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Abstract
Fiber-based coalescers are widely used to accumulate droplets from aerosols and
emulsions, where the accumulated droplets are typically removed by gravity or shear.
This thesis investigates self-propelled removal of droplets from a hydrophobic fiber,
where the surface energy released upon drop coalescence overcomes the drop-fiber
adhesion toward the spontaneous departure. The self-propelled removal occurs above
a threshold drop-to-fiber radius ratio, disrupting the power-law accumulation on a
fibrous coalescer.
The mechanism of the self-removal process is revealed through an experimental
study of coalescence of two nearly identical drops on the opposite side of a fiber,
with the line connecting the centers of mass orthogonal to the fiber axis. As indicated by the high-speed video imaging and corroborated by numerical simulations,
the hydrophobic fiber interferes with the drop coalescence process and displaces the
merged drop toward one side of the fiber with a translational momentum, which is
large enough to overcome the adhesion from the fiber. Supported by experimental
measurements, a semi-empirical energetic analysis suggests that the self-propelled
launching occurs above a critical drop-to-fiber radius ratio, and the departure velocity approaches the capillary-inertial one at large radius ratios. Compared to a
flat substrate, the round fiber yields a much higher conversion efficiency from the
released surface energy to the translational kinetic energy, enabling the self-propelled
removal without resorting to superhydrophobicity.
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1
Introduction

Fiber-based coalescers are often used to remove droplets from aerosols and emulsions
with a variety of applications ranging from water purification and food processing
to oil refinery and gas plants Treybal (1963); Burkholz (1989); Wines (2000); Frising
et al. (2006); Tilley and Witelski (2012). The role of fibrous coalescer is to accumulate fine droplets which will merge into large ones through successive coalescences.
When the accumulated droplets grow large enough, they are typically removed by
hydrodynamic shear or gravitational draining Tilley and Witelski (2012). The requirement of external forces leads to ineffective sedimentation and undesired clogging
frequently experienced in fibrous coalescers Frising et al. (2006); Tilley and Witelski
(2012); Kolev (1993); Contal et al. (2004); Park et al. (2013). In this thesis, we report
a self-propelled mechanism to remove the accumulated droplets from hydrophobic
fibers. This new mechanism is powered by surface energy released upon drop coalescence and is therefore independent of external forces. Our work is distinct from prior
studies of drop coalescence on a fiber, where the merged drops stay attached to the
fiber after coalescence Bitten (1970); Steyer et al. (1990); Briscoe et al. (1991); Yarin
et al. (2006); Zheng et al. (2010); Agarwal et al. (2013). The surface-energy-powered
1

detachment is related to the self-propelled jumping observed on superhydrophobic
substrates Boreyko and Chen (2009); Dietz et al. (2010); Miljkovic et al. (2012);
Rykaczewski et al. (2013), as well as superlyophobic and Leidenforst ones Kollera
and Grigull (1969); Liu et al. (2014b). However, the self-propelled motion reported
here occurs on a curved hydrophobic fiber instead of a planar superhydrophobic substrate, circumventing the requirement of surface roughness for superhydrophobicity.
Further, the fiber configuration enables a dramatically higher efficiency in converting
the released surface energy to useful kinetic energy.

2

2
Methods

2.1 Fabrication of fibers
The accumulation and self-removal of condensate drops are studied on teflon-coated
fibers of constant radius (Fig. 2.1a). The fibers are either 40 µm-radius copper
(McMaster-Carr 40AWG) or 13 µm-radius gold (California Fine Wire 0.001in). The
fibers are coated with a thin layer of teflon by dip coating (DuPont AF2400) followed
by baking at 130 C for 15 minutes. The teflon coating exhibits advancing and receding contact angles of 121  3 and 108  2 , respectively, as measured on a copper
planar surface treated with the same coating procedure. The fibers are cooled below
the dew point to induce condensation of the water vapor in the ambient air. The
condensation process is recorded by video imaging at 5 frames per second (fps), using
a long-distance microscope (Infinity K2) and a Pixelfly QE camera. The process is
initialized by removing the accumulated condensates from the fiber with a nitrogen
gun, and time 0 is assigned to the frame immediately preceding the first reappearance of condensate drops. Note that the exact thermal conditions are not essential
for this study and may fluctuate from experiment to experiment. In Fig. 3.1, the

3

40 µm-radius, 8.1 mm-long fiber is held at both ends by solid supports cooled to 7 C
by a cold plate, and the ambient air is at 25 C with a humidity of 49%.
(a)

(b)

Figure 2.1: Experimental setup: (a) A schematic of constant-radius fibers used to
study the long-term condensation process in Figs. 3.1 and 3.2; (b) A schematic of
conical fibers used to study the rapid coalescence and launching process in Figs. 3.3
and 3.4.

The coalescence and launching of two symmetric drops are studied on conical
fibers (Fig. 2.1b). The thick conical base makes it possible to only fix this stiff
end, permitting the endview from the tip. A cone is produced by gradually pulling
a 255 µm-radius copper fiber (McMaster-Carr 24AWG) from 18%wt nitric acid, a
method adapted from Lorenceau et al Lorenceau and Quéré (2004). With a retracting speed of around 1 mm/s controlled by a motorized stage (Oriental Motor
PK564NAW), a smooth cone is produced with an apex angle of around 4 . The copper cone is then coated with teflon using the aforementioned procedure. The sample
cone is cooled at the base to induce condensation from the ambient air toward the
cone. The sample cone is visualized from both the end and the side, with the optical
axis parallel and perpendicular to the axial direction, respectively. The end and
side views are simultaneously captured via K2 microscopes with Phantom 710 and
7.1 high-speed cameras, respectively. Time 0 is assigned to the frame immediately
preceding the perturbation of the drops indicating initialization of coalescence.

4

2.2 Manipulation of droplets
In the coalescence experiments schematically shown in Fig. 2.1b, a condensate drop
of desired radius is first identified on the sample cone. A control cone is used to
clean unnecessary drops blocking the end view, and then move a second condensate
drop toward the same axial location of the first one. Prior to coalescence, the two
drops of nearly identical radii (within 5% of average radius) are situated such that
the line connecting the centers of mass is orthogonal to the axial direction. The drop
coalescence is then induced by a gentle azimuthal movement of the second drop by
the control cone. The average drop radius (rd ) is varied by judicious selection of
the first drop, occasionally aided by the control cone that sweeps a few condensate
drops along the fiber toward the drops of interest. The fiber radius (rf ) is varied
by selecting the axial location of drop coalescence on the sample cone, which has a
small apex angle and therefore mildly varying radius along the fiber. Both rd and rf
are measured in the side view since the base of the sample cone blocks part of the
end view. To minimize the interference to the drop coalescence process, the tip of
the control cone is used with the tip radius much smaller than the local radius (rf )
of the sample cone.

5

3
Results

3.1 Fiber-based coalescers
The accumulation and self-removal of condensate drops are studied on teflon-coated
fibers of constant radius (Figs. 3.1 and 3.2). The setup is sketched in Fig. 2.1a with
experimental procedures detailed in the Chapter 2. The fibers are coated with a thin
layer of teflon with advancing and receding contact angles of 121  3 and 108  2 ,
respectively. The fibers are cooled below the dew point to induce condensation of
water vapor from the ambient air. As shown in Fig. 3.1, the condensation on the
hydrophobic fiber proceeds in three stages: (i) isolated growth, where the condensate
drops originating from isolated nuclei do not directly interact with each other; (ii)
immobile coalescence, where the drops start to coalesce but the merged drops stay
attached to the fiber; (iii) mobile coalescence, where the coalescence of two or more
drops frequently result in self-propelled detachment of the merged drop from the
fiber (Appendix A). Note that the drop size is well below the capillary length, and
the self-propelled removal in the last stage is independent of the orientation with
respect to gravity.

6

(a)

(b)

(c)

500 μm
0.0 s

1.6 s

154.4 s

154.6 s

514.9 s

515.4 s

Figure 3.1: Condensation on a teflon-coated copper fiber with a radius of 40 µm
proceeds in three stages: (a) isolated growth; (b) immobile coalescence; (c) mobile
coalescence. The gravity direction is pointing toward right.
The dramatic effect of the self-propelled removal is quantified in the growth rate
of condensation in Fig. 3.2, where the effective radius (r̄e , measuring method in
Appendix B) of the condensate coverage plateaus as a function of time (t) in the third
stage. In the projected two-dimensional (2D) image (Fig. 3.1), the effective area of
condensate coverage (Ae ) is measured by edge detection algorithms (ImageJ) (see
the inset figure in Fig. 3.2 as a schematic). The effective area excludes the projected
fiber area of 2lf rf , where rf and lf are the fiber radius and length, respectively. For
fibers of different radii in Fig. 3.2, three power-law regimes are observed:

$t
&
% t{
t
1

r̄e



Ae
2lf

2 3

0

if r̄e {rf À 1;
if 1 À r̄e {rf À Γcr ;
if r̄e {rf Á Γcr .

(3.1)

Here, Γcr is the critical drop-to-fiber radius ratio for the self-propelled removal to
set in, as discussed below. For fiber-based coalescers, this measurement of effective
radius is more convenient compared to that in Refs. Steyer et al. (1990); Briscoe
et al. (1991).
Except for the plateau regime due to self-removal, the growth laws in Eq. (3.1)
can be rationalized by assuming a constant rate of mass accumulation (m)
9
for the
condensation process in the ambient air. Over a time period (t) since the initializa7
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Figure 3.2: Three scaling laws are apparent from the drop growth with r̄e  t2{3 ,
t1 and t0 . For two fibers of the same coating with rf  13 µm and 40 , respectively,
the average drop radius in the third regime is r̄e  4rf . The inset figure show the
definition of Ae , i.e. the shaded area in the right image. The two sets of data cross
each other, because the experimental conditions differ among them, but this doesn’t
affect the trends of power laws.

tion of condensation, the incoming mass (m) is absorbed by three-dimensional (3D)
condensate drops,
9
m  ρΩt
 ρN ptqr̄d3ptq,

(3.2)

9 {ρ is the volume flow rate of the condensed liquid,
where ρ is the liquid density, Ω9  m

N ptq is the total number of condensate drops on the fiber surface and r̄d ptq is the
average drop radius. When the drop radius is smaller than the fiber radius, only a
portion of the condensate drops ( N r̄d {rf ) are seen in the projected 2D image (i.e.
outside the projected fiber area), amounting to an effective area that scales as
Ae

 pN r̄d{rf qr̄d2  pΩ{rf qt.
9

(3.3)

Since Ω9 is approximately constant, r̄e  t is expected. When the drop radius is larger
than the fiber radius, nearly all drops appear in the projected 2D image, giving rise
8

to
Ae

 N r̄d2  pN 1{3Ω2{3qt2{3.
9

(3.4)

The number of condensate drops is only varying slightly at this stage: although
the coalescence between large drops reduces N , this reduction is counterbalanced
by the re-nucleation at the new “dry” areas exposed by the coalescence. This slow
variation in N together with a relatively weak dependence ( N 1{3 ) suggests an
approximate power law of r̄e

 t2{3.

The demarcation between t1 and t2{3 scaling

laws at r̄e {rf  1 (validated in Fig. 3.2) is purely geometrical owing to our definition
of r̄e . This demarcation is different from that delineating the stages of isolated
growth and immobile coalescence. The main assumption for these growth laws is a
constant accumulation rate, which applies to both the isolated growth and immobile
coalescence stages.
At the last stage of mobile coalescence, the assumption of constant accumulation
rate breaks down: the incoming mass flow rate is still approximately constant, but
the accumulated mass is partially removed from time to time by the self-propelled
process. The frequent self-removal results in an effective radius fluctuating around
a plateau value, which appears to be proportional to the fiber radius for a given
surface coating. As shown below, the proportionality is consistent with the existence
of a critical radius ratio (Γcr ), above which drop coalescence frequently leads to the
self-propelled removal.
For drop accumulation on fibers, while the first two stages of isolated growth and
immobile coalescence (encompassing r̄e

 t1

and t2{3 ) have been reported in prior

studies, the last stage of mobile coalescence (with r̄e  t0 ) has heretofore been unreported on smooth fibers. A counterpart to the three-stage process has been reported
on non-wetting surfaces, e.g. roughened superhydrophobic surfaces with an apparent
contact angle approaching 180 Boreyko and Chen (2009), on which two symmet-

9

ric coalescing drops are known to jump perpendicular to surface in a self-propelled
fashion. However, the smooth fiber used here only needs to be hydrophobic with a
contact angle slightly above 90 for the third stage with self-removal to occur. This
finding seems to contradict common experience that coalescing drops do not jump
away from flat hydrophobic surfaces such as teflon-coated cooking pans (Fig. D.1).
In fact, even drop coalescence on a round hydrophobic fiber does not necessarily
lead to self-removal. As an examples, two coalescing drops stay attached to the
fiber when the line connecting the centers of mass is along the axial direction of the
fiber (Fig. 3.1b). This type of configuration of a droplet-pair before coalescence can
give rise to self-removal when drop-to-fiber radius ratio is large enough (Fig.E.2 in
Appendix E).

3.2 Self-propelled removal process
To explain the surprising finding of self-propelled launching from hydrophobic fibers,
now turn to the simplified case of symmetric coalescence between two equally sized
drops (Figs. 3.3 and 3.4). As a further restriction, the drops are situated at the same
axial location along the fiber prior to coalescence, such that the line connecting the
centers of mass is orthogonal to the axial direction. This restriction is consistent with
the aforementioned observation that the parallel case is much harder to give rise to
self-removal. Since the endview is particularly useful for revealing the mechanism,
conical fibers instead of uniform-radius ones were used from here on. The thick
conical base makes it possible to only fix and cool this stiff end, permitting the
end view from the tip. The setup is sketched in Fig. 2.1b and the procedures are
detailed in Chapter 2. Briefly, the cones are produced with an apex angle around
4 following Lorenceau and Quéré (2004), and treated with the same teflon coating.
The coalescence of two drops on the cone is simultaneously visualized from both
sideview and endview. A second control cone is used to position the drops on the
10

sample cone and to induce the coalescence of two drops of nearly identical radii, each
within 5% of the average drop radius (rd ). The tip of the control cone is used to
minimize the interference as the tip radius is much smaller than the local radius (rf )
of the sample cone, measured at the point of drop coalescence (Appendix C).
A representative coalescence process between two equal drops on opposite sides
of the fiber is shown in Fig. 3.3. The endview indicates a two-step process for
the self-propelled removal of the merged drop. First, the conical fiber interferes with
coalescence process and breaks its axisymmetry, leading to acceleration of the merged
drop orthogonal to the fiber, until it is almost completely displaced to one side of
the fiber. In the first stage, notice that at t  0.9ms, two wave crests induced by
coalescence collide and bounce back at the opposite side of the fiber, without merging.
Sometimes, the merging happens, due to large radius ratio (rd {rf

 Γ Á 20) and local

defects with higher wettability, so that the merged droplet wraps around the fiber
(Appendix F). Second, the inertia of the merged drop competes against the adhesion
from the fiber, leading to necking of the liquid bridge between the merged drop and
the fiber toward an eventual snap-off, at which point the detached drop is launched
into air with an initial velocity (v). Although the teflon coating is used throughout
this paper, based on preliminary experiments, similar self-propelled process occurs
on other hydrophobic fibers with a contact angle

Á 90.

For a coating with less

hydrophobicity and more hysteresis than teflon, a tiny residual drop is sometimes
left on the fiber after the snap-off; see for example Fig. 4.3 with an alkylthiol-coated
fiber. The essence of the two-step launching process is also numerically reproduced
in Fig. 4.1 with 2D phase-field simulations following Liu et al. (2014a); Mehrabian
and Feng (2014).

11
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0.3 ms

0.6 ms

0.9 ms

1.2 ms

1.5 ms

1.8 ms

2.1 ms

2.4 ms

2.7 ms

Figure 3.3: Self-propelled departure process upon coalescence of symmetric drops, where the line connecting the initial
drop centers are orthogonal to the fiber axis: (a) Endview with the estimated location of the fiber denoted by a white
circle; (b) Sideview with the conical fiber denoted by dashed lines. A second control fiber visible in the images is used to
manipulate the drops. The average drop radius (rd ) is 250 µm and the fiber radius (rf ) is 46 µm (rd {rf  5.4). For ease of
comparison, all these images (as well as those in Fig. D.2 and E.2) are rotated counter-clockwise 90 and gravity direction
is pointing toward right.

0.0 ms

500 μm

3.3 Coalescence-induced launching velocity
Based on the two-step process in Fig. 3.3, the launching velocity (v) can be modeled
through an energetic argument. For the merged drop to detach from the fiber with a
translational kinetic energy, the released surface energy upon drop coalescence must
overcome the adhesion between the drops and the fiber, therefore
ρrd3 v 2

 c1σrd2  c2σrdrf ,

(3.5)

where σ is the surface tension, and the prefactors c1 and c2 absorb the algebraic
and geometrical factors and also implicitly account for some physical details: c1
accounts for the partial energy conversion from surface to kinetic energy, noting that
the efficiency is almost constant in a related process Liu et al. (2014a); c2 accounts
for the static and dynamic factors in overcoming the work of adhesion, including
the contact angle and its hysteresis which are both fixed for a given combination
of working fluid and fiber/coating material, as in our experiments . Note that the
drop radius appears in the adhesion term because the merged drop extends in the
axial direction (with a characteristic length rd ) before removal, which is apparent
in the sideview Fig. 3.3b. The nondimensional velocity of removal is obtained by
normalizing Eq. (3.5) with σrd2 ,
v 

c

c1 

c2
rd {rf

c

 v8 1  ΓΓcr ,

where v   v {uci is reduced by the capillary-inertial velocity defined as uci 

(3.6)

aσ{pρr q,
d

and Γ  rd {rf is the drop-to-fiber radius ratio. The constants have been replaced by

2 , where v  denotes the reduced velocity at an
physically significant symbols: c1  v8
8
 The

two terms with pre-factor c1 and c2 each stands for a kind of surface energy: the term
with c1 is free energy of liquid-air interface so that it is proportional to σ; the term with c2 is the
energy to overcome to create liquid-air and solid-air interfaces with the same area with liquid-solid
area so that it is proportional to σ p1 cosθY q, where θY is Young’s contact angle.
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2 Γcr , where Γcr denotes the critical radius ratio
infinitely large radius ratio; c2  v8
for the merged drop to detach from the fiber. The dimensional velocity (v  v  uci )
can be rearranged as

c

 1  Γcr
v  v8
Γ

c c
1
σ
Γ

ρrf

¤


?v8
2 Γcr

cσ
ρrf

.

(3.7)

The maximum dimensional velocity is achieved when the radius ratio satisfies Γ 
2Γcr . Interestingly, the maximum dimensional velocity scales as the “capillaryinertial velocity” based on the fiber radius, not the drop radius.
The simple model in Eqs. (3.5)-(3.7) is indeed supported by the experiments in


Fig. 3.4. For the constants in the semi-empirical model, the asymptotic velocity v8

and the critical ratio Γcr are extracted from a linear fit to the measured v 2 versus
1{Γ, as suggested by Eq. (3.6). In Fig. 3.4a, the measured velocity is plotted against
the drop radius, and the data can be grouped by fiber radii to theoretical curves
predicted by Eq. (3.5). In Fig. 3.4b, the dimensional velocity is now plotted against
the fiber radius, and the velocity is roughly bounded by the maximum velocity given
by Eq. (3.7); Further, the maximum value occurs around Γ  6, which is 2Γcr as
predicted. Most significantly, all measurements on the teflon-coated fibers collapse

  0.7  0.05 and Γcr  3  0.5.
onto a single curve according to Eq. (3.6) with v8
After making comparison between experimental data and theoretical model, we
need to clarify that, in Fig. 3.4, none of data with wrapping effect is included, because
the wrapping effect dramatically change the morphological evolution of a dropletpair coalescence and may render different physical laws, which is not the focus of this
study. The wrapping usually happens when is large enough. This is partial reason
that the horizontal coordinates of data in Fig. 3.4c is truncated at Γ  20.
Equipped with the insights from Figs. 3.3 and 3.4, Now, the surprising observation that self-removal can occur on hydrophobic fibers that do not require superhy14
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Figure 3.4: The measured launching velocities (Appendix C) plotted against the theoretical model: (a) The velocity
orthogonal to the fiber (v) as a function of drop radius (rd ); (b) The velocity versus fiber radius (rf ); (c) The data collapse
onto a nondimensional curve v  pΓq, where v   v ρrd {σ and Γ  rd {rf . The theoretical curves (solid lines) are plotted
  0.7  0.05 and Γcr  3  0.5, where the error bars are only used to produce uncertainty
according to Eqs. (3.6)-(3.7) with v8
bounds (dotted lines). Values of physical constants are chosen at 20 , consistent with the following simulation in Chapter 4
(ρl  998kg {m3 ; σl  72.7mN {m).

0

0.1

0.2

0.3

0.3

0.2

(b) 0.4

v (m/s)

(a) 0.4

v*

drophobicity can be explained. Because of its highly curved surface, the solid fiber
can interfere with the drop coalescence at a much earlier stage compared to a flat
superhydrophobic surface (see also the simulations in Fig. 4.1). This early intervention leads to a dramatic increase of useful translational momentum, with v   0.7

in the case of hydrophobic fibers instead of v   0.2 in the case of superhydrophobic
surfaces. In other words, the curved fiber increases the conversion efficiency from
the released surface energy to the translational kinetic energy by an order of magnitude (see further discussions in Chapter 4). According to the energetic argument in
Eq. (3.5), the dramatic increase in the useful surface energy (with a high c1 ) enables
the successful competition against the drop-fiber adhesion, particularly for the case
of hydrophobic fibers (with a low c2 ) at large radius ratios.
Now, the self-removal phenomenon on the fibrous coalescers can also be explained.
The observation in Fig. 3.1 results from the coalescence of multiple drops, which is
confirmed by high-speed video imaging. The self-removal usually requires at least
two of these drops to be on the opposite side of the fiber axis (e.g. Fig. 3.1c), so that
the merged drop is launched by the self-propelled mechanism illustrated in Fig. 3.3
(if a droplet-pair on the same side of the fiber, their coalescence may still results in
removal, but at much higher radius ratio; see Appendix D). The average drop size in
the self-removal regime is roughly r̄e  4rf in Fig. 3.2, which is understandable given

the critical condition of r̄d  3rf in Fig. 3.4c for the ideally situated drops to launch
upon coalescence.
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4
Discussions

The mechanism of the self-propelled launching is illustrated with two-dimensional
(2D) phase-field simulations, which capture many essential features of the coalescenceinduced launching in the end view. The numerical simulations closely follow procedures described in Liu et al. (2014a); Mehrabian and Feng (2014). Compared to
Liu et al. (2014a), the major difference besides the 2D geometry is the incorporation of the drop-surface adhesion for Young’s contact angles smaller than 180 .
The associated moving contact line is modeled with a nondimensional mobility of
γ   103 . Other numerical parameters can be found in Liu et al. (2014a) using fluid
properties at 20 C. The coalescence process is governed by the Ohnesorge number,

?

Oh  µ{ ρσrd , where µ is the liquid viscosity, ρ is the liquid density, σ is the liquidgas surface tension, and rd is the initial radius of the drops prior to coalescence. For
all low-Ohnesorge-number cases (Oh À 0.1), the capillary-inertial processes are essentially the same and are characterized by the capillary-inertial velocity (uci 
and time (tci

a
 ρr {σ).

aσ{ρr )
d

3
d

A representative 2D coalescence process is illustrated in Fig. 4.1. On a hydrophobic fiber with a contact angle of 120 , the coalescence-induced launching can be di17

t* = 0

0.38

1.00

2.00

2.50

3.00

4.38

8.50

Figure 4.1: Simulated launching process upon coalescence of two liquid cylinders
on a fiber. The contact angle is 120 , the radius ratio is rd {rf  5, and the Ohnesorge
number is 0.0126. The time stamps (t ) are nondimensionalized by the capillaryinertial time (tci ), which is 117 µs for drops of 100 µm radius (courtesy of Fangjie
Liu).

vided into two steps. First, the conical fiber interferes with the coalescence process
and breaks its axisymmetry, leading to the acceleration of the merged drop orthogonal to the fiber, until the merged drop is almost completely displaced to one side
of the fiber (around t

 2.50).

Second, the inertia of the merged drop competes

against the adhesion from the fiber, leading to necking of the liquid bridge between
the merged drop and the fiber toward an eventual snap-off (around t  4.38), at
which point the detached drop is launched into air with an initial velocity (v).
When interpreting the numerical results, we should note that the drops in 2D
simulations should actually be interpreted as liquid cylinders. Therefore, the simulations will not exactly reproduce the experiments such as the endview in Fig. 3.3a.
By simple geometrical arguments, the liquid cylinders in 2D simulations have much
18

higher adhesion with the fiber compared to three-dimensional (3D) drops. Despite
comparable contact angles, the strong adhesion in Fig. 4.1 between t

 2.50 and

4.38 is not clearly seen on fibers coated with teflon (Fig. 3.3), which has a very low
contact angle hysteresis of 13 . The snapping-off process is more prominent on fibers
coated with alkylthiol with a hysteresis of 36 (Fig. 4.3).
(a)

(b)

(c)

(d)

t* = 0

0.38

1.00

2.00

2.50

3.00

4.38

8.50

Figure 4.2: Simulated coalescence process on: (a) 90 fiber; (b) 120 fiber; (c) 180
fiber; (d) 180 substrate. The numerical conditions are otherwise identical to those
in Fig. 4.1 (courtesy of Fangjie Liu).
In Fig. 4.2, the representative case on 120 -fiber (Fig. 4.1) is compared with the
coalescence process on round fibers of different contact angles as well as a non-wetting
flat substrate. Noting the 2D nature of the simulations, some qualitative observations
can be made: (i) For fibers of different contact angles, the first stage is very similar
in which the fixed fiber displaces the coalescing drops toward the side. The main
19

difference is at the second stage: on the 90 -fiber, the merged drop wraps around
and stay attached to it; on the 120 -fiber, the merged drop has enough momentum
to overcome the smaller adhesion with the fiber to eventually detach from it; on the
180 -fiber, the merged drop launches from the fiber at the end of the first stage since
there is no drop-fiber adhesion at all. The dependency on contact angle explains
why a hydrophobic fiber is needed for the self-propelled removal. (ii) Compared to
flat substrates, round fibers interfere with the coalescence process at an earlier stage,
leading to a higher launching velocity which is apparent by comparing Fig. 4.2c and
4.2d. In other words, the fiber geometry yields a much higher efficiency in converting
the surface energy released from coalescence to useful translational kinetic energy.
Such a high efficiency is expected from the dominance of the translational motion
at the end of the accelerating stage on the fiber (Fig. 4.1), t  2.50), as opposed to
the dominance of the oscillatory motion on the substrate (see for example Fig. 7 in
Liu et al. (2014a)). As explained in Liu et al. (2014a), the oscillatory motion does
not contribute to the net motion of the merged drop. The higher efficiency helps to
explain why coalescing drops launch from a 120 fiber, but not a 120 substrate.
In addition to the teflon coating used, based on verifying experiments, similar
self-propelled process occurs on other hydrophobic fibers with a contact angle Á 90 ,
such as fluoro-silanized glass fibers and alkylthiol-coated copper fibers. For a coating
with less hydrophobicity and more hysteresis than teflon, the snap-off process from
the fiber is prolonged and a tiny residual drop is sometimes left behind. An example
is shown in Fig. 4.3, where the conical copper fiber fresh from acid etching described
in Chapter 2 is treated with a 2 mM solution of 1-hexdecanethiol (Acros AC120520100) in ethanol. The alkylthiol coating exhibits advancing and receding contact
angles of 110  4 and 74  9 , respectively. The necking of liquid bridge is observed
at t  2.4ms, much more obvious than that at t

 4.38 in Fig. 4.1, and that at

t  1.8ms in Fig. 3.3, mainly because the alkylthiol-coated surface has largest contact
20

angle hysteresis among them.
500 μm

0.0 ms

0.3 ms

0.6 ms

0.9 ms

1.2 ms

1.5 ms
1.8 ms
2.1 ms
2.4 ms
2.7 ms
Figure 4.3: Experimental launching process from an alkylthiol-coated fiber. The
average drop radius (rd ) is 240 µm and the fiber radius (rf ) is 44 µm (rd {rf  5.4).
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5
Conclusions

We reported a new phenomenon of self-propelled droplet removal from fiber-based
coalesers. Powered by surface energy released from drop coalescence, droplets accumulated on hydrophobic fibers are autonomously removed. Our finding is important
because the self-propelled removal does not depend on either external forces or superhydrophobic surfaces.
The mechanism underlying the self-propelled removal is revealed with experiments with nearly identical drops coalescing on opposite sides of a hydrophobic fiber.
The fiber breaks the axisymmetry of the coalescence process between two drops, imparting a translational momentum for the merged drop to overcome the drop-fiber
adhesion. Compared to a flat superhydrophobic substrate on which self-propelled
jumping was first reported, the round fiber interferes with the coalescence process
at an earlier stage, leading to a higher energy conversion efficiency from the released
surface energy to useful kinetic energy. The much higher translational kinetic energy
enables a successful competition against the adhesion energy between the drops and
the fiber, giving rise to the self-propelled launching. For a given surface coating,
the self-propelled motion occurs above a critical drop-to-fiber radius ratio. For very
22

large radius ratios, the adhesion energy due to the fiber is negligible compared to the
surface energy released upon coalescence, so the velocity of removal is proportional
to the capillary-inertial velocity based on the drop radius.
Although we have focused on liquid coalescence in the gas phase, our preliminary results indicate that the self-propelled mechanism can work for both liquid-gas
and liquid-liquid coalescers, as long as the viscosity of the liquid phase is moderate
(Appendix G). By enabling self-propelled motion without superhydrophobicity, our
findings are also expected to find applications in other fields such as water harvesting
and dropwise condensation.
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Appendix A
Coalescence between multiple droplets

The self-propelled removal on fiber usually happens after coalescence between multiple droplets, as shown in Fig. A.1a, because the perturbation induced by coalescence
between two droplets often creates chance of touching to neighboring droplets. The
video captured by high-speed camera is a solid proof of the statement related to
Fig. 3.1: the sudden disappearance of droplets in the field of view is due to the
self-propelled removal. In addition, from the time stamps, we can also get a sense
that the whole process happens within 1ms, so that it is impossible to be captured
by naked eyes or low-speed camera. In another multiple-droplet cases Fig. A.1b, the
coalescence is triggered by two droplets sitting at the same side of fiber, but the
merged droplet doesn’t jump. The the perturbation and lateral sliding results in
coalescence between the merged droplet and another droplet sitting at the opposite
side, and finally gives rise to a self-propelled removal.
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(a)

100 μm

0.000 ms

0.078 ms

0.156 ms

0.234 ms

0.312 ms

0.390 ms

0.468 ms

0.546 ms

0.624 ms

0.702 ms

(b)

100 μm

0.000 ms

0.083 ms

0.167 ms

0.250 ms

0.333 ms

0.416 ms

0.500 ms

0.583 ms

0.666 ms

0.749 ms

Figure A.1: Self-propelled detachment of water drops from a thermally pulled glass
fiber coated with Trichloro(1H,1H,2H,2H-tridecafluoro-n-octyl)silane (CAS 7856045-9).
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Appendix B
Measurement of surface coverage

As shown in the subset image of Fig. 3.2, the effective radius (r̄e ) of the condensates
on fiber is based on two-dimensional (2D) projection. Experimental data consists of
images of fibers starting from dry state. By using ImageJ, we can extract the edges
of the fiber before and after condensate drops forming on it, as shown in Fig. B.1a
and b.
In ImageJ, use function “ImageÑAdjustÑThreshold” to change image to B&W;

then use function “AnalyzeÑAnalyze Particles”, with only boxes of “Display re-

sults”, ”Clear results”, “Summarize”, “Include holes”, “In situ Show” checked (if
there are some separate particles or drops inside the field of view, set the threshold of size so that these wouldn’t be included into area calculation); Choose “Bare
Outlines” under scroll tap and click “OK”.
After area extraction, the area of fiber at t0 is subtracted from these area (Fig. B.1c).
This new area is referred as effective area (Ae ). To get r̄e , simply divide Ae by (2
fiber length in the field of view). In this way, dry fiber gives r̄e

 0.



This method

is valid, under assumption that condensate drops uniformly distributed in azimuthal
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(a)

(b)

(c)

Figure B.1: One case of extracting area of the fiber before and during condensation.
(a)-(b) The original fiber before and after condensate drops forming on it. (c) For
calculation of effective radius (r̄e ), the area of dry fiber (extracted from image of t0 ,
as outlined by dash lines) is subtracted from the detected area.

direction.
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Appendix C
Measurement of velocity and fiber diameter

The velocity of removal immediate after detachment is an important parameter in
energy analysis and scaling rules of Fig. 3.4. However, to accurately obtain this
parameter, there are two difficulties: (i) As shown in end view of Fig. 3.3 and Fig. 4.3,
the shape of a droplet is not circular, due to oscillation. Calculating the centroid
of two-dimensional (2D) projection of droplets can be an obvious choice, but not
a good approximation, because the large deviation of droplet shape from circle can
results in a large error. If centroids of several 2D projections were used, to reduce the
relative error due to oscillation of droplets, longer traveling distance after removal is
preferred. (ii) The longer distance, the stronger effect of gravity has on the velocity
measurement. Actually, by simple calculation, the gravity effect can result in up to
about 10% error.
The oscillation and gravity effect make the traveling distance chosen an trade-off
between two kinds of error. To reduce both errors, instead of just using a distance
divided by a time interval, the trajectory of centroid of 2D images is globally fitted,
(adapted from Liu et al. (2014b)). The centroid is analyzed in terms of horizontal (X)
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and vertical (Y ) direction: X and Y

 gt2{2 are fitted by the first-order polynomial

of time. Then, the initial velocity can be easily extracted from the slope of fitted
lines. One representative image and a calculated centroid are shown in Fig. C.1a and
b.
(a)

(b)

(c)

Figure C.1: The X and Y  gt2 {2 of trajectory of centroid are fitted with the
first order polynomial. (a) An original image from a video with a droplet in the air.
(b) Use MATLAB to detect the edge (function: edge()) and calculate the centroid
of the droplet outlined by the edge (the position of the centroid was marked after
processing). (c) Fitted extracted value with the first-order polynomial.

From Fig. C.1c, the fitted values excellently agree on the linear trend of extracted
centroid coordinates. The extracted centroid coordinates fluctuate around the fitted
lines, because the centroid of 2D image oscillates roughly periodically near the real
center of mass.
Another important parameter extracted directly from imaging is the radius of
fiber (from side view). Because the fibers used are conical, the radius is defined as
the average value across the portion where the droplet-pair initially sit on, as shown
in Fig. C.2. Specifically, the average radius equals to the detected area divided by
(2

 length of the fiber in cropped field of view).
One issue of edge detection concerned is the choice of threshold, because the

position of edge, thus area and fiber radius, depends on the threshold. Even though
the difference maybe several pixels, when fiber radius is around tens of pixels, error
of 1 pixel can be relatively large. To calibrate that effect, the extracted values are
29

(a)

(b)

Figure C.2: (a) An image of fiber cropped from an original drop removal image.
(b) Use MATLAB to detect the edge of the fiber and then average the radius across
the fiber length in this cropped field of view.

compared with measured radii based on detection of human eyes (by looking the
captured images).
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Appendix D
Coalescence on flat substrate and the same side of a
fiber: Teflon coating

Drop coalescence on planar hydrophobic surface did not result in spontaneous removal. The geometry of planar substrate gives rise to large contact area, so that the
kinetic energy converted from surface energy fails to compete against the adhesion
from substrate. To compare drop coalescence on both planar and curved substrates,
two droplets with radius of around 154 µm are formed by ink-jet printer close to
each other on an Teflon-coated copper surface, as shown in Fig. D.1.
To prove that the geometry of curved surface of fibers indeed contributes to the
phenomenon of self-propelled removal, a droplet-pair is positioned with the center
connecting line parallel to the axis of fiber (later referred as parallel mode). The
preliminary experiments show that the self-propelled removal can happen for parallel
mode, but with much larger critical radius ratio than that of a droplet-pair sitting
on the opposite side of a fiber (later referred as perpendicular mode). As shown in
Fig. D.2, drop coalescence of parallel mode for rd {rf

 7.8 show an almost successful

removal. To qualitatively explain the larger critical radius ratio, one important
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500 μm

0.00 ms

0.15 ms

0.30 ms

0.45 ms

0.60 ms

0.75 ms

0.90 ms

1.05 ms

1.20 ms

1.35 ms

Figure D.1: Droplet coalescence on a planar, smooth, Teflon-coated copper surface.
The strong adhesion between the merged droplet and the substrate prevents the
droplet from removing. Droplets are formed by ink-jet printer and the triggering of
coalescence is induced by an incoming droplet.

phenomenon happening at frames of t

 1.2 ms (for Fig. D.2) are helpful.

In that

frame, part of merged droplet exceeds the back of fiber in side view and shrinks along
axial direction of fiber in end view. At this moment, the drop coalescence reaches
a point that the merged droplet expands the most in the plane with the initial
center connecting line as its normal direction. Recall the similar stage of droplet
coalescence of perpendicular mode in Fig. 3.3 at t

 1.2 ms, the merged droplet,

instead of exceeding the back of fiber, sits completely on one side of the fiber and
expands in axial direction. One implication of these difference is that the fiber in
coalescence of perpendicular mode can apply larger translational momentum than
that of parallel mode does, because the former mode has stronger effect preventing
merged droplet moving to the other side of a fiber (in side view).
The same configuration of coalescence on the same side are applied on alkylthiolcoated copper fibers. In the next appendix, the Fig. E.2 shows a cut-off radius ratio
between rd {rf

 9.1 and rd{rf  12.3 on an alkylthiol-coated copper cone, which

is larger value than that on an Teflon-coated copper cone, probably because smaller
contact angle hysteresis on Teflon surface.
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0.6 ms

1.2 ms

1.8 ms

2.4 ms

3.0 ms

3.6 ms

4.2 ms

4.8 ms

5.4 ms

Figure D.2: Endview and sideview for coalescence of a droplet-pair at the same side of a fiber with nearly but not droplet
removal. The fiber is an Teflon-coated copper cone. The white circles marked the place of fibers and size of circles are
chosen according to the real local averaging radius of fibers. The average drop radius, rd , is 275 µm, and fiber radius, rf ,
is 35 µm. Drop-to-fiber radius ratio is rd {rf  7.8. At moment of 4.8 ms, the liquid neck between fiber and droplet is so
thin that the drop nearly detaches from the fiber.

0.0 ms

500 μm

Appendix E
Coalescence on flat substrate and the same side of a
fiber: Alkylthiol coating

To support observation of droplet coalescence on Teflon-coated flat substrate and
copper cone, first, two droplets with radius of around 100 µm are formed by inkjet printer close to each other on an alkylthiol-coated copper surface, as shown in
Fig. E.1. Similar results are obtained.
100 μm

0.00 ms

0.05 ms

0.10 ms

0.15 ms

0.20 ms

0.25 ms

0.30 ms

0.35 ms

0.40 ms

0.45 ms

Figure E.1: Droplet coalescence on a planar, smooth, alkylthiol-coated copper
surface. The strong adhesion between the merged droplet and the substrate prevents
the droplet from removing. Droplets are formed by ink-jet printer and the triggering
of coalescence is induced by an incoming droplet.

34

These experiments also show that the self-propelled removal can happen for parallel mode, but with much larger critical radius ratio than that of a droplet-pair sitting
on the opposite side of a fiber (later referred as perpendicular mode). As shown in
Fig. E.2a, drop coalescence of parallel mode for rd {rf

 9.1 and rd{rf  12.3 show

no and successful removal, respectively (Fig. E.2a and b). To qualitatively explain
the larger critical radius ratio, one important phenomenon happening at frames of
t  1.2 ms (for Fig. E.2a and b) are also helpful, similarly discussed in Appendix D.
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0.0 ms

0.0 ms

500 μm

0.6 ms

0.6 ms

1.2 ms

1.2 ms

1.8 ms

1.8 ms

2.4 ms

2.4 ms

3.0 ms

3.0 ms

3.6 ms

3.6 ms

4.2 ms

4.2 ms

4.8 ms

4.8 ms

5.4 ms

5.4 ms

Figure E.2: Endview and sideview for coalescence of a droplet-pair at the same side of a fiber with (b) and without (a)
droplet removal. The fiber is an alkylthiol-coated copper cone. The white circles marked the place of fibers and size of
circles are chosen according to the real local averaging radius of fibers. The drop-to-fiber radius ratio are (a) rd {rf  9.1;
(b) rd {rf  12.3, which enclose a range of values much larger than the critical ratio (Γcr ) of perpendicular mode.

(b)

(a)

Appendix F
Wrapping around the fiber during drop coalescence

When two wave crests induced by coalescence reach the back of the fiber (opposing to
the side of the fiber where coalescence initially happened), they sometimes merged,
as shown in Fig. F.1 at t



2.1 ms. We refer this effect as “wrapping”. The

wrapping effect can be easily detected by the morphology of merged droplets and
amplitude of wave crests: Comparing cases without wrapping, the wrapping effect
would dramatically decrease the amplitude of reflective wave crests, after merging.
Because this distinction, we suspect that the coalescence with wrapping effect may
follow different physical laws from that without wrapping. If existing, this effect may
reduce the velocity of removal, comparing with that without wrapping. For above
reasons, previous quantitative results (Fig. 3.4) do not include any data point having
wrapping effect.
This effect happen very often when the radius ratio is high enough (Γ
That is part of reason the curve in Fig.3.4c is truncated above Γ

 20.

Á 20).

This effect

can also happen at lower radius ratio, probably because the higher wettability of
local spots on the fiber, as qualitatively validated in 2D simulation for contact angle
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of 90 (Fig. 4.2a).

1000 μm

0.0 ms

0.4 ms

0.8 ms

1.5 ms

1.9 ms

2.1 ms

2.4 ms

2.8 ms

3.4 ms

4.0 ms

Figure F.1: The the merged droplet wraps the fiber by merging at the back of fiber
(t  2.1 ms). This fiber is an Teflon-coated copper cone. The white circle marks the
place of fiber and its size is chosen according to its real radius.

As shown in end views of Fig. 3.3, 4.2, 4.3, D.2, E.2, and F.1, pinpointing the
position of cone tip in the image is a common problem. In this study, the positions
of cone tip are approximated according to the boundary of morphology during coalescence process and the moment when the liquid neck between droplet and fiber
breaks down.
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Appendix G
Self-propelled removal from liquid-liquid fibrous
coalescers

The previous experiments are mainly conducted for drop coalescence of liquid-gas.
As emulsion separation is interested by petroleum and chemical industry, liquidliquid case is preliminarily investigated: self-propelled droplet removal from fibrous
coalescers in toluene-water case. The toluene and water are chosen, because the small
difference in density (water: 999kg {m3 ; toluene: 866.9kg {m3 ) and their viscosity
(water: 1cP; toluene: 0.590cP) are moderate, at room temperature. Ink-jet printer
is used to generated DI-water droplets of around 5µm in radius to form droplets of
around hundreds microns in radius attached to fibers. The fiber used here is made
of copper (5µm in radius). No coating is necessary, because the high wettability
of toluene on copper automatically renders the fiber hydrophobic. One significant
difference in observation between cases of the water-air and water-toluene cases is
that coalescence in water-toluene is much harder to happen, due to lager viscosity of
toluene than that of air (thus longer drainage time, before two interfaces of droplets
can actually touch). The liquid-liquid case is significantly more complex, with at
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least two more non-dimensional parameters (density ratio and viscosity ratio), so
that further work is needed for a complete understanding.
0.0 ms

0.2 ms

0.4 ms

0.6 ms

0.8 ms

3.2 ms

200 μm

Figure G.1: Self-propelled detachment of water drops from a copper fiber (5µm in
radius without any surface coating) upon coalescence in toluene. DI-water droplets
with a radius of 5 µm is generated by ink-jet printer, and shot toward the copper
fiber immersed in toluene. Note the thin fiber is flexible and oscillates as a results
of the drop detachment.
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41

Liu, F., Ghigliotti, G., Feng, J. J., and Chen, C.-H. (2014a), “Numerical simulations
of self-propelled jumping upon drop coalescence on non-wetting surfaces,” J. Fluid
Mech., 752, 39–65.
Liu, F., Ghigliotti, G., Feng, J. J., and Chen, C.-H. (2014b), “Self-propelled jumping
upon drop coalescence on Leidenfrost surfaces,” J. Fluid Mech., 752, 22–38.
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