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Abstract

Plateau-Rayleigh Instability (PRI) is the well known phenom-
ena of the breakup of aliquid column or cylinder. Such a pro-
cess is integral to the operation of a range of natural and an-
thropogenic systems, such as gas-liquid and liquid-liquid sepa-
rators, fuel cells, the accumulation of dewdrops on spider webs,
and many more. Volume Of Fluid (VOF) methods, such as
available in OpenFOAM, should be able to accurately resolve
PRI in such systems. One such system, in which PRI is in-
tegral, is the filtration of oil or water aerosol mists using fi-
brous filters. In many cases, entrainment (or carryover) of lig-
uid from fibers occurs. The mechanisms behind such entrain-
ment are poorly understood. Thiswork will validate the Open-
FOAM VOF against classical PRI theory, both with and without
a secondary fluid phase flowing through the system (e.g. air).
Furthermore, the work will utilise the validated two-phase VOF
solver to examine the phenomena of liquid reentrainment from
mist filters.

Introduction

Fine liquid jets and liquid films on cylindrical elements will,
under most circumstances, be unstable and break up into a se-
ries or array of small droplets via Plateau-Rayleigh instability
[7]. There are anumber of applications where the simulation of
this phenomena may be advantageous, examples include, fiber
manufacturing, wire coating, electro-spinning, fuel cells, optic
fibers, surgical textiles and mist/droplet filtration.

The convex surfaces of a cylindrical element (such as a fiber)
indicate that positive curvatures will exist on any coating films
that develop; leading to a positive Laplace excess pressure act-
ing on the film-air surface [6]. The Laplace pressure will gen-
erally try to spread a liquid over a surface. In the case of a
fiber, where the film radius at the solid-liquid interface is dif-
ferent from that at the liquid-vapor interface, this pressure will
act to force the liquid out of the film and in doing so intro-
duce an instability. Here, the liquid surface tension will act to
minimize the free surface area, thereby creating the instability
[8]. This instability will cause the liquid film to undulate and
break up into an array of droplets. This was first observed by
Plateau, who demonstrated that all axisymmetric wavelengths
greater than the liquid cylinder (film) circumference will be un-
stable. Of al the possible wavelengths, the fastest mode will
predominate [6]. Thisis the commonly known phenomena, of
Plateau-Rayleigh instability and for a thin film on a fiber the
predominant wavelength (1) will be 2nv/2r¢ [6], where r is
the radius of the fiber.

Therefore the thickest possible film which could exist, on athin
cylindrical fiber, would be when the wavelength was equiva-
lent to the circumference of the liquid cylinder coating thefiber.
Such that 2rv/2r ¢ = 2r(rs +hy).

Mullins et a. [4] showed that this imposes a limit on the film
thickness, h, of hy = r¢(v/2—1).

The accurate resolution of Plateau-Rayleigh instability is vital
for realistic 3D simulation of systems such as liquid (mist) fil-
ters[1]. In order to develop CFD models for complex droplet-
fiber (and fluid flow) systems, such as fibrous filters and Proton
Exchange Membrane (PEM) fuel cells, we need to first ensure
that the simulations of the micro-scale physico-chemical pro-
cesses are accurate. Given that coalescing filters work by cap-
turing liquid aerosol droplets and that these droplets (assuming
they wet the fibre) spread over the fiber to form athin film, the
accurate simulation of Plateau-Rayleigh instability will be im-
portant in any attempt to simulate such droplet-fiber systems as
awhole. We seek to demonstrate that such simulations can be
accomplished using an open-source Computational Fluid Dy-
namics (CFD) Volume-Of-Fluid (VOF) solver; thereby demon-
strating that CFD is an appropriate, accessible and viable tech-
nique for the simulation of droplet fibre systems. The simula-
tion then, does not rely on the derivation of an appropriate nu-
merical expression, but on a more fundamental solution to the
momentum and continuity equations.

Methodology

Our simulations utilised the open-source OpenFOAM CFD
package (Silicon Graphics Inc. Sunnyvale, USA). An unstruc-
tured hexahedral mesh was generated over asingle 10 um diam-
eter cylinder, located centrally and oriented either vertically or
horizontally within a square prism, with the longest side being
equal to (or in the reentrainment studies greater than) the length
of the fiber. A fluid column (film) was placed around the fibre
with a specified thickness. The flow field within the film was
set to have zero velocity; i.e. it is stationary. A cyclic boundary
condition was set between the two faces of the geometry inter-
sected by the fiber. The solver used was a three-dimensional
unsteady solver, that utilised the Multidimensional Universal
Limiter with Explicit Solutions (MULES) agorithm to handle
the transport equation and the Pressure Implicit with Splitting
of Operators (PISO) algorithm for the coupled pressure-vel ocity
fields.

The transport modelsimplemented in OpenFOAM allow for the
contact angles of the two-phase interface to be defined. Thisre-
quired specification of the parameters 6, U6, 65 and 6r. The
value of 8, the static contact angle, was selected based on pub-
lished experimental data[1]. The value of the dynamic contact
angle velocity scalepd was set to 1. The values of 64 and g (the
limiting advancing and receding contact angles, respectively)
were set to 1.047 and 0.01 radians. These values are not the dy-
namic contact angles of the system, but limiting ranges for the
simulation and were chosen to give the system awide permissi-
ble range and also to avoid negative numbers and zeros, which
may have caused the calculation to become unstable.



Table 1: Film thicknesses and observed break-up, without flow
field. The maximum theoretical h; is2.07 pm

hy (um) | Break up Notes t (s) to Break up
u=0m/s/ u=0m/s/u=0.1 m/s
u=0.1 m/s
1 no/no unstable* - /-
11 no/no unstable* - /-
12 no/no unstable* -/ -
13 no/no unstable* -/ -
14 yes/yes | stable(2)™ | 0.00054/0.00041
15 yes/yes | stable(2)™ | 0.00055/0.00041
1.6 yes/yes | stable(2)™ | 0.00074/0.00062
17 yes/yes | stable(2)* | 0.00074/0.00062
1.8 yes/yes | stable(2)™ | 0.00102/0.00086
1.9 yes/yes | stable(2)™ | 0.00108/0.00086
2 yes/yes | stable(2)* | 0.00108/0.00087
3 yes/yes | stable(2)* 0.0011 / 0.0009
5 yes/yes | stable (2)™ 0.0011 /0.0009

- the film does not break up into droplets, however the surface
profile changes over time.
T - the film breaks up into 2 axisymmetric droplets

In order to test the onset of Plateau-Rayleigh instability, the
thickness of the film was varied between simulations. The max-
imum possible film thickness for a given system can be deter-
mined using Equation hy. Therefore by simulating film thick-
nesses either side of this maximum value, the effectiveness of
OpenFOAM in simulating the Plateau-Rayleigh instability can
be determined.

In addition to the “static” cases examined, a laminar (steady)
flow solver was used to impose a second fluid (flow) field (air
from left-right of geometry) on the original fluid (droplet/film)
phase (oil) which allowed droplet motion and displacement in a
flow field to be examined, and permitted comparison with pre-
vious results [1]. Gravitational forces were not considered in
simulations, asit has been proven insignificant for dy < 100um.

Results and Discussion

Simulations were conducted on fiber lengths of 175, 225 and
500 um to ensure that the (cyclic) geometry boundary did not
influence the film break-up. According to The equation for h,
the thickest film which should exist on a 10 um diameter fiber
is 2.07 pm. Therefore film thicknesses around this value were
examined. The results of the simulations run without the pres-
ence of aflow field, are given in Table 1. Under-relaxation was
also utilized, by placing relaxation factors of 0.8 and 0.3 on the
initial estimates of the pressure and velocity respectively.

Fig. 1 shows the bresk-up of a 2 pm thick film on a 10 ym
diameter fiber. Fig. 1a shows the initial film (i.e. aat=0s),
which simply displaysthe liquid film on thefiber. Fig. 1b shows
the film at t = 0.00078 s, which has begun to undulate and no
longer appears completely cylindrical. Fig. 1c, d and e show the
fairly rapid formation of axisymmetric droplets at t = 0.000845,
0.00086 and 0.00087 s, respectively. Fig. 1f shows a distinct
centrally located axisymmetric droplet at t = 0.00092 s, with
droplets immediately above and below extending to the bounds
of the geometry.

The results in 1 show that the simulated break up occurs at a
lower value of h; than predicted by h. This however is per-
missible, as the value obtained from hy represents a maximum
alowable film thickness. Therefore it is clear that the solver
will not allow a physically unrealistic film to exist on the fiber.
The films that do not break-up are considered unstable, as the
fluid surface does not attain a consistent conformation, i.e. re-

mains clearly as a film, however the surface position exhibits
dlight fluctuations over time.
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Figure 1: A series of images showing the simulation of
the break-up of a liquid film under the influence of Plateau-
Rayleigh instability, from t=0 (&) to t=0.00092 (f)
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Figure 2: The space between droplets formed by the simulation
of the break up of a2 ym film via the Plateau-Rayleigh inste-
bility, in absence of flow, (&), and in the presence of flow, (b)

The film break-up was also simulated in the presence of flow,
using the same film thicknesses. When compared with the re-
sultsin 1, however, it was found that the maximum film thick-
ness that the solver will alow is ultimately no different in the
presence of aflow field; however, the break-up of the film does
however occur at an earlier time-step in the simulation. So the
presence of air flow velocity (u) (0.1 m/sin this case) will in-
fluence the time to break up of a liquid film but not the film
stability. Additionally, the droplet positioning on the fibre is
different in the presence of flow; thiscan be seeninFig. 2. This
effect was verified over multiple simulations and is likely due
to the system acting to minimize overall drag force.

The simulation of the break up of aliquid film into an array of
droplets via Plateau-Rayleigh instability could be further vali-
dated using experimental observations [6], where droplet spac-



ing was found theoretically to (usually) correspond to the length
of the predominating wavelength. This wavelength as deter-
mined by Quere [6], is 2rv/2r ¢, and therefore on a 10 um di-
ameter fiber, the average droplet spacing will be 44.43 um. This
however, relieson hy << r¢, whichisincorrect in our case since
we have a 2 pm film on a 5 pym radius fiber. Asis shown in
Fig. 2 we can measure droplet spacing from our results. Here
the droplet spacing can be seen to be greater in the presence of
flow, which is likely related to the earlier film break up. Mean
droplet spacing for multiple simulations was found to be 71.9
+ 5 pm for u=0 and 81.2 + 5 pm for u=0.1, with no significant
difference observed for higher values of u.

The droplet spacing was found to be consistent, regardless of fi-
bre length and is not influenced by the presence (or absence) of
cyclic boundary conditions. However, given the difference be-
tween the simulated and theoretical droplet spacing on thisfibre
diameter, it was decided to explore the simulated droplet spac-
ing further. Fig. 3 shows the simulated (VOF) and theoretical
(Quere [6] theory) droplet spacing resulting from the break-up
of afilm of thickness hy on a number of fibre diameters. It can
be seen that good agreement between theory and simulation ex-
ists between 15 and 20 pm and near 30 um. Some deviation
occurs above and below these values. This indicates that the
break-up of aliquid film into a droplet array can be simulated
reasonably well.
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Figure 3: Simulated and theoretical [6] droplet spacing, result-
ing from the break-up of aliquid filmof thickness hy on different
fiber diameters

Mead-Hunter et a. [1] introduced a theoretical model, which
described the force required to move a droplet along afiber. In
this model a term describing the displacement (r) of the mass
centre of the droplet away from the center of the fiber was pro-
vided. Increasing r was found, both theoretically and experi-
mentally, to decrease the force required to move adroplet. This
effect should then be present in the simulated system.

Droplet displacement (r) in air flow was examined by varying
the flow velocity (u) acting on the system. r=0, when u=0, and
increases as U increases.

A droplet that does not drain at u=0.1 m/s, may drain at u=0.2
m/s. Thisis due to the combined effects of increased air flow
force acting on the droplet and the effect of r, which decreases
the force needed to drain adroplet of a given size.

At u=0.1 m/sthe droplet appears slightly displaced, with asmall
value of r. At u=0.2 m/s, the value of r is dlightly larger and
the droplet drains down the fiber much more readily. Hence
less force is required in order to initiate droplet motion. The
influence of r may be seen in Fig. 5a, where the relationship
between u, F and r is shown. Herer is considered in terms of
r/b (where b is the droplet radius) as this allows droplets and
fiber of different sizesto be compared [5].

The force acting on a droplet in the simulation may be calcu-
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Figure 4: A series of images showing the movement of a coa-
lesced droplet down a fiber under the influence of flow (u=0.2
m/s), and the merging of this droplet with the droplet immedi-
ately below

lated by extracting the gradients from the surface normals at
the two-phase interface and multiplying by the liquid viscosity
(performed using a custom script). The simulated force can be
readily compared to the force predicted by classical drag equa-
tions (assuming a spherical droplet). The drag force (Fy) on a
sphere is given by; Fy = 3npdqu, and the drag on a cylinder
(fiber) by; Fc = % pu?d.LCp, where d; is the cylinder diameter,
L the cylinder length, and Cp the drag coefficient.

Both previous drag equations hold for low values of Reynolds’
number (Re, <1); Re= &J’d , Where, p isthe density of the fluid
(air), dg isthe droplet diameter and pis the fluid viscosity. The
drag force of a“barrel” droplet on afiber may then be approxi-
mated ask = Fy — F..

Fig. 5b shows the simulated forces acting on the droplets com-
pared to the drag force on asphere and cylinder. Reisplotted on
the x-axis as this accounts for both u and b. The difference can
be seen to become more pronounced as the velocity increases,
most likely due to the simulated droplet not being truly spheri-
cal and also able to be deformed in the flow field, whereasin ??
the particle remains perfectly spherical. It is possible to obtain
the relationship between F and Re and that between F and r/b
from the linear fits shown in Fig. 5, such that; F = 96.31Re,
and F = 59.28%. Thus, the force can be considered in terms
of dimensionless parameters. Additionally, we can empirically
derive an expression for r, such that; r = 1.625bRe, therefore,
the droplet displacement may be found from the droplet size
and flow parameters. This expression should hold for arange of
droplet sizes, provided that the Reynolds number is low and
the surface tension of the liquid similar. Previous work by
Mullins et. al.[5] attempted to measure the force required to
pull droplets off afiber, however, these forces were significantly
less than those simulated in the current work. Fig. 6 shows the
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Figure 5: Forces calculated from results and R (a) shows the
relationship between u, r/b and F for the simulations. (b) shows
F obtained from the simulation and the drag equations against
Re, the values shown are of aseries of repeated simulations. The
error bars on () indicated the error associated with measuring
r and b from the smulation

re-entrainment of a 50 um droplet after axial motion along the
fibre, and aplot of the axial droplet velocity vs (parallel) airflow
velocity. The forces simulated in the current work, however, are
comparable with those predicted by the drag equations and of
the same order of magnitude as forces measured on similar sys-
tems presented in the authors' previous work [1, 2]. Therefore
we assert that the VOF solver can accurately simulate the forces
acting on aliquid droplet.

Conclusions

This work has shown that it is possible to accurately simulate
the break-up of aliquid film coating a cylinder under the influ-
ence of Plateau-Rayleigh instability. The VOF solver in Open-
FOAM isableto simulate thisbreak up based on solutionsto the
transport equations, without the need to devel op detailed numer-
ical models. The solver alows the force acting on the system
at any point (e.g. the droplet surface, to be calculated). Realis-
tic droplet displacement under the influence of the velocity field
is also shown. Therefore, CFD can be seen as a valuable tool
in the modelling of droplet-fiber systems [3], including more
complex systems, or even completely disordered systems, such
as mist filters. Furthermore, it has been shown that the Open-
FOAM VOF can aso resolve re-entrainment of liquid droplets
from fibres and mist filters.
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