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1 Introduction

Reliable simulation of flows in which a liquid wets a solid at a moving contact line is the key
to the understanding of a whole host of technologically important processes, such as in the
coating of optical fibres or in the use of inkjet printed microdrops as an alternative fabrication
method. Such flows can be considered as microfluidic phenomena and are characterized by large
surface area to volume ratios in which interfacial effects become dominant. The trend towards
miniaturization has continued with much recent speculation about the nature of dynamic wetting
in nanofluidics, and in particular the imbibition of liquids into carbon nanotubes. Here, it is
known that experiments cannot be described using current models for the interfacial dynamics
[1] and a new approach is sought after.

To extract reliable unambiguous experimental data from micro and nanofluidic flows is dif-
ficult and/or costly and, consequently, there is a desire to have a flexible and robust compu-
tational tool, which can quickly map parameter space of interest to allow a specific process to
be optimized. Such computational software could be validated against experiments at scales
and geometries easily accessible to accurate measurement and then used to make predictions in
processes inaccessible to experimental analysis.

A physical phenomenon which distinguishes between the predictions of the many different
models proposed in the literature for this class of flows is the ‘hydrodynamic assist to dynamic
wetting’, which was first observed in high accuracy experiments on the curtain coating process
[2]. It was shown that if a given liquid wets a given solid at a fixed contact line speed, the
dynamic contact angle can still be manipulated by altering the flow field in other ways, for
example by changing the flow rate or curtain height, to allow the process to be optimized.
Similar dependencies have been noted in the spreading of a liquid between parallel plates [3], the
imbibition of liquid into capillaries [4], in the spreading of impacted drops over solid substrates
[5] and in the coating of fibres [6]. Our aim is to determine if these are flows in which ‘assist’
also occurs or whether the results can be attributed to low spatial resolution in the experiments.

Currently, the only model able to even qualitatively describe the aforementioned phenomena
is the interface formation model [7]. This model captures the key physics of wetting, that is the
process in which fresh liquid-solid interface is formed, and shows how the global flow influences
the dynamic contact angle by altering the relaxation of dynamic surface variables along the
interfaces. To compare the predictions of this model to experiments requires the development of
CFD code, which has been the aim of many investigators coming from a range of backgrounds,
but thus far has not been achieved due to the mathematical complexity of the model.

Progress in the development of the aforementioned CFD code was achieved in [8], where the
mathematically less complex conventional models were incorporated into an accurate compu-
tational framework. The developed finite element code uses an arbitrary Lagrangian FEulerian
description, in order to accurate capture the free surface motion, which is based on the spine



method developed by Scriven and co-workers [9] for coating flow simulation, whilst time deriva-
tives are handled using the second-order accurate BDF2 method described in [10]. It was shown
that many of the previous numerical results obtained for dynamic wetting processes are unreli-
able as they contain uncontrolled errors caused by not resolving all the scales in the conventional
model, most notably the dynamics of slip and the curvature of the free surface near the contact
line.

Recently, the interface formation model has been incorporated into the finite element frame-
work, with a detailed description of the implementation, as well as benchmark calculations, of
the first full implementation of this model provided in [11]. Following on from this, the code
has been used to describe the dynamics of liquid drops on both homogeneous and chemically
patterned surfaces in [12]. Here, we present benchmark calculations from the code, highlighting
key newly discovered physical effects and then proceed to discuss the potential capabilities of
the developed computational tool.

2 Benchmark Simulations of Dynamic Wetting Processes

Results from a programme of comparative study of how dynamic wetting flows are described by
different theories are presented. Two completely different flows, namely the imbibition of a liquid
into a capillary and the impact and spreading of microdrops, are used to validate our simulations
against experimental results which already exist in the literature. Then, benchmark simulations
are provided which highlight experimentally verifiable differences between the interface formation
model’s predictions and those from previous models of wetting proposed in the literature. In
particular, the effect of the system size on the relationship between the dynamic contact angle
and the contact line speed, which is not included in conventional models of dynamic wetting, is
a new path of investigation which will be shown to be critical to industrially-relevant micro and
nanofluidic flows.

The height z, of a meniscus propagating into vertical completely wetting capillaries of radius
0.036cm and 0.074cm is plotted in Figure 1. Comparison is made between experimental results
in [13], the Lucas-Washburn curve which is often used to describe this class of flows and our
simulation. Considering that no parameters have been fitted, our computations are seen to
approximate the data exceptionally well and are vastly superior to the Lucas-Washburn curve
which hugely overpredicts the speed of the meniscus through the capillary. Our code will be
used to compare all the models proposed for imbibition into a capillary, establish the individual
effects contributing to the meniscus’ behaviour and ascertain bounds of applicability on models
previously proposed.
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Figure 1: Apex height z, of a meniscus in a capillary of radius 0.036cm (left) and 0.074cm
(right) as a function of time ¢. Experimental results are circles and crosses, our simulations are
the solid lines whilst the dashed line is the Lucas-Washburn result.



Secondly, we consider the impact and spreading of microdrops on solid surfaces in the pa-
rameter range applicable to inkjet printing technologies. In Figure 2, a typical simulation is
compared to experiments in [14] and, again without any fitted parameters, excellent agreement
is seen. After this validation, an extensive analysis of parameter space using our computational
tool will be shown to indicate clear, experimentally verifiable, deviations between the predictions
of different models used for the microdrop spreading process and, finally, additional physical ef-
fects will be added, such as the use of chemically patterned surfaces to gain flow control on the
process.

Figure 2: Simulation of a 25um radius drop of water impacting a partially wettable solid at
12.2m s~! compared to experiment of [14].

3 Discussion

The developed framework has demonstrated its ability to accurately describe a range of technologically-
relevant dynamic wetting phenomena and can now be adapted to consider other processes of
industrial and/or fundamental interest. For example, the code can be adapted to simulate
other situations where the influence of the flow field or geometry on the contact angle has been
observed, for example in high-speed coating of fibres or in curtain coating technologies. Fur-
thermore, the influence of system size on flow characteristics can easily be attained by, say,
looking at drop impact phenomena from millimetre-size right down to nanometre size; at the
bottom end of this scale a comparison with molecular dynamics simulations can be performed.
Moreover, as additional physical effects, such as heat transfer or electromagnetic fields become
relevant, these can be built into a code which has been thoroughly validated for the underlying
wetting process.

The flexibility of the computational tool also allows other free surface flows of interest to
be considered, in particular, the coalescence of liquid drops, whose dynamics are critical for a
range of processes, such as the interaction between sessile and impacting drops ejected from 3D
printers. In this phenomenon, recent experimental results, which capture exceptionally small
spatio-temporal scales [15], demonstrate the failure of current models in describing this class of
‘singular flows’. These results suggest that more complex physics, such as that brought in by
the interface formation model, are required.
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