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A computational fluid dynamics model based on a finite difference solution to mass and momentum conservation equa-
tions (Navier—Stokes equations) for a liquid droplet transport between two porous or nonporous contacting surfaces
(CSs) is developed. The CS dynamic (equation of motion) and the spread of the incompressible liquid available on the
primary surface for transfer are coupled with the Navier—Stokes equations. The topologies of the spread dynamic
between and inside both surfaces (primary and CSs) are compared with experimental data. The amount of mass being
transferred into the CS, predicted by the model, is also compared to the experimental measurements. The impact of the
initial velocity on the spread topology and mass transfer into the pores is addressed. © 2014 American Institute of

Chemical Engineers AIChE J, 60: 2346-2353, 2014
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Introduction

The spread of liquid toxic chemical agents in the environ-
ment poses a great threat to humans. One of the ways that
these chemicals can pose a threat to lives is through direct
contact with clothes or skin. This threat becomes more seri-
ous if their release takes place with malicious intentions.
Under such circumstances, the first responders have to make
quick but difficult decisions that have direct impacts on
lives. It is preferred that these decisions be based on scien-
tific analysis and data. In general, these exposures can occur
by inhalation, ingestion, and direct contact. Low volatile
chemicals have the tendency to be more of a threat through
direct contact in their liquid form with surfaces like skin and
equipment. Furthermore, due to their persistency and low
evaporation rate, they pose more of a threat to warfighters
and first responders as they move through an affected area.
Therefore, the dynamics of liquid transport onto warfighters’
clothing and equipment creates a hazardous scenario. The
inspiration hazard that is more specific to “higher” volatile
chemicals occurs when a chemical has evaporated. The evap-
oration can occur when droplets of a chemical are visible on
a surface and also can take place when a droplet sinks into a
porous environmental substrate and will gradually become
available at the surface as the liquid slowly evaporates
within the pores. Generally, warfare chemical agents or pes-
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ticides are disposed in droplet form, and upon their absorp-
tion into a porous substrate continue to pose a contact
hazard at the surface.

The fate of a wetting liquid droplet deposited onto a
porous medium surface determines the amount of mass
available for the transfer into a secondary (or contacting)
surface. Focusing solely on the momentum transport mecha-
nism, the flow of a sessile liquid generally takes place in
two directions, lateral (spread on the surface of the porous
material) and vertical (infiltration into the porous material).
To calculate the time, it takes for the droplet to penetrate
into a porous medium, Denesuk et al. have used both con-
stant and decreasing droplet base radii.' A detailed study of
how the droplet base radius changes for complete and par-
tially wetting liquids has been carried out,”® where they
found a unique dependence of base radius on time. Holman
et al. have shown that the extent of the surface flow depends
on the permeability of the porous material.* For low permea-
ble materials, the surface tension can be sufficiently high to
prevent the surface flow. Evidence indicates the surface
spread is coupled with the infiltration flow into the porous
medium. In all of these studies, the wetted region is fully
saturated with a clearly defined wetting front. However,
Popovich et al. have shown that the liquid/porous medium
can create regions with saturations less than unity depending
on their wetting characteristics.” Several parameters affect
the amount/concentration of transferred agent. These include
porosity, capillary pressure, viscosity, surface tension, den-
sity, and philicity. This process becomes more complex if
phase change, chemical reaction, and adsorption also present
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Figure 1. Schematics of precontact, contact, and postcontact phases: (a) precontact, (b) contact with liquid

bridge, (c) contact.

themselves as source or sink terms. Depending on the rela-
tive magnitudes of these processes rates, a different temporal
and spatial distribution of the initial liquid phase can be
expected in the domain under consideration.”® The spread
of a liquid droplet on a porous surface and its infiltration
into porous medium starts immediately after it is deposited
on the surface, due to the capillary action caused by capil-
lary pressure and saturation gradients. The liquid infiltration
continues even when there is no free liquid left on the
porous medium surface inducing the multiphase flow to
emerge. This process causes the liquid phase to still be avail-
able at the surface (especially after an equilibrium has been
reached) with saturation less than unity and still pose a direct
contact hazard. This is more of a threat if the contacting sur-
face (CS) demonstrates more hydrophobic properties, where
more chemical is available on the surface. A good example
is moisturizing creams that can immediately penetrate skin
after contact.

The initial velocity (a result of exerted force) during con-
tact will determine the extent of the wetted footprint which
in part will determine the available surface area for any
mass transfer during contact. As the size of the imprint
increases, more area will be contaminated and pose an
increased risk due to the availability of a larger contact haz-
ard area. There is also a precontacting period that specifies
the amount of liquid chemical that is available for transfer to
a CS, if the liquid contaminant is initially residing on a
porous substrate.

There are numerous experimental studies in the literature
that examine the absorption of chemicals into skin or some
other porous materials. A recent review article by Ngo et al.
is a comprehensive discussion of the available experimental
data in this research field.” There are also some models
available that are based on linear regression performed on
experimental data. The approximate analytical models that
determine the dynamic of the liquid bridge between two
surfaces are discussed by Gat et al.'® Extensive studies by
Bijeljic, Markicevic, and Navaz study the spread of sessile
droplets within porous environmental substrates.''™'> D’Ono-
frio et al. have also presented the validation of their capillary
network model with experimental data for HD and VX nerve
agents.'* Navaz et al. have presented a methodology to
derive the capillary pressure function for the spread at a ses-
sile droplet into a porous material.'> They have demonstrated
that a simple experimental measurement can determine the
capillary pressure function for any droplet size for a given
liquid and substrate. The use of finite difference method for
solving the combined porous medium flow and sessile drop-
let dynamics was introduced by Navaz et al.'> Masoodi et al.
have also developed a numerical algorithm for the transport
of liquids in porous material on a stationary elements (or
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mesh).16 This work is the extension of our three-dimensional
(3-D) finite difference algorithm for the transport of liquids
in porous materials that was published in 2008. The adaptive
meshing with a second surface motion is added to our previ-
ous code to simulate the contact and wicking processes. It
should be noted that the focus of this work is to (a) develop
a general-purpose computational model that can simulate all
the possible scenarios for precontact and contact processes
and (b) to present such an algorithm for solving the transfer,
spread, and transport of a preexisting liquid droplet situated
on a porous (or nonporous) substrate into a porous CS. This
code is meant to become a workhorse for the contact hazard
where the amount of mass transported to a surface is of pri-
mary interest. The topology of the interface between the wet-
ting and nonwetting fluids can be changed and studied
further according to the formulation in Appendix, in the con-
text of the total amount of mass transfer into the CS which
provides valuable information for toxicologists. The contact
time is usually much less than the entire capillary transport
and it is assumed that the shape of this interface will not
have a significant effect on the amount of mass being trans-
ferred to either medium.

Model

The contact of two approaching surfaces can be divided
into three steps, schematically shown in Figure 1. The first
step is the precontact phase where a sessile droplet is resid-
ing on a nonporous or porous surface referred to as the pri-
mary surface (PS). We refer to this liquid as the free volume
liquid (Vgee ). The volume of liquid that is transported into
the PS through the surface is (Vps). The capillary transport
of the liquid droplet into the PS will take place until the
time of contact with the free volume liquid that may be pres-
ent on the PS. The availability of this liquid depends on the
transport properties of the PS and the time interval for the
contact. If Vgee > 0, the liquid droplet will be sandwiched
between the two surfaces creating a liquid bridge. However,
if there is no free liquid left on the surface at the time of
contact, the transfer from the PS to the CS will take place
when the two surfaces touch. Upon a perfect contact, the
value of saturation and its normal gradient in both media
(zones) are assumed to be equal. This is usually referred to
as “perfect contact” boundary condition. Similar boundary
conditions can also be imposed on the CSs to obtain a
numerical solution. When Vg >0, the liquid bridge is
assumed to have the shape of a hyperboloid with a decreas-
ing height. The contact angle of this hyperboloid and the
surfaces can be found through experiments. The remaining
volume of the liquid bridge is calculated each time step after
its capillary transport into the porous media. The separating
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distance is also calculated for each time step. By knowing
the mass of the liquid bridge and its height, the CS area
(assumed to be circular) is updated in each time step. The
rate of the radius increase will determine the spread rate.
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Vi=— (VPui—pygsi),

py;=Density of liquid phase constituent “i’

Py=P—P. (Capillary),

The continuum formulation for the transport of a liquid
sessile droplet into a porous medium is given by Navaz
et al.'> The equation of motion is added to the set and the
coupled equations are given as

+Ve (¢p[[5[i‘7ki) =0

K= Saturation permeability, p=Viscosity
)]

s¢i=Saturation of liquid constituent “i”

Equation of Motion : y=V,t+y,

y=Coordinate system (Vertical)

For this work, we are focusing on the process of contact
and will postpone the multispecies solution to future analy-
sis. Furthermore, all the source terms defining the adsorption,
evaporation, and chemical reaction are also dropped for now.
Equations 1 were transformed into the computational domain
[E= &x,y,z), n= nxy,z), {={(xy,2)] and marched in time
to obtain the saturation function. The explicit fourth-order
Runge—Kutta scheme was used to solve for the saturation.'
The motion of the liquid bridge is terminated when both
surfaces come into contact and the saturation at the contact
boundary falls below unity due to absorption process into
the porous media. It should be noted that we have assumed
perfect contact between the two surfaces, that is, the follow-
ing relationships for the saturation hold

SUpper boundary of the lower surface — SLower boundary of the upper surface

(as)
On Lower boundary of the upper surface

(@3]

Os
91/ Gpper boundary of
pper boundary of the lower surface

where 7 is the normal direction to the surface.

The transport of mass across the boundary continues for
some time before equilibrium is reached. Figure 2 shows
that the mass transfer across the boundary continues for a
few hours if the liquid does not evaporate after the contact
due to capillary and gravity effects. A very small amount of
mass is transferred from the lower medium to the upper
medium through the interface in longer period of time due to
the capillary pressure.

The continuity and momentum equations are numerically
integrated in time to find the distribution of liquid droplet
inside the pores. At the boundary between the droplet and
the porous substrate, the saturation is unity (s;,=1) and the
capillary pressure is enhanced by the local hydrostatic pres-
sure (based on local height, A* in Figure 1la) as:
Py=P—P +p,gh*. Mass is being transported into porous
medium according to (p,U¢)/J; where J is the Jacobian for
the transformation and vis the contravariant vertical velocity
given by: v=n,u+n,v+nw with u,v,w being the three com-
ponents of the velocity and #,,7,,#. being the metrics for
the transformation. The mass transfer is calculated in each
time step and the instantaneous remaining mass yields the
liquid bridge volume. The volume of the hyperboloid was
derived by deducting the volume of a “partial” torus from a
cylinder with the base radius of r (liquid footprint) and
height / using the Pappus second theorem (see Appendix).
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V,=Initial Velocity y,=Initial space between the two surfaces

The equation correlating instantaneous r(f) and /A(f) with the
liquid volume Viiquid Bridge (f) can be obtained as

h(OGB) . 1 ()G(B)tan
0= 4cos?f (1) 8cos?p

h*(t)  Viiquid Bridge -0 3)
6 mh(r)

G(p)=n—2p—sin (n—2p)

f is the contact angle between the surface and the liquid
bridge. The droplet base radius (footprint), r(¢) is calculated
from the above equation. Both domains (or media) are
remeshed and adapted to the new footprint of the liquid
bridge. The remeshing is done after each time step. Figure 3
depicts two top view snapshots of the adaptive mesh config-
urations and Figure 4 displays the liquid bridge configura-
tions before the contact, during the spread, and finally after
the gap between the two surfaces is closed. The last snapshot
(4a) also signifies the fact that the saturation at the interface
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Figure 2. 9-uL VX sessile droplet on sand (® =0.35)
mass transport into another porous medium
(® =0.35).
The largest amount of mass is transferred to the CS
during the first few minutes. The transfer of mass sig-

nificantly slows down after the contact and asymptoti-
cally reaches an equilibrium conditions after about 5 h.
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Figure 3. (a) Top view of the adaptive mesh when liquid bridge still expanding, when Eq. 33 is valid, and (b) the
final configuration of the mesh when Eq. 44 is valid and also as time — x for nonevaporating liquids

(final grid is stationary).

will not stay at unity and will become less than 1 as the cap-
illary transport continues.

As the gap between the two surfaces is closing, the height
will reduce. At the same time, the liquid is absorbed into the
porous media. Therefore, A(r) and Viiqud Bridge () are
updated in each time step and the spread rate dr(¢)/dt can be
obtained. Note that the /A(¢) is determined by the equation of
motion during this phase. Furthermore, when the height of
the liquid bridge becomes less than a threshold, the spread is
stopped. This threshold is a function of surface roughness
and viscosity of the fluid, and can also be determined experi-
mentally. At this point, the radius of the footprint remains
constant and the absorption is driven solely by capillary
pressure causing a reduction in /A(f). This value of A(f) can
be calculated by solving the above equation again with the
“final” liquid footprint radius. This equation is given as

n nG(f)tan 3 nr(t)G 2
(8_%2/3[3)” 0T e

This will be a cubic equation in A(f). As the absorption
into the porous media occurs, the volume of the droplet is
updated and the new A(?) is calculated. The detailed deriva-
tions of these equations are outlined in Appendix.

It should be noted that the time required for the topology
of a sessile droplet (Figure 1a) to change to a liquid bridge
(Figure 1b) is estimated to have a magnitude of O(r2u/oz,)
where 7, and z, are characteristic lengths in vertical (direc-
tion of motion) and radial (direction of spread) directions,
respectively. p is the viscosity and ¢ is the surface tension.
The momentum equation in radial direction can be used to
conclude this.'” This is negligible compared to the magni-
tude of time required for liquid to penetrate the porous
medium, that is, O (r2p/av/k) with K being the permeability.
Therefore, it is acceptable to ignore the time required for the
topology change from sessile droplet to a liquid bridge and
define the liquid bridge topology by knowing the volume of
the droplet during the contact and the distance between the
two surfaces. The liquid bridge footprint can be calculated

2 _ - according to Eq. 2.
+ar (0)h(t)—Viiquid Bridee =0  (4) g q
Saturation Saturation Saturation
e - . e b
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Figure 4. (a) Precontact configuration when the droplet is being absorbed into the lower surface.

The mesh is stationary and mass being transported through a constant circular area, (b) contact configuration when the liquid
bridge is formed and the footprint radius is reduced and expanded after that if absorption takes place slower than the spread.
Adaptive meshing is required for this stage, and (3) postcontact, when the two surfaces are in perfect contact and the saturation
falls below unity at the interface due to capillary transport.
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Figure 5. (a) The experimental setup: two fused-silica plates connected by (b) a DI water liquid bridge (c) and mer-

cury liquid bridge.

Results and Discussion

The experimental setup consists of a linear stage actuator
(Thorlabs™ LNRSOSEK1) controlling the distance between
two parallel plates, a load cell (Interface™ MB-LBF5)
measuring the force acting on the solid body, and two opti-
cal windows (Newport'™ 20BW40-30) used as the upper
and lower plates. A feedback control loop was created, con-
necting the load-cell force input, the actuator position, and
speed inputs and outputting the upper plate acceleration and
speed. The feedback was programmed to simulate a freely
moving solid body with a given mass, m;, reacting to exter-
nal forces and the force applied by the liquid bridge con-
nected to a solid body with mass m,; — oco. The plates are
cleaned before each experiment by Acetone, Isopropanol,
and Nitrogen gas. The advancing and receding wetting
angles were estimated from quasistatic force measure-
ments.'® Figure 5 shows the experimental setup. This is a
new approach based on continuum formulation. It is intended
to be widely used by government and industry. Therefore, it
is necessary to perform extensive validation of the code.

Glycerin on Play Sand - Contacted by Cloth
Mass Transfer vs. Time Before Contact of Upper Surface
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Figure 6. Mass transfer of glycerin initially saturated
on sand to cloth by contact as a function of
time elapsed after the contact.

2350 DOI 10.1002/aic

Published on behalf of the AIChE

In the first test case, a 20-pL glycerin droplet was depos-
ited on play sand (porosity =35%) and a cloth was brought
into contact with glycerin. The initial distance was 11 cm,
and the approach speed of the CS was 35 cm/s. The amount
of mass absorbed into the cloth was recorded and compared
to the model prediction in Figure 6. The porosity of both
surfaces in this case is fairly high and we do not expect
much of a spread. That is to say that the amount of spread
and footprint of the liquid is a function of the porosity and
permeability, the more mass being absorbed into the CS, the
less is available to be spread.

A second experiment was conducted by putting a 20-pL
glycerin droplet on kitchen tile with a porosity of 24%. A
wafer was made in our laboratory from filter paper pulp with
a porosity of 70% to serve as the secondary surface. Five
separate experiments (three repetitions for each experiment)
were conducted. The two surfaces were brought into contact
after 1, 10, 20, 30, and 40 min, in which a different amount
of glycerin on the surface of the tile was available for trans-
fer into the filter paper wafer. The exerted force was 1 N for
all cases and all experiments started with an initial 2.5-cm

Mass Transfered - vs - Time Before Contact
Glycerin on Tile contacted by Filter Wafer
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Figure 7. Mass transferred to CS as a function of time
elapsed after the contact.
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Amount of Mass Transfered to Secondary Surface
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Figure 8. Comparison of model prediction with experimental data for four different chemicals.

Chemicals were placed on glass slides and were contacted by a second surface of filter paper.

distance between the two surfaces. The amount of transferred
glycerin in the secondary surface (wafer) was measured and
is compared with the model predictions in Figure 7. These
comparisons indicate that the model is fairly accurate in pre-
dicting the amount of mass being absorbed into a contacting
porous surface.

In another set of validation tests, glass and filter paper
were selected as the primary and secondary surfaces, respec-
tively. The two surfaces were brought into contact, and the
amount of mass absorbed into the filter paper was measured

200 uL of Water on Glass Contacted by Porous-Glass
Varied Speed of Contacting Surface
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Figure 9. 200-uL of water on glass contacted by
porous glass.

The approach velocities of 0.5, 1.5, 2.0, and 2.5 pm/s
are compared with the model. Two additional velocities
of 1.0 and 3.0 um/s are also modeled. For lower veloc-
ities, the absorption into porous glass is at a faster pace
than the spread speed causing a continuous reduction
in radius in time. As the approach velocity increases,
the spread will proceed at a faster pace than the
absorption causing a continuous increase of radius in
time. It appears that at velocity of 1.5 um/s both proc-
esses take place at the same “‘speed.”
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and compared with the computational model. The initial gap
and approach velocity between the two surfaces were similar
to the previous test case. These tests were conducted with
four different chemicals and the results are depicted in Fig-
ure 8. The comparison shows that the model is robust as the
physiochemical properties are altered. The presented cases
indicate that the model is accurate in predicting the amount
of mass that is absorbed when a contact occurs. This is
operationally relevant and useful information to assess the
amount of threat or contamination.

However, another test case was considered to compare the
spread rate in radial direction with absorption or transfer
rate into a porous medium. The experimental setup consists
of the same linear stage actuator used for the previous
experiments. 200-puL deionized (DI) water was used as a
sessile droplet deposited onto a fused silica optical window,
as the impermeable surface, and a porous glass
(VykorTM7930) was used as the permeable CS. The physi-
cal properties of water are ©=0.001Pa.s, p=1000kg/m?,
6=0.072N/m. The porous glass has the porosity of 28%
with permeability of 2.08 X 107" m?/s. The surfaces were
brought into contact with velocities of 0.5, 1.5, 2.0, and 2.5
pm/s, and the liquid bridge radius was measured and calcu-
lated by the model as a function of time. The results of this
study are shown in Figure 9. In all cases, there is an initial
decrease in the radius that is due to the topology transfer
from a sessile droplet to a hyperboloid topology. For smaller
approach velocities, the absorption into the porous medium
proceeds faster than the spreading causing a steady reduction
in the footprint radius in time. It appears that the radius
does not change significantly in time after the initial adjust-
ment for the approach velocity of 1.5 um/s demonstrating
that the amount of mass absorbed into the porous medium
is at a value that does not allow further spread of the liquid
bridge. Basically, there is not enough mass left to be
spread. We have also modeled two additional approach
velocities of 1.0 and 3.0 pm/s to demonstrate the consis-
tency of the results. It is seen that as the velocity of
approach increases, the absorption process is dominated by
the liquid bridge motion, causing an increase in the foot-
print radius in time. It should be noted that although more
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surface area becomes available for the mass transport dur-
ing a fast spread, it is not enough for the capillarity to be a
dominant process.

Concluding Remarks

A computer model for the transfer and radial spread of
a sessile liquid droplet initially resting on a porous or nonpo-
rous surface and becoming a liquid bridge upon the contact
with another surface was developed. The model solves the
transport equations for capillary flow in 3-D based on finite-
difference discretization of the governing equations with
Runge—Kutta fourth-order algorithm. The liquid bridge shape
is assumed to be a hyperboloid and its radius is determined
from the liquid volume and the distance between the two
surfaces. The model can accurately predict the spread and
transfer of chemicals into porous surfaces upon contact. This
information is necessary to assess and mitigate the extent of
a threat posed by chemical agents. This study focused on
motion in the vertical direction perpendicular to the planes
of parallel surfaces. However, the motion in the tangential
direction can also occur enhancing the amount of mass trans-
fer to the porous CS. This will be addressed in our future
research.
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Appendix

Consider the following configuration that displays an arc revolv-
ing around the C-C’ axis. The goal is to find the volume of this
body of revolution. If point A is the centroid of the surface
engulfed by the arc FMG, the volume of the partial torus shaped
resulting from this revolution according to Pappus Centroid The-
orem is shown in Figure Al.

Volume of the partial torus =V =21AOA where A is the area
of the arc. Then, the volume of the liquid between the two
surfaces will be

Viiq =nr*(1)h—Vy where ¢ tepresents the time. Note that both
the footprint radius and the liquid bridge height both are func-
tions of time and are calculated in each time step. If 0=GBF
then

4R(1) sin3§
AB= 3(0—sin 0)
__h@)
k()= 2cosfi

Viig =nmr2(t)h(t)—2n l:@ (60—sin 0)] |:r([)+ @ tan f—AB
(A1)

The instantaneous footprint radius can be obtained from this
equation by knowing the volume of the liquid bridge and the
spacing between the two surfaces. As the velocity of approach
is constant the instantaneous spacing, /(f) is known. The
amount of mass flow rate to either or both surfaces by capillary
and gravitational forces is calculated in the code by m=pd¢/J.
Where v is the contravariant velocity v=un, +vn,+wy, with
n’s and J being the metrics and Jacobian of the coordinate
transformations, respectively. The remaining mass divided by
the liquid density will yield the instantaneous volume of the
liquid bridge, Viiq. Then, Eq. Al can be solved as summarized
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in Eq. 2 in the text, to find the instantaneous radius of the
footprint.

The spread is assumed to stop when the height becomes less
than a threshold where at that time the radius stays constant (no
further motion due to contact, but still a very thin liquid bridge
exists) and the height will be reduced according Eq. Al, as the

absorption into the porous media causes the remainder of the
fluid to be absorbed further bringing the final value of A(f) to
zero. This is how Eq. 3 is derived.
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