 2t 3)3] (18

As before, in Eq. 6, ¢, = 0.
From Egs. 7, 8, and 18 we obtain

3

3 a a
2@+ 2+ 5)3] (19)

Q=27T;U(a+8)2[1

Qs also given by Eq. 10. Then, using Egs. 10 and 19 we obtain
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a 3

B 3 a
h=G+ )\l - s s 2asop

In the limit, when the oncoming droplets are much smaller than
the growing drop, 6 << a, we obtain from Eq. 20

B
h = 58

Comparing this result with the one for the potential flow
given by Eq. 12, we see that the interception zone has been
reduced in creeping flow. Indeed, denoting &, = V' 36a and h,
= V/3/25 and, because we assume that 8 << a, we find

(20)

2y

h.<<h, (22)
This result corresponds to the fact that the flow displacement
from the droplet surface is stronger in creeping than in the
potential flow.

Using Eqgs. 13, 14, and 21, we find that the growth rate of the
drop on the fiber is

da
a?—=—=Uc®

dt 2 23)

Integrating Eq. 23, we obtain an expression for the drop radius
as a function of time

3

5 (24)

13
a= 8[1 + Ucd*(t — 7)]

Drop Growth on a Single Fiber: Creeping Flow
with Deposition of Droplets by Brownian
Diffusion

Deposition by Brownian motion may be the most important
mechanism for capture of submicron particles. In the creeping
flow regime the deposition rate on a sphere is characterized by
the relation between Sherwood (Sh) and Peclet (Pe) numbers2©
as follows

Sh=1+(1+ Pe)'”? (25)

which is uniformly valid in the range 0 = Pe = 10*. Here the
Sherwood and the Peclet numbers are defined as

! lmza
¢ D ( )

where £, is the mass transfer coefficient, D is the diffusion
coefficient attributed to Brownian motion, and « is the radius of
the growing drop.

The droplet diffusion coefficient is given by the Einstein
formula as follows

220 January 2006

D KT 28
" omud (28)
where k is the Boltzmann constant, T is the temperature, and
is the viscosity of the surrounding gas.
In creeping flow with Re < 1 the Peclet number [Pe =
U2a/D] can be large or small. In the limit of Pe >> 1, we obtain
from Eqgs. 25-27

h,2a U2a\'""
5 —\ D (29)
Alternatively in the case of Pe — 0
h,2a
D 2 (30)

The corresponding expressions for the mass-transfer coeffi-
cient for Pe >> 1 and Pe — 0 are

3D

(32)

In terms of the mass-transfer coefficient the mass balance
equation for the growing drop is

d 4 s 4 5
i \pegma’) = ma‘h,, cpezm

In the case of Pe > 1 using Eqgs. 31 and 33, we obtain

(33)

da®® 20 w
dt — ? =5 (653) D2/3U1/3 (34)
which yields after integration
20 35
a= 8 1 + — C64/3D2/3U1/3(t _ ’T) (35)

9 2%

In the case of Pe — 0, using Eqgs. 32 and 33, we obtain

da* 8 R
Z = T Dcé (36)
which yields after integration
87T 1/2
a=208|1+ ?Dcﬁ(t — T):| (37

Thus, in creeping flow with Brownian diffusion, Egs. 35 and 37
give the two limiting case models, for Pe > 1 and for Pe —
0, respectively.
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Drop Growth on a Fiber: Creeping Flow with
Molecular Deposition Driven by Diffusion

Single molecules or molecular clusters may sometimes be
present in the fluid stream and contribute to the drop growth.
Because of this we consider here the rate of drop growth arising
from vapor deposition. Vapor deposition is characterized by
the vapor diffusion coefficient D,. In the present case the
dependency of the Sherwood number on the Peclet number
(Eq. 25) still holds, as well as the expressions for the mass
transfer coefficient #,, given by Eqgs. 31 and 32. Therefore we
have in the limits of Pe >> 1 and Pe — 0 expressions for #,,
respectively as follows

D3
h, = (2a)2/3 u'? (38)
h,, = by 39

The mass balance of Eq. 33 is now replaced by

d 4
dr (Pf 3 Wag) = 4ma’h,(p.c) (40)

where ¢, is the volume fraction of vapor in the gas flow.
In the case of Pe >> 1, using Eqgs. 38 and 39, we obtain

da5/3 5 D2/3
dt 3 2%

U"c, (41)

which yields after integration with the initial condition, a = 0
atr =T

(42)

5 D2/3 3/5
a= gﬁ UUSC](I - T):|

In the case of Pe — 0, using Eqgs. 39 and 40, we obtain

da’
I =2D L1 (43)
which yields after integration
a= \2D,c(t— 1) (44)

Thus, in creeping flow with molecular diffusion, Eqs. 42 and
44 give the two limiting case models, for Pe => 1 and for Pe
— 0, respectively.

Merging of Two Neighboring Drops on a Fiber

Experimental data suggest that growth of a drop on a fiber
can be changed abruptly when a drop is blown along or off the
fiber. This can happen when the drops become too large to
withstand the air drag. One of the reasons that a drop becomes
too large arises from its monotonic growth as tiny droplets,
which are collected from the flowing fluid. Another reason is
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Figure 2. Two drops merging on a fiber.

the sudden merging with a neighboring drop. This results in the
appearance of a bigger combined drop, which is more likely to
be blown along or off the fiber because of its large size. The
present section is devoted to the analysis of the merging of two
adjacent drops on a fiber.

Merging is attributed to the action of surface tension when
the drops touch each other. The contact can be caused by the
monotonic drop growth. Contact can also result from the dis-
placement of a drop along the fiber because of a velocity
component of the gas flow parallel to the fiber. No evidence of
contact through a thin film on the fiber was observed. In the
present section the characteristic merging time after contact of
adjacent drops is modeled.

Consider two drops on a fiber with an established small
contact area AB between them (Figure 2). The drops are
assumed to be equal and the fiber to be small enough to neglect
its effect on the developing flow. We approximate the drop by
a sphere of radius a, which is time dependent. To find a(f) we
express the volume of the compound two-drop system V as the
volume of two spherical segments (one of them is denoted as
ABD in Figure 2, and the other has an equal volume). This
yields

1 4
V=2 3 wh*(3a — h) =2 3 way (45)

and

h=a+acos e (46)
where £ is the length of DC in Figure 2. The drop radius at the
beginning of merging is denoted a,. The angle ¢(¢) is defined

in Figure 2.
By substituting Eq. 46 in Eq. 45, we obtain

2 8
3 7a*(1 + cos @)*(2 — cos @) = 3 ma; 47)

For small enough contact areas the angle is small, that is, ¢ <<
1 and cos ¢ = 1 — @*/2. Using this expansion in Eq. 47, we
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find that the lefthand side is equal to (8ma’/3) + O(¢*).
Therefore Eq. 47 reduces to
8 8
3@+ 0e) =5 a (48)
3 3
As before, neglect the terms O(¢") and thus obtain
a=ag (49)

which means that the drop radius is approximately constant
during the merging process.

Flow velocity v, inside the drops, is of the order of | dh/dt |.
Therefore

[0 dﬁoz

T2 ar G0

v

where we used Eq. 46 and approximated sin ¢ by ¢.

The rate of strain in the drops € = v/a, and from Eq. 50 we
find that € is of the order of (1/2)d@?/dt. Therefore the viscous
dissipation rate is given by

167 d (¢} ]? 8ma}
Ed=3Mea(3)th (2>] =2u—5 & (D
The surface energy is given by
E, = 02(2mah) (52)

where o is the surface tension coefficient.
By substituting Egs. 46 and 49 in Eq. 52 and accounting for
the fact that ¢ << 1 we obtain

(33)

2
E, = 0'477a§<2 - %)

When the viscous effects are dominant and the inertial effects
are neglected, the energy balance is given by

S 54
Ej=-— (54)
Substituting Eqs. 51 and 53 in Eq. 54, we obtain
d¢* 30
W B 2IJ/['a0 (55)
Integrating the above differential equation we obtain
30
=4[zt 56
=1 JLedto (56)

Also, for the radius of the contact area CB (Figure 2)
denoted r, and equal to a sin ¢ ~ a,¢, we obtain
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30
”c:ao\zua "2
o

(57)
and the estimate for the merging time ¢, as
2pag
F = 3y (58)

Note that Eqgs. 56-58 were obtained by Frenkel?! in his
seminal work on viscous sintering.

The Ohnesorge number (Oh), as defined by Boucher and
Alves,?? is the ratio of the viscous forces to the inertial and
surface tension forces

e
peoa

VPV %o

Oh =

(59)

For oil p, = 835 kg/m?®, o = 23.65 X 102 kg/s*, a, = 1077
m, and w, = 1 kgm ™' s, the Ohnesorge number is Oh = 54.8
>>> 1. Therefore in this case the viscous forces are dominant
and Eq. 58 is appropriate.

Note also that drops of the order of 0.1 to 10 wm are big
enough not to be prone either to line tension (the effect is of
importance only at the few Angstroms??) or to such thermody-
namic effects as the Kelvin effect (the enhancement of evap-
oration rate over curved surfaces?*). Therefore, the above con-
tinuum description fully holds for them.

Experimental Description

For this study, oil droplets were generated by heating oil in
a pot and mixing the evaporated oil molecules with an air
stream flowing through the pot. The resulting suspension of oil
droplets in air was passed through the filter where droplets
were captured on nanofibers. The diameter of merging drops on
polymer nanofibers and their growth rate were observed mi-
croscopically as a function of time.

Preparation of nanofiber network

Nanofibers of poly(meta-phenylene isophthalamide), called
MPD-I or Nomex®, were prepared by an electrospinning pro-
cess.2526 Nomex® fibers (M,, = 90,000 g/mol) were obtained
from the Dupont Company. The fibers were dissolved in N,N-
dimethylacetamide containing 4% lithium chloride at 60°C to
form a homogeneous solution with 16% polymer concentra-
tion. The solution was filtered to remove any particles. During
electrospinning, the polymer solution was held in a glass pi-
pette. When a high voltage was applied through a copper wire
in electrical contact with the solution, a charged liquid jet
emerged from a liquid drop at the tip of the pipette. As the jet
traveled in air, the solvent evaporated, leaving behind a
charged polymer fiber. Continuous fibers of average diameter
333 nm were collected as a thin nonwoven fiber network. The
spinning voltage was in the range of 15 to 25 kV with the
collector about 20 cm from the tip of the pipette.
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Figure 3. Experimental setup used for observation of ac-
cumulation of oil droplets on nanofibers.

The filter cell and microscopic observation of nanofibers

Figure 3 is the experimental setup used. Air was passed
through a pre-filter to remove solid and liquid impurities
present in the air stream. A valve on a rotameter was used to
measure and control air flow rate to the oil pot at 0.1 L/min.
The inlet pressure in the flow stream was approximately 1
atmosphere. Mineral oil was placed in the oil pot. The oil pot
temperature was controlled with a digital temperature control-
ler (Omron ESEN). Air flowed through the oil pot and carried
the oil fog to a flask (the length of a small-diameter plastic tube
between the pot and the flask was about 0.7 m), which captured
any large droplets present in the fog. The flask also acted as a
mixing chamber before sending the air stream by a 0.34 m long
small-diameter tube through the filter cell. The flow path
through a 3-mm plastic tube and the flask was about 1 m long
and mostly at room temperature. The fog, containing only tiny
oil droplets and an insignificant concentration of evaporated oil
molecules, passed through a fiber network, which was observed
at a high magnification with an optical microscope. The growth
of individual oil drops on a nanofiber was observed using white
light, epi-illumination, and a 40 X objective lens. Video im-
ages were recorded with a Sony Digital Camcorder (DCR-
TRV20).

The distribution of oil droplet sizes entering the filter cell
was measured using a TSI scanning mobility particle sizer
(SMPS) as indicated in Figure 3. The SMPS consists of a
condensation particle counter (TSI 3031) and a differential
mobility analyzer (DMA 3081). These allow measurements of
the size distribution and number concentration of oil droplets in
the air stream. The differential mobility analyzer is a continu-
ous-flow analyzer that separates particles according to their
electrical mobility in air. The DMA operates in the range of
particle diameters from 10 nm through 1 wm. The droplets that
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exited the filter cell were carried away by a weak vacuum
system.

Figure 4 shows the design of the filter cell. A network of
nanofibers was placed on a washer and a transparent tape with
a circular hole was used to keep the fibers attached to the
washer. To make the cell airtight, a glass cover slide was held
onto the top of the cell with grease. The flow path was from the
inlet on the left to the outlet on the right. The oil fog flowed
past the nanofibers and exited through the space between the
cover glass C and the top of the tape E. The fog flow was
practically normal to the plane containing nanofibers, which
prevented transport of liquid between drops on the fibers, and
no films covering them were visible in the present case. This
filter cell allows the use of a high magnification objective lens
to observe the capture and accumulation of oil droplets on the
nanofibers. The distance between B and C was kept small so
that the high power objective lens could be used.

Results and Discussion
Growth rate of a single drop

The experimental data for the growth of five different drops
on a single nanofiber are shown in Figure 5. The experimental
data for the drop growth were obtained by analyzing the
micrographs using ImageJ software. Our optical measurements
were able to reveal changes as small as 50 nm in the diameter
of a drop on a nanofiber, after the drop diameter was larger than
the diameter of the supporting nanofiber. There is a definite
size above which the first drop on the fiber becomes visible to
a human eye and that time is considered as time zero in Figure

(b)

(b)

Figure 4. (a) Filter cell and (b) washer details, for obser-
vation of coalescence and collection of oil
droplets on nanofibers.

A: Filter cell; B: washer; C: cover slip; D: objective lens of
optical microscope; E: transparent tape with a center hole; F:
nanofibers network.
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Figure 5. Diameter of individual drops growing on a
nanofiber as a function of time.

5. Then, at about 10 s the droplet size becomes more than twice
the nanofiber diameter. From that time on, the theoretical
assumption that the nanofiber does not disturb the flow and
droplet deposition near most of the droplet surface becomes
sufficiently accurate. Moreover, because the theory predicts
that da/d(t — 7) = @ att — 7 = 0, the data corresponding to the
initial 10 s in Figure 5 are not significant. Droplet collection on
nanofibers is shown in Figure 6, which shows a sequence of
micrographs recorded by a video camera. The pictures shown
are at times 0, 1, 10, 30, 60, and 120 min. The average velocity
of the stream passing through the hole in the washer for the
flow rate of 0.1 L/min was 0.84 m/s. The average drop diameter
increased to 1.5 wm in 500 s.

The SMPS measurements gave the size distribution of oil
droplets entering the filter cell. Figure 7 shows the results for
the number of droplets per cm® plotted against the oil droplet
size. Based on Figure 7, the probability distribution of droplet
diameter for different temperatures of the oil pot was plotted as

@ |

(d)

Figure 6. Frames from the movie of growth of oil drops
on nanofiber network.

(a) Before the tiny oil droplets passed through the network. (b)
After the tiny oil droplets passed through for 1 min, 10 min
(¢), 30 min (d), 60 min (e), and 120 min (f).
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Figure 7. Scanning mobility particle sizer measure-
ments of stream entering the filter cell at dif-
ferent oil pot temperatures.

shown in Figure 8. The vertical lines in Figures 7 and 8
correspond to a fiber diameter of 333 nm. The maximum in
Figure 8 corresponds to the droplet diameter with the greatest
population. The oil pot temperature of 95°C was selected for
the drop growth rate experiments. For further experiments on
droplet deposition, the oil pot was cleaned. This had an effect
on the droplet-size distribution measured at 95°C: the distribu-
tion at 95°C shown in Figure 9 depicts lower concentrations, at
the same most frequently observed diameter (cf. with the
distribution for 95°C in Figure 7).

Based on the distribution of Figure 9, the concentration ¢
was estimated by taking a summation of all data points, ¢ =
3.19 X 10° number of particles/cm®. Also the number- and
volume-average droplet diameters of the distribution were cal-
culated to be 365 and 592 nm, respectively. It was observed
that the larger droplets of sizes near 1000 nm may be few in
number but they significantly affect the volume-average diam-
eter.

The gas temperature was close to the room temperature (7 =
300 K). The dynamic and kinematic viscosities of air are taken
asp = 17X 10">kgm 's ' and p = 1.11 kg/m>. For droplet
diameter 592 nm and drop diameter 1500 nm, the Reynolds
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Figure 8. Probability distribution plot based on Figure 7
at different oil pot temperatures.
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Figure 9. SMPS measurement of stream entering the fil-
ter cell.

numbers are Re = (3.55-8.99) X 1072, Re << 1, respectively,
which implies that the viscous forces are predominant at both
the droplet and the drop. In fact, the flow is a creeping flow.
The diffusion coefficient is given by the Einstein formula (Eq.
28), where & is the average radius of oil droplets in the gas
flow, which yields D = 4.37 X 10~"" m%/s for 286 = 592 nm.
Also the Peclet number, Pe = 2.88 X 10*, is much larger than
one (Pe >=> 1) for drop diameter 2a = 1500 nm (cf. Figure 5).
These conditions correspond to three of the models considered:

(1) Interception mechanism in creeping flow, Eq. 24

(2) Brownian diffusion in creeping flow for Pe > 1, Eq. 35

(3) Vapor deposition by diffusion in creeping flow, Eq. 44

The stream of oil fog entering the filter cell was near room
temperature. Under such conditions the saturation vapor pres-
sure of oil is about 0.08 mmHg (as for propylene glycol), which
corresponds to a volume fraction of vapor near the drop surface
of the order of 0.08/760 ~ 10 *. Then the average volume
fraction of vapor in air flow is not more than ¢, = 4/13)m8c X
107* ~ 3.46 X 10", Taking for the estimate D, ~ 10> m?/s,
we obtain from Eq. 44 that the time required for growth of a
drop of nearly 1 um is about z — 7 = 10> s. This is much longer
than the times of about 10? to 10° s observed in the experiment
(Figure 6). Therefore, under the experimental conditions used
the vapor deposition diffusion mechanism cannot be the growth
mechanism.

The result of the calculations of drop growth based on the
interception mechanism (Eq. 24), Brownian diffusion mecha-
nism (Eq. 35), and a combination of these mechanisms (both
Egs. 23 and 34) were plotted for the number-average diameter
(365 nm; Figure 10) and volume-average diameter (592 nm;
Figure 11). The combined mechanism was modeled by assum-
ing the two mechanisms are independent and weighted with
parameters K, and K,, respectively. Combining Eq. 23 and Eq.
34, we thus obtain the following differential equation

3

da T
s K\1.57Ucd + K4 7% a**D**U"cs®  (60)

where K, and K, are the weighting parameters constrained by
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Figure 10. Comparison between experimental and pre-
dicted values of drop radius on a nanofiber as
a function of time based on number-average
diameter.

The data points are from the experiments. The curves are the
calculated values for the interception mechanism for creep-
ing flow and for the Brownian diffusion mechanism for Pe
>> 1. The combined mechanism curve is for values of K| )=
0.55 and K, = 0.45 with a regression coefficient value R~ =
0.97.
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The combined mechanism results were obtained by numer-
ically solving Eq. 60. The data for drop 2 in Figure 5 were used
as the experimental data for comparison of the predicted and
the experimental data. The values K; = 0.55, K, = 0.45
provided the best fit of the theory to the experimental data for
the combined mechanism of droplet growth based on the num-
ber-average diameter. The values of K, and K, show that in this
case the interception and Brownian diffusion mechanisms ap-
pear to be equally important. For volume-average diameter the
values of K, = 0.04, K, = 0.96 best fit the predicted data to the
experimental data. In the latter case the interception mecha-
nism appears to make an insignificant contribution. The reason
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Comparison between experimental and pre-
dicted values of drop radius on a nanofiber as
a function of time based on volume-average
diameter.

The data points are from the experiments. The curves are the
calculated values for the interception mechanism for creep-
ing flow and for the Brownian diffusion mechanism for Pe
>> 1. The combined mechanism curve is for values of K )=

0.04 and K, = 0.96 with a regression coefficient value R
0.94.

Figure 11.
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that the interception mechanism in the creeping flow is so
sensitive to the value of & is clear from Eq. 60 where it brings
da’ldt ~ &°, whereas the Brownian diffusion is only about &°.
Therefore, even a few bigger droplets in the fog, which sub-
stantially distort the volume average value of 8, lead to a
significant overshoot in the value of da’/dt. Suppression of this
overshoot by a low value of the “weight” coefficient K, is
nonphysical. Note that the regression correlation coefficient R?
calculated in all the cases is based on data measured at time <
200 s. The reasons for the experimental data being smaller than
the predicted growth rate at longer times are not known. A
nearly monodisperse distribution of droplet sizes is required to
make a sharper distinction between the mechanisms.

Merging time for coalescence process

For the observation of merging drops, a high-speed camera
(Redlake Tmaging MotionScope®) was used to record the im-
ages from the microscope. The images were captured at the rate
of 4000 frames per second (fps). The results obtained for drop
merging on a nanofiber are shown in Figure 12. As can be seen
from Figures 12A and 12B, during drop merging the drop size
increased for the smaller drop as the drop size decreased for the
larger drop.

For oil drops, as mentioned earlier, the Ohnesorge number
was found to be much greater than one, which means that
viscous effects dominate inertial and surface tension effects.
The merging time 7, of two drops when viscous effects are
dominant can be predicted using Eq. 58. Table 1 shows the
comparison between the experimental and the predicted merg-
ing times. Experimental time was calculated based on two
frames (Figure 12) at the rate of 4000 fps. The observed
merging time is similar to that predicted by the model.

In these experiments, intense light was required because the
shutter speed was very fast. Also the moment at which the
picture is taken has to be very precise because it is possible to

(a)

(b)

(c)

Figure 12. Consecutive video frames of two drops as
they merged on microfiber at (a) 0 ms, (b) 0.25
ms, and (c) 0.5 ms.

The video was taken at the rate of 4000 fps.
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Table 1. Merging Time for Droplets on Microfibers

Radius of Predicted Experimental
Merging Drop Ohnesorge Merging Time Merging

a, (cm) Number (s) Time (s)

0.001686 54.8 4.8x10* 5%x107*

record a maximum of only 2 s for each attempt. The experi-
ment can give more accurate results by increasing the frame
rate or by using a more viscous fluid to lengthen the merging
time.

Motionless drops on nanofibers shown in Figure 6 do not
exhibit any instabilities. The merging drops in Figure 12 also
do not exhibit any visible instability. The absence of any
instabilities near the contact lines of drops moving over fibers
is also fully corroborated by the images in Figure 2 in Yarin
et al.>*

Conclusions

(1) The drop growth mechanism on a nanofiber can be
attributed to both interception and Brownian diffusion mecha-
nism in the creeping flow conditions. Measurement of the exact
contribution of both Brownian and interception mechanisms
requires an almost monodispersed distribution of droplet sizes.

(2) Merging of two drops of mineral oil, which had a

viscosity of 10 g cm ™' s~ ' after they came into contact re-

quired about 0.5 ms. The observed merging time for two drops
on a nanofiber was comparable to the predicted time from a
simple fluid mechanical model.
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