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a  b  s  t  r  a  c  t

Two  immiscible  droplets  wetting  on  a filament  may  assume  engulfing,  partial-engulfing,  or  non-engulfing
morphology  that  depends  on the  wetting  behavior  and  geometries  of the resulting  droplet-on-filament
system.  This  paper  studies  the wetting  behavior  of  two immiscible  droplets  contacting  and  sitting
symmetrically  on  a straight  filament.  A  set  of  ordinary  differential  equations  (ODEs)  is formulated  for
determining  the  wetting  morphology  of  the  droplet-on-filament  system.  In the  limiting  case  of  engulfing
or  non-engulfing,  the  morphology  of the  droplet-on-filament  system  is  determined  in explicit  form.  In  the
eywords:
etting and engulfing

roplets
urface morphology
oung–Laplace equation
urface science

case of  partial-engulfing,  surface  finite  element  method  is  further  employed  for  determining  the  wetting
morphology,  surface  energy,  and  internal  pressures  of  droplets  of  the  system.  Numerical  scaling  study
is performed  to explore  their  dependencies  upon  the  wetting  properties  and  geometries  of  the  system.
The  study  can  be  applicable  for analysis  and  design  of  textiles  with  tailorable  wetting  properties  and
development  of  novel  multifunctional  fibrous  materials  for environmental  protection  such  as oil-spill
sorption,  etc.
. Introduction

The phenomena of wetting and wicking of liquids on surface
re ubiquitous and commonly observed in nature, everyday life
nd engineering practices. We  may  recall the shinning morning
ews sitting on a grass thread or a spider web and wonder how
hey formed and where they would go; we may  also wonder
he water repellency of bird feathers and the superhydrophobic
ature of lotus leaves. Historically, nature provides extensive exam-
les and raw models for humans to study, explore, innovate, and
xploit these fascinating phenomena for various engineering appli-
ations. As a matter of fact, wetting and wicking of liquids on
urface has been a vibrant topic of science and engineering with
ncreasing investigations in the past decades [1–10]. Due to the
mportance and ubiquities of droplet-on-filament systems, their

etting behavior has been under intensive research for a long time.
or instance, chemists and engineers in textile industry are inter-
sted in designable and tailorable dyeing, cleaning and waterproof
roperties of natural and synthetic fabrics via surface engineering

ncluding adoption of proper surfactants and surface treatment, etc.
ecently scientists and engineers are also eager to understand the
etting behavior of oil/water mixture on plant leaves, bird feath-
rs and other fibrous materials for the purpose of environmental
rotection such as oil-spill sorption and environmental remedy in
he aftermath of the BP oil leakage in the Gulf of Mexico.
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To date, substantial progress has been made to understanding
the wetting and wicking phenomena of droplet-on-filament sys-
tems. In the simplest case of a droplet wetting axisymmetrically on
a filament as shown in Fig. 1(a), Carroll first obtained the explicit
solution to the barrel-shaped droplet morphology [11]. Several
follow-up refinements have been made to further consider the
droplet roll-up and spreading behavior and enhance the accuracy
in extracting the contact angle from wetting experiments based
on various droplet-on-filament systems [12–15]. In addition, by
extending Carroll’s work [11], Wu  et al. [16] and Liu et al. [17]
considered the effect of fiber deformation on the wetting behavior
of a droplet wetting on a soft micro/nanofiber. Du et al. examined
the profile of a droplet at the tip of a filament [18]. Brochard [19]
and Neimark [20] formulated the kinetic and thermodynamic
theories on the stability and spreading behavior of liquid droplets
and films on filaments involving the disjoining pressure. Besides,
Chen et al. [21] considered the wicking kinetics of a droplet wetting
on a microfiber yarn. Lorenceau and Quéré [22] investigated the
spreading of droplets on a tapered filament and concluded that the
droplets move toward the region of lower curvature and the driving
force is the gradient of Laplace pressure; Lorenceau et al. [23] also
studied the capture of droplets impacting on a horizontal fiber and
a kinetic relation was  gained. When taking into account the effect
of gravity, Huang et al. [24], Gilet et al. [25,26], and Duprat et al. [27]
identified the conditions for the stability and sliding of droplets on

inclined and vertically-positioned fibers, which were validated by
their experiments. Furthermore, a droplet sitting on a microfiber
may  assume a barrel- or clamshell-shaped morphology, which
depends upon the fiber diameter, droplet volume and contact

dx.doi.org/10.1016/j.apsusc.2013.12.100
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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Fig. 1. Optical micrographs of (a) a barrel-shaped epoxy droplet wetting on
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R2

= −y′′(x)√
{1 + [y′(x)]2}3

. (2)
 carbon fiber and (b) two immiscible droplets of polyacrylonitrile (PAN)-N,N-
imethylformamide (DMF)/isophorone diisocyanate (IPDI) partial-wetting on a
arbon fiber (with the interface at the middle).

ngle. McHale et al. [28,29] have determined the critical droplet
olume for morphology transition between barrel- and clamshell-
haped droplets wetting on filaments at varying contact angle
y using a surface finite element method (SFEM) [30,31]. McHale
nd his coworkers’ predictions were well correlated to the roll-up
ondition by Carroll [12] and their experimental observations
28,29]. By extending McHale’s works [28,29], Chou et al. further
onsidered the effect of gravity on the morphology transition of
roplet-on-filament between the barrel and clamshell shapes,
nd their numerical simulations indicated that the stable droplet
olume is noticeably decreased by gravity [32]. Similarly, de Ruiter
t al. studied the morphology transition of buoyant droplets on a
lament using a well controlled electrowetting setup [33].

Beyond monolithic droplets wetting on a filament, several
orks have also been performed to understand the wetting and

preading behavior of a droplet sitting on multiple fibers. Among
thers, Princen [34–36] first considered the simplest cases of wet-
ing and spreading of liquids in aligned multi-fiber systems, in
hich an asymptotic analysis was conducted for determining the

apillary rises and wetting lengths in two and multiple verti-
ally/horizontally positioned filaments. Keis et al. indicated the
otential of utilizing a pair of parallel microfibers to manipulate
mall quantity of liquids in micro liters [37]. Their measurements
howed that the wicking kinetics of a droplet spreading on such

 fiber pair roughly obeyed the Lucas–Washburn law [38,39] such
hat given a fiber spacing, the growing wetting length of the menis-
us is proportional to the complete wicking time (i.e., the time
nterval from the start of droplet spreading to its disappearance).
et, a droplet sitting on a pair of two parallel fibers may  assume a
arrel-shaped droplet, which completely enwraps the two  fibers,
r a liquid bridge, which only partially wets the internal surfaces
nd therefore partially enwraps the two fibers. Such a morphology
ransition could further influence the liquid spreading. Similar to
he work by McHale et al. [28,29], Wu et al. [40,41] determined
he characteristic wetting curves as the phase diagram bound-
ries between the morphologies of barrel-shaped droplet and liquid
ridge spanning on two aligned filaments. Based on controlled
roplet-on-fiber systems, Protiere et al. [42] recently identified
uch morphology transition based on an experimental morphology
iagram and discovered the transition hysteresis, a wetting phe-
omenon commonly observed in the process of droplet spreading.

n addition, Bedarkar and Wu [43] and Virozub et al. [44] deter-
ined the capillary torque induced by a droplet bridge formed

etween two misaligned filaments, where symmetry breaking of

 droplet bridge triggers the nonsymmetric capillary force that is
esponsible for the capillary torque.

Moreover, the capillary force due to droplets wetting and
preading on filaments may  also result in noticeable elastic
cience 294 (2014) 49– 57

deformation, i.e.,  elastocapillary effect, which further influences
the interaction between the droplets and filaments [16,45–53].
Such an elastocapillary effect could be exploited for assembly of
microdevices [54–56]. The capillary force due to liquid wetting
and spreading in fiber networks may  also lead to fiber collapse,
contact and fusion [57–60], which further affect the mechanical
response of fiber networks [61].

Yet, all the above studies were focused on monolithic droplets
wetting on a filament or multi-fibers. To authors’ knowledge,
no systematic investigations have been reported yet on dissim-
ilar liquids wetting on filaments though such phenomena are
commonly observed in nature and engineering such as cleaning
of oil–water mixture on textiles and sorption and recovering of
oil spills in ocean, etc. Thus, as natural extension of the prior
studies, in this work we  initiate the theoretical study on deter-
mining the morphology and surface energy of two immiscible
droplets wetting on a filament. A set of governing ordinary different
equations (ODEs) will be formulated. In parallel, a computational
microfluidic model of the present problem will be established;
the wetting morphology, surface energy, and internal pressure of
the droplet-on-filament system are determined by SFEM: Surface
Evolver [30,31]. Dependencies of the droplet morphology, surface
energy, and internal pressure of the two  immiscible droplets on a
filament upon the droplet surface tension, contact angle, droplet
volume, and filament diameter will be examined. In consequence,
discussions on the results and potential applications of the present
study will be addressed.

2. Problem formulation and solution

2.1. General governing equations of droplets wetting on filaments

Consider two immiscible droplets partial-engulfing axisymmet-
rically on a filament of uniform circular cross-section as shown
in Fig. 1(b). Fig. 2 is the corresponding schematic diagram with
a proper coordinate system. For the convenience of derivation
hereafter, except for those designated specifically, parameters and
variables with subscripts “1”, “2”, and “12” are attached to droplet
1, droplet 2, and the interface between droplets 1 and 2, respec-
tively, while symbols without subscripts are applicable to either
droplet. Due to the axisymmetry of the droplet-on-filament system,
the principal radii R1 and R2 of curvature of each droplet surface of
the droplets at locus [x, y(x)] can be expressed:

1
R1

= 1
(ycosec  )

= 1

[y(x)
√

1 + [y′(x)]2]
,  (1)
Fig. 2. Geometries of two immiscible droplets partial-engulfing axisymmetrically
on  a filament.
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ig. 3. Schematic diagrams of three-phase intersection. (a) Left droplet/fiber/gas in
ection at surface; (d) right droplet/fiber/gas interaction.

Thus, Young–Laplace formula specifies the surface morphology
f the liquid droplets [9,10,15], which reads(

1
R1

+ 1
R2

)
= �p,  (3)

here �p  is the droplet pressure defined as

p = pL − pV . (4)

In the above, pL and pV are the pressures inside and outside the
roplet, respectively. As a result, the governing ODE for each curvi-

inear segment of the droplet profile can be obtained by substituting
1) and (2) into (3) as⎧⎨
⎩

1

{y(x)
√

1 + [y′(x)]2}
− y′′(x)√

{1 + [y′(x)]2}3

⎫⎬
⎭ = �p. (5)

Eq. (5) has the first integration:

1√
1 + [y′(x)]2

= Ay(x) + B

y(x)
, (6)

here

 = �p

(2�)
, (7)

nd B is an integration constant to be determined according to the
ontact angle at the droplet end.

In addition, there are three boundary conditions (BCs) of con-
act angle at the right, internal and left ends of the droplets and
ne three-phase intersection condition at the outer surface, which
re specified as shown in Fig. 3. The three-phase intersection of
roplet/droplet/gas as shown in Fig. 3(c) gives [61]

sin ϕ1

�1
= sin ϕ2

�2
= sin ϕ12

�12
. (8)

There exist two trivial limiting cases of engulfing and non-
ngulfing, in which the morphology and surface energy of the
roplet-on-filament systems can be determined explicitly based on
he solution of a monolithic droplet wetting on a filament [15]. In
he general case of partial-engulfing, to avoid the complicated dis-
ussions of various connecting conditions in solving Eq. (6), we will
stablish a computational microfluidic droplet model and employ
n efficient SFEM to determine the morphology and surface energy
f the droplet-on-filament systems and their dependencies upon
he model parameters.

.2. Engulfing and non-engulfing of two immiscible droplets on a
lament

In the case of two immiscible droplets engulfing on a filament,
ne droplet is completely enwrapped within the second one as

llustrated in Fig. 4. This situation happens when the interfacial
nergy between two droplets is lower than the surface tension of
ither droplet since engulfing can reduce the total potential energy
f the droplet-on-filament system. In this case, the morphologies of
Fig. 4. Schematic diagram of two immiscible droplets engulfing on a filament.

the two droplets can be determined by solving Eq. (6) for a mono-
lithic barrel-shaped droplet wetting on a filament (left-half droplet
due to the symmetry) [11,15] such that

xi =
∫ yi0

yi

(y2
i

+ �ir0yi0)√
(y2
i0 − y2

i
)(y2

i
− �2

i
r20 )
dyi, (i = 1, 2) (9)

where i = 1 and 2 are corresponding to the first and second droplets,
respectively,

�1 = (y10cos �1 − r0)
(y10 − r0cos �1)

, (10)

�2 = (y20cos �12 − r0)
(y20 − r0cos �12)

, (11)

xi (i = 1, 2) are defined with the origin located at the left end of
droplets 1 and 2, respectively, yi0 (i = 1, 2) are the peak radii (at
the middle) of droplets 1 and 2 along the vertical symmetric axis,
respectively.

Thus, the wetting lengths Li (i = 1, 2) of droplets 1 and 2 on the
filament can be determined by setting yi = r0 (i = 1, 2) as

Li =
∫ yi0

r0

(y2
i

+ �ir0yi0)√
(y2
i0 − y2

i
)(y2

i
− �2

i
r20 )
dyi (i = 1, 2) (12)

In the above, yi0 (i = 1, 2) can be determined according to the
volumes of the two  droplets:

V1 + V2 =
∫ y10

r0

y2
1(y2

1 + �1r0y10)√
(y2

10 − y2
1)(y2

1 − �2
1r

2
0 )
dy1, (13)

V2 =
∫ y20

r0

y2
2(y2

2 + �2r0y20)√
(y2

20 − y2
2)(y2

2 − �2
2r

2
0 )
dy2. (14)

Each of the above integral equations can be conveniently solved
by means of numerical methods developed in our previous studies
[15]. Consequently, plugging yi0 (i = 1, 2) into (9) and (12) deter-
mines the morphologies and wetting lengths of the two droplets,

respectively.

In the case of two droplets wetting but non-engulfing on a
filament, the wetting behaviors of the two droplets are indepen-
dent. The solutions to the morphology, wetting length, and surface
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Fig. 5. Surface finite element analysis of two immiscible droplets partial-wetting on a filament by Surface Evolver. (a): Two  super volume elements to represent two immiscible
droplets on the filament. (b): Droplet morphology after two  numerical iterations. (c): Well stable droplet morphology formed after a few numerical iterations and mesh
refinements. (d): Wetting droplet morphology close to the final state after multiple numerical iterations and mesh refinements [The final droplet morphology was obtained
u metri
fi lue); 
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sing much finer mesh while it is very close to the morphology shown in (d)]. Geo
ber  radius r = 1.5; wetting parameters: contact angles: �1 = 35◦ (yellow); �2 = 80◦ (b
roplets: �12 = 0.7.(For interpretation of the references to color in this figure legend

nergy of each droplet are the same as those for a monolithic
roplet wetting on a filament [15].

.3. Partial-engulfing of two immiscible droplets wetting on a

lament

In this case, it is inconvenient to directly solve Eq. (6) at three
roplet portions as shown in Fig. 2 under three droplet-end BCs

ig. 6. Comparison of droplet wetting morphologies based on entire-, half-, and quarter
volver.  Column 1: SFEM mesh at the final state; Column 2: 3D view; Column 3: front view
roplet),  V2 = 80 (blue droplet); fiber radius r = 1.5; Wetting parameters: contact angles: �

nterfacial tension between two droplets: �12 = 0.7.(For interpretation of the references to
cal parameters: droplet volumes: V1 = 128 (yellow droplet), V2 = 80 (blue droplet);
surface tensions: �1 = 0.5 (yellow); �2 = 1.0 (blue); interfacial tension between two
eader is referred to the web version of the article.)

and one three-phase interaction condition at the outer droplet sur-
face (Fig. 3) due to involvement of multi-valued functions. Thus,
a partial-engulfing droplet model is established and the efficient
SFEM Surface Evolver [30,31] is employed for directly determin-

ing the morphology, surface energy and capillary pressure of two
partial-engulfing droplets on a filament. Based on the minimum
potential energy of droplet-on-filament system, SFEM is capable
of searching for the morphology of equilibrium state of the two

-droplet models of two immiscible droplets partial-engulfing on a fiber by Surface
; Column 4: top view. Geometrical parameters: droplet volumes: V1 = 128 (yellow

1 = 35◦ (yellow); �2 = 80◦ (blue); surface tensions: �1 = 0.5 (yellow); �2 = 1.0 (blue);
 color in this figure legend, the reader is referred to the web version of the article.)
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very good stability after only a few iterations and then maintain
ig. 7. Variation of the global surface energy of two partial-engulfing droplets on a
ber with respect to the droplet volume ratio.

artial-engulfing droplets on a filament via minimizing the global
urface energy of system:

 = min{
2∑
i=1

[�iALiV + (�SLi − �SV )ASLi ] + �12AL1L2 }, (15)

nder given geometrical constraints (i.e., the constant droplet vol-
mes and geometrical constraints of filament surfaces). In the
bove, �SLi and �SV are respectively the interfacial tensions of
olid–liquid and solid–vapor, ALiV and ASLi are respectively the
iquid–vapor and solid–liquid interfacial areas, and AL1L2 are the
nterfacial area between two partial-engulfing droplets. In this
tudy, the computational procedure of (15) is implemented by
sing a public domain SFEM package: Surface Evolver by Brakke
30,31]. It has been demonstrated that Surface Evolver is an efficient,
niversal simulation tool capable of solving a wealth of wetting
roblems involving complex surface facets and multiple liquids.

During the numerical simulation based on Surface Evolver, the

FEM model of two partial-engulfing droplets on a filament is built
p by first defining two super volume elements that represent the
wo partial-engulfing droplets as shown in Fig. 5(a). Two  groups of

odel parameters are defined as requested by Surface Evolver, i.e.,
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ig. 8. Variation of the pressure of droplet 1 of two partial-engulfing droplets on a
ber with respect to the droplet volume ratio.
Fig. 9. Variation of the pressure of droplet 2 of two partial-engulfing droplets on a
fiber with respect to the droplet volume ratio.

geometric parameters: volumes (i.e., V1 and V2) of two droplets and
filament radius (r), wetting parameters: two  contact angles (i.e.,  �1
and �2) between the droplets and filament, surface tensions (i.e., �1
and �2) of two  droplets, and interfacial tension (�12) between two
droplets. Similar to those adopted by Wu  et al. [40,41] and others,
the global surface energy of the droplet-on-filament system is used
as the criterion to search for the critical droplet morphology at given
geometrical and wetting parameters. Since the numerical solving
process of Surface Evolver is based on numerical iteration with slow
convergence rate at the situation of very fine mesh and very large
number of nodes. Therefore, special cares have been taken in the
course of generating input data file and refining the droplet mesh
in order to accelerate the numerical convergence and maintain the
numerical stability. The numerical iteration is terminated when the
relative numerical error of the global surface energy of the system
is below 1%. Fig. 5 shows the typical snapshots during a numer-
ical process (the filament is not plotted). It can be observed that
the wetting morphology of the droplet-on-filament system secures
such stable morphology till the end of the numerical process. In
addition, due to the axisymmetry of the droplet-on-filament sys-
tem, half- and quarter-droplet models are further built up and

0.0 0.5 1.0 1.5 2.0 2.5 3.0
120

135

150

165

180

195

 Sample 1;  Sample 2;  Sample 3
 Sample 4

Surface tension: Droplet 1: 0.5; Droplet 2: 1.0
Interfacial tension:0.7

Contact angle: Droplet 1: 35
o
; Droplet 2: 80

o

Volume of droplet 1: 128

D
im

en
si

on
le

ss
 s

ur
fa

ce
 e

ne
rg

y

Dimensionless fiber radius

Fig. 10. Variation of the global surface energy of two partial-engulfing droplets on
a  filament with respect to the fiber radius.
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Fig. 11. Variation of the pressure of droplet 1 of two  partial-engulfing droplets on
a  filament with respect to the fiber radius.
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Fig. 12. Variation of the pressure of droplet 2 of two partial-engulfing droplets on
a  filament with respect to the fiber radius.

Fig. 13. Wetting morphologies of two partial-engulfing droplets on a filament with varying fiber radius. Column 1: SFEM mesh at the final state; Column 2: 3D view; Column
3:  front view; Column 4: top view. Geometrical parameters: volume of droplet 1: V1 = 128; wetting parameters: contact angles: �1 = 35◦ and �2 = 80◦; surface tensions: �1 = 0.5
and  �2 = 1.0; interfacial tension between two droplets: �12 = 0.7.
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imulated to validate the entire-droplet model (Fig. 5). Numerical
esults indicate that these droplet models are capable of predict-
ng highly accurate surface energy and droplet internal pressures.
ig. 6 compares a few wetting morphologies of the entire-, half-,
nd quarter-droplet models with the same geometrical and wet-
ing parameters. It can be observed that the wetting morphologies
f the droplets based on the three droplet models are the same,
hich also validate the present droplet models.

.4. Numerical scaling analysis of two partial-engulfing
mmiscible droplets on a filament

The above droplet-on-filament models are further exploited for
xamining dependencies of the surface energy and droplet inter-
al pressure of two partial-engulfing droplets on a filament upon
he droplet volume ratio and fiber radius. It needs to be mentioned
hat all the physical parameters used in the present simulations

re dimensionless, which means that when assigning proper units
o a few parameters, the units of the rest parameters are speci-
ed properly. For instance, if assigning “N/mm”  and “mm”  as the
nits of surface/interfacial tension and fiber radius, respectively,

ig. 14. Wetting morphologies of two partial-engulfing droplets on a fiber with varying 

ront  view; Column 4: top view. Geometrical parameters: volume of droplet 1: V1 = 128; w
nd  �2 = 1.0; interfacial tension between two droplets: �12 = 0.7.
cience 294 (2014) 49– 57 55

then the unit of surface energy would be “N mm”  and the unit
of droplet volume would be “mm3”. Other unit conversions even
with scaling can be derived correspondingly. In the following, two
groups of numerical simulations are performed for scaling analy-
sis. The selection of specific model parameters does not limit the
universal nature of the present droplet models in solving broad
wetting problems of droplet-on-filaments. In the first set of sim-
ulations, the following model parameters are fixed: geometrical
parameter V1 = 128 and fiber radius r = 0.5; wetting parameters:
contact angles: �1 = 65◦ and �2 = 80◦; surface tensions: �1 = 0.5 and
�2 = 1.0; interfacial tension between two droplets: �12 = 0.7, while
the volume of droplet 2 decreases with the droplet volume ratio
V1/V2 from 1.0 to 2.0 such that six discrete V1/V2 ratios are sampled
(V1/V2 = 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0). At each sampled V1/V2 ratio,
five simulations are executed to ensure the repetitiveness of the
droplet model; half- and quarter-droplet models are also utilized to
validate the robustness of the entire-droplet model. Figs. 7–9 show

the variations of the surface energy and droplet internal pressures
with respect to the varying droplet volume ratio (V1/V2). It can be
observed from Figs. 7–9 that the numerical experiments show very
good numerical convergences, corresponding to the robust droplet

diameter. Column 1: SFEM mesh at the final state; Column 2: 3D view; Column 3:
etting parameters: contact angles: �1 = 35◦ and �2 = 80◦; surface tensions: �1 = 0.5
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odel aforementioned and showed in Figs. 5 and 6. Fig. 7 indicates
hat at the given model parameters, the global surface energy of
wo partial-engulfing droplets on a filament decreases nearly lin-
arly with increasing droplet volume ratio. This observation can
e understood that given the volume of droplet 1 (V1), the volume
f droplet 2 (V2) decreases with increasing droplet volume ratio
V1/V2), which leads to the decrease of the total volume and sur-
ace area of the droplet-on-filament system, i.e.,  decreasing global
urface energy. Figs. 8 and 9 show that the internal pressure in both
roplets increases nearly linearly with increasing droplet volume
atio. Herein, with increasing droplet volume ratio, the volume of
roplet 2 (V2) decreases, corresponding to the decrease of mean
rincipal radius of curvature of droplet 2, i.e.,  the increase of inter-
al pressure of droplet 2 according to Young–Laplace formula (3).

n addition, the increased pressure in droplet 2 further deforms
roplet 1, resulting in the decrease of the mean principal radius
f curvature of droplet 1, i.e.,  the increase of internal pressure of
roplet 1 as shown in Fig. 8.

In the second group of simulations, the following model
arameters are specified: geometrical parameter V1 = 128; wetting
arameters: contact angles: �1 = 35◦ and �2 = 80◦; surface tensions:
1 = 0.5 and �2 = 1.0; interfacial tension between two droplets:
12 = 0.7. Four droplet volume ratios are used (V1/V2 = 1.0, 1.2, 1.4,
nd 1.6), and the fiber radius r varies from 0.01 to 3.0. Figs. 10–12
how the variations of the surface energy and droplet internal
ressures with respect to the varying fiber radius. Fig. 10 indi-
ates that given the model parameters, the global surface energy
ecreases with increasing droplet volume ratio (V1/V2) within the
ange of fiber radius under investigation as expected from the
bove simulations. In contrast, the global surface energy decreases
lightly and then increases with increasing fiber radius for each
roplet volume ratio specified in this study. The latter indicates
hat a minima of global surface energy exists at a critical fiber
adius for each droplet volume ratio (V1/V2). In addition, Fig. 11
hows that given a droplet volume ratio (V1/V2), the internal pres-
ure of the droplet 1 decreases nearly linearly with increasing fiber
adius; while given a fiber radius, it also increases slightly with
ncreasing droplet volume ratio (V1/V2) as predicted in the first
et of simulations. Fig. 12 shows that given a droplet volume ratio
V1/V2), the internal pressure of droplet 2 decreases slightly and
hen increases continuously with increasing fiber radius, which also

eans that a minima of internal pressure of droplet 2 exists at a
ritical fiber radius. Furthermore, given a fiber radius, the internal
ressure of droplet 2 increases with decreasing the droplet vol-
me  ratio (V1/V2), similar to those predicted in the first group of
imulations.

Furthermore, variations of the droplet morphology with respect
o the fiber radius at two droplet volume ratios (V1/V2 = 1.0 and
.6) are shown in Figs. 13 and 14. It can be observed that given

 fiber radius, the droplet morphology deforms with increasing
roplet volume ratio (V1/V2). Meanwhile, given a droplet volume
atio (V1/V2), the droplet gradually transfers into a thinning torus
n the fiber with increasing fiber radius, resulting in a lower princi-
al radius of morphology curvature in the axisymmetric plane, i.e.,
igher internal pressure of droplet 2.

. Concluding remarks

The engulfing behavior of two immiscible droplets on a filament
as been studied in this work. Analytic solutions to two limiting
ases of droplet engulfing and non-engulfing have been determined

y extending the previous studies on a barrel-shaped monolithic
roplet wetting on a filament. In the case of two immiscible droplets
artial-engulfing on a filament, a robust computational droplet
odel has been established and validated successfully. Detailed

[
[
[

[

cience 294 (2014) 49– 57

numerical simulations have been conducted using an efficient
SFEM (Surface Evolver) for systematically examining the depend-
encies of model parameters on the wetting morphology, surface
energy, and internal pressure of droplets of the droplet-on-filament
systems. It needs to be acknowledged that the present study is still
at the beginning of this research field, and quite a few outstanding
issues need to be explored such as the phase diagram of describ-
ing the morphology transition among engulfing, non-engulfing, and
partial-engulfing of two immiscible droplets on a filament. Yet, due
to the involvement of multiple droplets, surfaces and interfaces,
explicit solution to such a phase diagram might be extremely diffi-
cult to gain; purely numerical simulations based on Surface Evolver
would also be rather challenging since Surface Evolver (based on
traditional surface meshing) is unable to predict the topological
transition (morphological transition of engulfing) of the droplet-
on-filament. Thus, new efficient, suitable numerical methods are
still desired for resolving such issue.

In addition, the present computational modeling also provides
rich information on two immiscible droplets partial-engulfing
on a filament. The numerical scaling analysis has explored the
dependencies of wetting morphology, surface energy, and inter-
nal pressure of droplets of the droplet-on-filament system upon
the wetting properties and geometries of the system. The present
study offers a practicable tool that can be utilized for analysis and
design of tailorable wetting properties of textiles and development
of novel multifunctional fibrous materials for environmental pro-
tection such as oil-spill sorption, oil–water separation, targeted
cleaning and liquid sorption, etc.
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