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ABSTRACT

Hypothesis: The rate of stain growth of a sessile droplet deposited on paper has been previously studied
(Kissa, 1981; Danino and Marmur, 1994; Kawase et al., 1986; Borhan and Rungta, 1993) but is not fully
understood. In particular, the mechanism by which the abrupt decrease in growth rate occurs is
unknown. This process is expected to follow a model where the disappearance of the droplet is repre-
sented by a change to the boundary condition at the droplet-paper interface when the volume of the fluid
inside the paper is equal to the volume of the simulated droplet.
Experiments: The stain size of sessile droplets on paper was monitored against time. A series of fluids
varying in surface tension and viscosity was studied. The kinetics of stain growth was modelled and com-
pared with experiments and existing models of stain growth.
Findings: The measured stain area formed by a sessile droplet deposited on paper follows a two regime
mechanism (Danino and Marmur, 1994). In the initial regime, the dynamics are governed by the filling of
pores. However, in the later stage, the process is influenced by the emptying/redistribution of fluid.
Simulations show that experimental results are well described by a model that identifies the change in
boundary conditions after the droplet is no longer present above the paper, coupled with the change
to a redistribution dominated mechanism.

Crown Copyright © 2019 Published by Elsevier Inc. All rights reserved.

1. Introduction

rial to be a collection of cylindrical capillaries and gives fairly good
correlation with experimental results in a variety of porous

Wicking has been described for many years by the Lucas- materials [7,8]. However, there are several critical and restrictive
Washburn equation [5,6]. This model assumes the substrate mate- simplifications required that prevent generalisation of the model
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to all wicking applications. The two most notable assumptions of
the Lucas-Washburn equation are: (i) the unidirectional require-
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ments and (ii) the definition of a sharp interface where the


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2019.01.032&domain=pdf
https://doi.org/10.1016/j.jcis.2019.01.032
mailto:Gil.Garnier@monash.edu
https://doi.org/10.1016/j.jcis.2019.01.032
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis

M,J. Hertaeg et al./Journal of Colloid and Interface Science 541 (2019) 312-321 313

material transitions from 100% saturated to 0% saturated at the
wicking front. These two assumptions do not apply for many sys-
tems including droplets wicking on paper. To overcome these sim-
plifications, previous researchers have derived relations based on
Darcy’s law for flow through porous media. These approaches
allow for the description of wicking in complex geometries and
semi-saturated media and are used in the design of many paper-
based diagnostic devices [9].

The deposition of a droplet of liquid onto the surface of a thin
porous material like paper is a special wicking case that has
received particular attention. Droplets wicking on porous media
and the kinetics of stain growth play a critical role in many indus-
trial applications, including printing for communication and func-
tional uses such as biodiagnostic manufacturing. Fundamentally,
modelling the kinetics of droplet wicking, from sessile droplet to
stain at equilibrium, has remained a complex and elusive task. This
process is different from the case of a infinite reservoir system
because at some finite time after deposition, the droplet will com-
pletely be absorbed by the paper, changing the nature of the pro-
cess significantly. These two stages are usually referred to as
stage one (droplet disappearing from the surface of the paper)
and stage two (absorbed droplet redistributing/wicking in paper).
As stage two is much longer than stage one, most of the models
have been focused there. Many models based on Darcy’s law have
been proposed. However, all have relied on many empiricisms to fit
results [1,2,10,11]. All of these relations can be broadly expressed
in the functional form:

Aoctm, (1)

where A is the wetted area, t the time after deposition and m is a
constant. The evolution of the stain area produced by a wicking dro-
plet is quite well represented by this power law. However, the value
of m is higher in the first stage than in the second stage. The stated
values of m for each stage vary but are in the range of 0.39-0.50 for
the first stage and 0.10-0.33 for the second stage [1-4]. These dis-
crepancies have been attributed to differences between fluids, dro-
plet sizes, absorption by fibers, temperature and humidity;
however, no model has been able to explain the large variation
reported.

Marmur [12] presented an analytical model for radial wicking
where the material is modelled as a gap between two plates with
liquid being introduced from a hole in the center of the top plate.
Marmur’s equation expressed in terms of area [4] is given as:

A A 27dy cos 0
a () = () .

Here A is wetted area, A, is the area of the inlet, d is the separa-
tion of the two plates, y is the liquid-vapour surface tension of the
liquid, 0 is the contact angle and p is the viscosity. This approach is
similar to that of Lucas and Washburn as it also assumes a sharp
interface. Despite this, the equation predicts radial wicking behav-
ior from infinite reservoirs quite well [2,4] and results from Danino
and Marmur [2] imply that it also can be used to model stage one
of droplet wicking. For the droplet wicking case, it is not clear what
value to use for A,; however, the fitted values are physically
reasonable.

The effectiveness of Marmur’s equation in predicting stage one
behavior implies that the distribution of fluid creates an abrupt
transition between fully saturated and dry paper. However, after
the consumption of the reservoir (stage two), liquid motion is pri-
marily driven by the redistribution effect [13] which is why Mar-
mur’s equation is no longer appropriate. The redistribution effect
is the emptying of initially filled large pores into smaller pores
due to the higher capillary pressures there. Our previous work
has identified that this motion will continue until a position is

reached that is determined by the system’s solid-liquid interfacial
energy [14].

Several numerical studies have predicted wicking behavior
from infinite reservoirs using Richards’ equation, developed to
determine liquid distribution in soils [15-18]. Some of these stud-
ies simulate radial wicking and correlate well with both experi-
mental results and Marmur’s relation (Eq. (2)). The present work
applies previously developed numerical schemes to model the
radial wicking of fluid from a sessile droplet. This is done by apply-
ing the same Dirichlet (saturated) boundary conditions [19] used
for infinite systems at the droplet interface until the simulated dro-
plet is consumed. After this a Neumann (no flux) boundary condi-
tion [19] is used.

It is the objective of this study to measure and model the wick-
ing dynamics of a sessile droplet deposited onto paper. We also
aim to identify and quantify the mechanisms controlling the stain
growth in paper. This knowledge is required to engineer accurate
and predictive paper diagnostics for biomedical applications [20].
A secondary objective of the study is to develop a rigorous, accu-
rate and physically meaningful alternative to the Lucas-
Washburn equation.

2. Methods
2.1. Simulation

2.1.1. Model development

Richards’ equation can be described as Darcy’s law with allow-
ances for mass conservation where the permeability of the porous
material is proportional to the local volume fraction [21],

9¢ =V. <M VP> 3)
ot u

here ¢ is the relative volume fraction expressed relative to maxi-
mum saturation ¢ = €/¢;, € is the volume fraction expressed in vol-
ume of fluid per volume of paper and ¢; is the saturated volume
fraction, K(¢) is the permeability as a function of volume fraction,
[ is viscosity and P is pressure.

In a wicking situation where there is no externally applied pres-
sure gradient and gravitational effects can be ignored, pressure
variation is caused solely by Laplace pressure at liquid-vapour
interfaces. This pressure will be a function of volume fraction as
the liquid-vapour interfaces will be in small pores with higher
Laplace pressures at low volume fractions, and will move to large
pores with lower Laplace pressures at high volume fractions. With
this, Eq. (3) becomes the diffusion equation where diffusivity is a
simple function of pressure, permeability and viscosity:

% _o (D)
o 2o
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This approach was verified by several previous studies [15-18].
However, each of those used a different function for permeability
and pressure distribution. One of the simplest systems of constitu-
tive equations for permeability and pressure was implemented by
Perez-Cruz [15] and is reproduced here. This model expresses the
combined effects of varying pressure and permeability as an effec-
tive scaled diffusivity. Due to the factor of viscosity in Eq. (4), D(¢)
is not a true diffusivity and therefore does not have the units m?/s.
This scaled diffusivity can be expressed as a power law relation
with volume fraction [15]:

D(¢) = Dog" (6)
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where Dy is the viscosity scaled diffusivity at saturation and n is a
constant calculated from a substrate’s pore size distribution index
[22]. Perez-Cruz fit n to results. However, pore size distribution
index (1), and therefore n, can be calculated by fitting Eq. (7) to
experimental porosimetry data (Fig. 3):

- ()"
n=2 +%7 8)

where P, is atmospheric pressure. These relations are based on the
Brooks Corey model for water penetration in soils [22].

2.1.2. Model implementation

The solution of Eq. (4) was carried out in arb, an open source
finite volume solver [23] on a two-dimensional axisymmetric
domain (Fig. 1). Boundary conditions were initially no flux on all
external edges, except the top region covered by the droplet at
0 > r > Ry. Here, the value of phi was fixed at the saturation value
of the material until the total volume of liquid in the domain
reaches the volume of the simulated droplet at t = tg,. For
t > tus the boundary condition at the droplet interface was chan-
ged to the zero flux condition. This procedure simulates the transi-
tion from stage one to stage two radial wicking where the droplet
disappears from the surface of the paper. This process ignores the
changes in droplet radius discussed in previous literature [24] as
the effects on larger scale behavior are secondary. A structured
mesh was used to better capture the sharp front that is created,
with four divisions used in the vertical direction as the problem
is essentially one-dimensional. This is because the small thickness
of the paper relative to its length means that vertical equilibrium
occurs so quickly that a one-dimensional simulation would have
also been appropriate. A two-dimensional domain was however
investigated to make the initial surface saturation boundary condi-
tion where the droplet resides more intuitive. The results of a mesh
refinement study are shown in supplementary information for an n
value of 8. This value was chosen as it is higher than any n value
used in results and therefore represents a worst case, where the
simulation would be most dependent on mesh quality. This is
because higher n values cause a sharper interface to form. A mesh
spacing of 6x = 0.02R, was chosen as this kept simulations to a rea-
sonable time and corresponded to less than a 5% variation from the
finest mesh tested. To simulate the first stage a time step 5t = 0.01
s was chosen to ensure that t,,, was calculated to sufficient accu-
racy. During the second stage the time step was increased incre-

D =i, B C type

ad
—=0,t > tgps Droplet interface

mentally to a maximum of 0.04 s to save computational time.
Time step sensitivity analysis of the same test case as the mesh res-
olution study was carried out, showing that the choice of 6t =
0.01-0.04 s was sufficient for accuracy and stability of the numer-
ical solution.

Stain boundary was calculated by identifying a radial position
that corresponded to a relative volume fraction (¢) of 0.01. As vol-
ume fraction decreases extremely quickly near the edge of a stain,
the criterion of stain front definition did not affect results. This
model uses 7 input parameters: Vp droplet volume, u viscosity, h
paper thickness, D, diffusivity at maximum saturation, n linear
function of pore distribution index, Ay initial droplet area and ¢
saturation volume fraction. While some of these parameters can
be directly measured and some must be fitted, all have a physical
meaning in the first stage of the simulation. As n is only based on
pore distribution index in the first stage it is an empirical fitting
parameter in the second.

2.2. Experimental

2.2.1. Materials

Analytical grade glycerol, decane and ethanol were purchased
from Merck, Sigma and Thermo Fisher Scientific, respectively. Den-
sities of glycerol, decane and ethanol solutions were interpolated
from data measured by Sheely [25], Liu et al. [26] and Khattab
et al. [27] respectively. Tests were performed on Whatman 41 filter
paper and Advantec GA-55 glass fiber filters. Deionized water for
tests and dilutions was purified from tap water with a Direct-Q
water purification system to a minimum resistivity of 18.2 MQ.cm.
Queens blue food dye was used to dye water soluble fluids.

2.2.2. Methods

Droplets were produced with an adjustable needle and a syr-
inge pump in the same way as our previous study [14]. The syringe
pump provided a constant flow rate to the needle which causes
droplets of repeatable size to detach and periodically fall from
the needle. Droplet size was quantified using a Mettler Toledo
TLE balance before the needle was directed onto the paper surface.
The average weight of 4 previous droplets divided by the density of
the fluid was used to estimate the volume of the droplet that fell
onto the paper. Droplet size was controlled by altering needle size.
Stain size data were recorded by a Point Grey Flea3 camera
mounted on a track that captured the reflected bottom view of
the paper. The images were captured at 120 frames per second. A
diagram of the experimental setup is shown in Fig. 2. All tests were
performed in a 23 °C 50% relative humidity environment. To
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Fig. 1. Diagram of simulation domain with implemented boundary conditions.
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Fig. 2. Syringe pump and needle experimental setup. The side mounted camera and 45 degree mirror are shown.

improve contrast, 3 wt% of food dye solution was added to the
aqueous solutions. Tests were performed to ensure the dye at the
concentration studied did not affect results. Although the dynamic
wicking measurements without dye were prone to noise, there was
no significant differences between dyed and not dyed fluids. This
dye was assumed to have the same properties as water and was
included in solution concentration calculations. Droplet disappear-
ance times were found using a side mounted Phantom VEO 410L
high speed camera recording at 4000 fps. No adequate dye was
found for decane as all dyes separated chromatographically due
to their affinity for cellulose. Due to this, no contrast agent was
used and as a result there is more noise in the decane recordings.

2.2.3. Porosimetry

Porosimetry measurements were performed with a mercury
porosimeter (Micrometrics AutoPore IV 9500). This characterises
the infiltration against pressure. To convert this into data that
can be compared to Eq. (7), the infiltration values were divided
by their maximum value; this gave infiltration data relative to
maximum saturation. The pressures were converted to a radius
and then back to a pressure using the Laplace equation applied
on circular capillaries using the surface tension of mercury and

Table 1
Fluid properties used.

then back with the surface tension of water. The values of surface
tension and contact angle used are shown in Table 1.

3. Results
3.1. Porosimetry

To verify the use of Eq. (6), porosimetry measurements were
carried out. This allowed the fitting of model pressure curves (Eq.
(7)) to porosimetry data to determine the pore distribution index
and therefore the value of n. Fig. 3 shows the comparison between
porosimetry data calculated using the surface tension and contact
angle of water. A pressure curve corresponding to an n value of 2.2
is fitted, with good correlation between model and experimental
data.

3.2. Initial penetration

Simultaneously recording the side and bottom views of the
paper substrate allowed the delay between droplet impact and
stain appearance to be measured on all types of paper tested. A
high-speed recording of this imaged at 8000 fps is given in
supplementary information. This recording shows that the vertical

Fluid Concentration wt% Density (kg/m> x 10%) Surface Tension (mN/m) Viscosity (mPa-s) Advancing contact angle on cellulose (deg)
Mercury 100% 485 [28] 130 [28]
Water 100% 1.00 [29] 72.31 [30] 0.93 [29] 13.5 [14]
Glycerol 10% 1.02 [25] 71.97 [31] 1.21 [25]
Glycerol 20% 1.05 [25] 714 [31] 1.63 [25]
Glycerol 40% 1.10 [25] 69.6 [31] 3.40 [25]
Glycerol 60% 1.15 [25] 68.1 [31] 9.63 [25]
Ethanol 20% 0.93 [27] 32.27 [27] 2.52 [27]
Ethanol 40% 0.89 [27] 27.65 [27] 2.49 [27]
Ethanol 90% 0.80 [27] 23.09 [27] 1.38 [27]
Decane 100% 0.73 [26] 24.47 [26] 0.85 [26]
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Fig. 3. Comparison of the theoretical model (Eq. (7)) with the mercury porosimetry
measurement on Whatman 41 filter paper. Volume fraction is calculated as the
volume of fluid in the paper divided by the volume at maximum saturation.

penetration of the droplet into paper occurs so quickly as to be
considered instantaneous over the time scale of the stain growth.
This finding was consistent for all types of paper tested. This very
short time scale of vertical penetration also shows that the vertical
variation of fluid will be insignificant in this study. This, combined
with ignoring the variation between the paper machine (MD) and
cross (CD) directions that is known to cause slightly elliptical stains
[32] allows the process to be considered as one dimensional.

3.3. Stain growth

The stain sizes with time for a series of model fluids on What-
man 41 paper are shown in Fig. 4. The stain size data was recorded
over different time intervals. The main focus was on the early to
mid stages and longer recordings took up significant hard disk
space and were minimised. Due to this, the relative length of the
curves in Fig. 4 vary and are only indicative of the recording time.
The wicking behaviour of droplets of water, ethanol and glycerol
solutions on paper was studied. These liquids were selected to pro-
vide a variety of viscosity and surface tension conditions for a
homologous series of fluids. Droplets of different diameter were
deposited on paper and the stain area was recorded as a function
of time. Results show that the larger droplets cause larger stain
area; however, these area kinetics measurements are not scalable
by any simple function of droplet volume. In some cases, droplets
of slightly larger volumes created smaller stain sizes or vice versa
(Fig. 4d); the droplet volume difference over which this occurs
gives an indication of experimental error. Fluids of high surface
tension wick faster than fluids of low surface tension. Fluids of high
viscosity wick slower than fluids of low viscosity. These trends are
consistent with Marmur’s equation [12]| (Eq. 2) as well as the
Lucas-Washburn equation [6].

3.4. Transition point

A two-stage wicking behavior becomes clearly apparent on a
log-log scale for all fluids tested. The linear counterparts to the
data in Fig. 4 are shown in supplementary information. The transi-
tion point between the two stages was identified from the sudden
change in the gradient in the log-log curves. The questions to
address are therefore whether these two stages have a physical
meaning, and what are the mechanisms driving the phenomena.

From the gradient of the log-log curves, the exponent m (Eq. (1))
can be calculated before and after transition. For all aqueous solu-
tions tested on paper, the value of m for each system ranged
between 0.26-0.44 for the first stage and between 0.12-0.20 for
the second stage. These values are slightly lower than those
reported in most previous studies on radial wicking [1,2,10].

Fig. 5 shows the results of the same test with decane. In this
case there is no clearly defined transition point, and the stains
are much larger than those from similar volumes of aqueous solu-
tions at all times. This size difference is highlighted by the plot util-
ising the same axis dimensions as those in Fig. 4.

Before stain growth data for different fluids can be compared
(Fig. 4), several droplets of similar size but from different fluids
must be compared. Unfortunately, due to varying densities and
surface tensions of fluids, any needle of a given diameter produced
droplets of different size for different fluids. This meant it was not
always possible to accurately predict the size of the droplet. Repro-
ducing identically sized droplets proved challenging for the differ-
ent fluids. To overcome this issue, the data was fitted to a function
of volume at every frame to determine the area’s dependence on
droplet volume at that time. This function could then be interpo-
lated to a desired droplet volume to estimate the stain area at
any volume for each frame. By combining these interpolated area
values, an estimate of the spreading dynamics could be calculated.
The results from interpolation agree with experimental data extre-
mely well and all areas were found to be strongly linear with dro-
plet volume at any given time. This means that the dynamics of
stain growth of a droplet of any size can be predicted accurately
using the results of two droplet sizes. This linearity was also
demonstrated in our previous study [14], where the area to droplet
volume relationship at equilibrium was found to be linear.

Using the data in Fig. 4, the area of the stain at the transition can
be plotted as a function of droplet volume. This is shown in Fig. 6a.
This demonstrates that the stain transition area forms a linear rela-
tion with droplet volume and is independent of fluid properties.
Aqueous solutions at high concentrations of ethanol and glycerol
deviate from this trend slightly.

Fig. 6b illustrates the timing of the stain transition point relative
to the timing of droplet disappearance above the surface of the
paper for water, 40% ethanol and 60% glycerol solutions. The same
figure with data from all water solutions is in supplementary infor-
mation. Fig. 6b also shows that linear fits are reasonable for both
stain size transition and droplet disappearance. Using these linear
fits for all fluids, the timing of stain size transition and droplet dis-
appearance of a 10 pL droplet is interpolated and compared in
Fig. 6¢. It shows that the timing of the two phenomena is related;
as one gets longer, the timing of the other generally follows pro-
portionally. The figure also shows that droplet disappearance
always occurs before the stain growth transition.

4. Discussion
4.1. Stain growth

Fig. 7 shows the results of an interpolation for the wetting area
produced by a 10 pL droplet of several model fluids on Whatman
41 filter paper for the beginning of the wicking period. There are
minor differences in the transient behavior of the stain area kinet-
ics among the various aqueous solution droplets. However, the late
stages appear to converge. This late stage convergence was dis-
cussed in our previous study [14] where the equilibrium stain size
was analysed for a series of fluids. Here, decane produces a much
larger stain size than those from the other fluids tested, despite
having a similar surface tension to the 90% ethanol solution. The
viscosity of decane is slightly lower than that of any other fluids
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Fig. 4. Evolution of stain size with time for a variety of fluids and droplet sizes on Whatman 41 filter paper.

decane was previously attributed to the purely non-polar beha-
viour of the fluid, preventing any swelling of the cellulose fibers
through relaxation of the intra and inter hydrogen bonding among
fibers [3]. Swelling of fibers results in a smaller amount of fluid

studied (Table 1). However, based on the relatively low sensitivity
to viscosity found with the other measurements, it is unlikely that
the slightly lower viscosity of decane is responsible for the huge
discrepancy in stain behaviour observed. The high stain size of
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available, therefore effectively decreasing the liquid volume avail-
able to wick out. The swelling fibers will also physically become
larger, decreasing pore size [33]. Neither the effect of pore size
change or liquid consumption has been thoroughly quantified.
Schuchard and Berg [33] studied the effect of swelling fibers on
vertical imbibition from an infinite reservoir. They reported the dif-
ference between a swelling and a non-swelling fluid could be
accounted for by a reduction of the effective capillary radius in
the Lucas-Washburn equation [5,6] for normal paper fibers.

4.2. Mechanism of the stage transition

A two-stage wicking regime is clearly seen on the log-log scale
of stain size as a function of time (Fig. 4). These regimes are very
reproducible and were systematically observed for all fluids except
for decane on paper. Several explanations for this two-stage pro-
cess were investigated. First, as decane is known not to swell cel-
lulose fibers [33] the transition could indicate the time at which
the fibers have swollen by an amount that would affect wicking.
Tests on filter papers performed with glass fibers (non-swelling)
are given in supplementary information and also revealed a two-
stage process, very similar to that observed on cellulosic fibers.
This observation reveals that swelling is unlikely to be responsible.
A second possible explanation is the absorption of the droplet into
the paper. This process is likely to affect results as its timing corre-
lates with the stain transition (Fig. 6b). However, as this absorption
also occurs with decane droplets, it is unlikely to be a dominant
mechanism. Third, the transition could represent a transition from
wicking through a fully saturated to a partially saturated substrate.
This is likely to affect results; however, as there is little previous
work on the subject, the dominance of this mechanism is unknown
and needs to be further probed. This was achieved here by
modelling.

The transition from a fully saturated to a semi saturated mech-
anism also explains the delay seen between stain transition and
droplet disappearance shown in Fig. 6b. It is reasonable to assume
that the propagation of the effect of the droplet disappearance
(lowering of the local volume fraction), requires a finite period of
time to reach the outside of the stain. Also, the decreased volatility
of decane, compared to aqueous solutions, is unlikely to be respon-
sible for the change in transition phenomena as it would result in a
smaller amount of evaporation occurring. Our previous study
demonstrated [14] that even with the more volatile fluids, no sig-
nificant evaporation occurs over the time scale studied. Therefore,
lowering the evaporation further is expected to have no effect.

4.3. Simulation results

The model developed predicts the wicking behavior of sessile
droplets onto a porous surface. It requires 7 input parameters to
calculate stain size as a function of time: droplet volume (Vp), vis-
cosity (u), paper thickness (h), scaled diffusivity at saturation (Do),
pore distribution index (), initial wet area (Ag) and saturation vol-
ume fraction (&;). Each of these variables has a clear physical mean-
ing and most can be identified experimentally [16]. Although the
choice for droplet volume, paper thickness and viscosity is trivial,
the selection of the remaining variables is more difficult. For the
given case, a value for n and therefore /. was extrapolated from
porosimetry measurement in Fig. 3, and a value for A, was found
by scaling the stage one data with Marmur’s equation (Eq. (2)).
The value of Ay that results in a linear relation with time is chosen
as the A for that situation. An estimation for €; can be found by
measuring the difference between the dry weight and the wet
weight of a paper sample. This was reported for Whatman 41 filter
paper previously [14]| and the volume fraction of water in wet
paper can be calculated to be 0.62. The testing standard used
(TAPPI 441) for wet weight characterisation includes a rolling step
between blotting papers that is designed to remove excess water.
However, this rolling method might also remove some excess
water that will otherwise remain in a droplet wicking case. For
these reasons, the actual saturated value is likely to be slightly
higher than measured. A value of € = 0.7 best fits our results. The
results of a simulation with these calculated parameters and fitting
just the Dy value is shown in Fig. 8. Parameter used in this simula-
tion are shown in Table 2. Viscosity of water is taken from litera-
ture [29].

Although modelling well represents experiments in the first
stage, poor agreement is observed for the second stage. It is clear
that the 7 parameters chosen do not fit the second stage. This is
not surprising, as only infusion porosimetry data was used to cal-
culate n. Hysteresis in porosimetry experiments is well docu-
mented [34] and its relevance to wicking reported [35]. As the
liquid redistribution (second) phase is dominated by the emptying
of pores, it is not surprising that a single value of n cannot capture
both the first and second stages. Fig. 9 shows the results of a sim-
ulation with a value of n that changes for the second stage. This
value was found by fitting the stain area data. This value could
not be externally calculated because it is an effective n for the
specific combination of infiltration and redistribution occurring
in the second stage which is rather complex. Both experimental

Area (mmz)

E— Experimental
*  Simulation
102 107! 10° 10°
Time (s)

Fig. 8. Comparison of experimental versus calculated values of area as a function of
time on a log-log scale.
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Table 2
Parameters used for Fig. 8.

Parameter Value

Vb 17 uL

u 0.93 mPa:s

h 226 pm

Do 12.09 nPa-m?
Ao 43.01 mm?
€s 0.7

n 2.2

and simulation results are also shown for a 17 pL droplet of water
and 40% glycerol solution in Fig. 9. The only difference between
these two simulations is a change in the viscosity parameter and
a refitted second stage n value. Parameters used are given in
Table 3. The viscosity of a 40% glycerol solution was interpolated
from results of Sheely [25]. The fitted value for second stage n
was different between the two fluids, with each requiring a differ-
ent fitted n value for the second stage. The fitted value for n during
the second stage is 5 and 4 for water and glycerol respectively. The
experimental results for glycerol are interpolated from data in
Fig. 4d as a droplet of exactly 17 pL droplet was not tested. The
water case is very well described by the model except for a slight
deviation at later times. This is most likely because evaporation
and swelling become more dominant in the later stages and are
not included in this model. The glycerol simulation predicts behav-
ior very well in the first stage; however, it deviates more than
water in the second. This implies that higher viscosities slightly
invalidate the assumption that the redistribution of fluid can be
represented by a simple constant exponent n. Although the broad
behavior is still represented. Simulations of different droplet sizes
with appropriate changes to Vp and A, and keeping all else con-
stant also fit experimental data. However, small droplets
(<10 pL) are not well described by the model. This is likely because
the small reservoir results in a larger fraction of the stain having
never achieved full saturation. This would make redistribution
more dominant through the whole process, and would mean that
both the calculated n value for the first stage and the fitted value
of n for larger droplets for the second stage may not be an appro-
priate choice. The constant size of the fully saturated boundary
condition in the first stage would also be less appropriate for a
small droplet [24].

300
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Table 3
Parameters used for Fig. 9.

Parameter Water Case 40% Glycerol Case
Vb 17 pl 17 pL

u 0.93 mPa-s 3.40 mPa-s

h 226 pm 226 pm

Do 12.09 nPa-m? 12.09 nPa-m?

Ao 43.01 mm? 43.01 mm?

€ 0.7 0.7

n stage 1 2.2 2.2

n stage 2 5 4

The abrupt transition from stage one to stage two and the flat
region immediately after is caused by the sudden shift in n at the
stage transition of the simulation. In reality, both the transition
from saturated to a no flux boundary condition and the change
in n value happens gradually as the droplet is consumed and the
dominant spreading mechanism changes from infiltration to redis-
tribution. This is a simplification and a more complete model
would account for this gradual shift. Not enough is known about
porosimetry hysteresis and how it is affected by local volume frac-
tion history to account for this effect. However, the broad effects
are well described by the simplification introduced here. It is also
relevant that the simulation results for the no hysteresis case
(Fig. 8) look very similar to results with decane in that no signifi-
cant transition is observable. The simulation can be made to fit
decane results with a single value of n, however this requires
new fitted values for Ay, Do and n. This may be because the wetting
characteristics of decane on cellulose are such that the diffusivity
experiences no significant hysteresis, and this affects the calcu-
lated parameters.

Although surface tension and contact angle of the fluid are used
in calculating n from porosimetry data, these are also likely to
effect Ap and Dy; these were not included as input parameters in
the model. Both of these quantities for water and glycerol are very
similar [31], which explains why the model still fits experimental
data between these two fluids.

The results of these simulations show that there are two dom-
inant driving mechanisms behind the two-stage transition. First,
the change from saturated to non-saturated boundary conditions
at the center of the stain. Second, a change in how pressure and
permeability vary as functions of volume fraction between systems
that are dominated by pore filling and pore emptying.

E— \\ater experimental
*  Water simulation

Em— Glycerol 40% experimental
*  Glycerol 40% simulation

102 107" 10° 10"
Time (s)

(b)

Fig. 9. Simulation and experimental results for water and 40% glycerol solution on a linear and log-log scale.
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5. Conclusion

The evolution in time of the stain area produced by a sessile
droplet deposited on paper was measured, modelled and analysed.
A series of fluids varying in surface tension and viscosity was
examined. A new model to describe the data has been developed
based on Richards’ equation [21] and is easily resolved numerically
in one dimension using experimentally measured boundary
conditions and input parameters. This expands on previous work
[10-12,15,18] where imbibition into linear and radial systems
from an infinite reservoir has been investigated and modeled.

Radial wicking kinetics with all tested liquids besides decane
showed two-stages, with a fast initial growth regime followed by
a slower regime. The first regime corresponds to the liquid absorb-
ing into the paper by wicking, while the second represents liquid
redistribution [2]. This work identifies the cause of the transition
between the two regimes to be the disappearance of the droplet
coupled with the shift in mechanism due to the redistribution
occurring in the second phase. This modeling technique also
describes well the experimental results for both regimes. Further,
the 7 parameters of the model have all a physical meaning and
can be either measured experimentally or calculated.

This research contributes to the fundamental understanding of
the wicking mechanism. The proposed modeling technique allows
the quantification and prediction of stain dynamics in a variety of
industrially relevant situations that were previously deemed too
complex. The wicking of a finite reservoir is a common process in
the printing, textile, agriculture and medical industries, and the
development of a method of prediction will assist in the design
and optimisation of new technologies. This study also provides a
rigorous and physically meaningful alternative to the semi-
empirical Lucas-Washburn equation to describe the wicking kinet-
ics of droplets in real porous media.
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