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Modeling of Coupled Physio-Chemical Processes of
a Liquid Droplet between Two Contacting Porous or
Non-Porous Materials
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Abstract: A Computational model to solve the coupled transport

equations with chemical reaction and phase change for a liquid

droplet between two approaching porous or non-porous surfaces, is
developed. The model is general therefore it can be applied to toxic

chemicals (contact hazard), drug delivery through porous organs and
membranes, combustion processes within porous material, and liquid
movements in the ground. The equation of motion and the spread of
the incompressible liquid available on the primary surface for transfer
into the contacting surface while reacting with other chemicals (or

water) and/or the solid substrate are solved in a finite difference
domain with adaptive meshing. The comparison with experimental

data demonstrated the model is robust and accurate. The impact of

the initial velocity on the spread topology and mass transfer into the
pores is also addressed.

Index Terms - Porous media, multi-component systems, CFD
modeling of porous media, Chemistry in porous media

I. INTRODUCTION

The spread of a sessile liquid droplet between two porous

or non-porous (substrates) surfaces in the presence of

evaporation and chemical reaction with the substrate or other
pre-existing liquids in the substrate is of great importance. A
better understanding of all these coupled processes will help
us to assess not only the environmental impact of disseminated
chemicals in forms of industrial toxic waste, pesticides, or

harmful agents, but also evaluate the threat by direct contact of

such chemicals with other objects or skin. Generally,
chemicals with higher vapor pressure pose a respiratory threat
and those with lower vapor pressure will stay in substrates for
a longer time and can be transferred to human skin or other
objects by direct contact. However, some of these chemicals
can enter a chemical reaction with some substrates, other pre-
existing chemicals within a substrate, or moisture to become
less and sometimes more toxic therefore altering their
threatening characteristics. Our previous studies [1-13] have
extensively focused on determining the capillary pressure
function for a sessile droplet, the spread, and evaporation rate
of a sessile droplet inside a porous substrate. A comprehensive
literature search can be found in these references and will not
be repeated here for brevity.
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In this manuscript, the focus will be on the chemical
reaction, contact dynamics, and the amount of mass transfer
from one substrate to the other for the duration of contact. The
computer code developed during this research can be used to
simulate many different scenarios involving capillary spread
with chemical reaction.

II. MODEL

The contact of two approaching surfaces can be divided
into three steps, schematically shown in Figure 1. The first
step is the pre-contact phase where a sessile droplet is residing
on a non-porous or porous surface referred to as the primary
surface (PS). We refer to this liquid as the free volume liquid (

me,). The volume of liquid that is transported into the PS

through the surface is (V pg ). 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 present on the
PS. The availability of this liquid depends on the transport
properties of the PS and the time interval for the contact. If

v

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 contacting surface (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 contacting surfaces to

>0, the liquid

> 0, the liquid droplet will be sandwiched between the

free

obtain a numerical solution. When V free

bridge has the shape a hyperboloid with a decreasing 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 distance is
also calculated for each time step. By knowing the mass of the
liquid bridge and its height, the contacting surface area
(assumed to be circular) is updated in each time step. The rate
of the radius increase will determine the spread rate.

The continuum formulation for the transport of a liquid
sessile droplet into a porous medium is given by [2, 14, 15].
The equation of motion is added to the set and the coupled
equations are given as:
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(a) Pre-Contact

(b) Contact with liquid bridge

(c) Contact

Figure 1: Schematics of pre-contact, contact, and post-

contact phases.

Mass Conservation for Multiple Liquid System
(Liquid™i™)

olgprisi) Vv . Secondary Evaporation

e (Bosisivii )=—pp

ot
. Surface Evaporation _ .Reaction _ . Adsorption
. — @, -,
i i 4
N (Liquids)
Pi—mixture = Zpgicﬁ Cyj =Mass Fraction
i=1

Mass Conservation for Multiple Gaseous System
(Gasll jll )

a j —
(¢p§tjsg)+v ° (¢pngngj ):V'(Pg Dj_mixVCj)+

. Secondary Evaporation .Reaction . Adsorption
— N _on
Pii g g
N (Liquids)
where: sg =1- ZSgi

M (Gases)

and pg= D Py
i j=1
Dj-mix = Effective Diffusion Coefficient of gas

species *'j"" int 0 the mixture

Cj =Mass Fraction _La

Py
Mass Conservation for Multiple Solid System
(Substrate - Solid"k")
OPsk Ps . Reaction _ . Adsorption
Ta | Usk ~ Psk
gs=1-¢

Momentum Equations :

B KK i
Vi == (VPyi — pyigssi)
My
KK
- Kk R .
Vi T (ve - Pgj gsgj)‘ Dj-mixVCj

ISBN: 978-988-19253-4-3
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

p and u are the density and viscosity of the gas
mixture, respectively

Pyi = P —Pgi (Capillary)+ pyigh’

h" = Local height of the droplet as a function of time
(hydrostatic pressure)

@ = Inter — Phase Chemical Species production or
destruction

K = Saturation permeability

ky =k(sy) Relative permeability is a function of the

local saturation = § ?

= ¢(p5k , X, Y, Z) Local porosity is a function of local
density of the solid phase
C =Mass Fraction

kgj =1+57(2s/ -3)
(1)

In these equations “s” is the saturation, ¢ is the local
porosity, p is the density, P is the pressure (the subscripts "¢"
and “g” refer to liquid and gaseous phases, respectively), V,
represents the velocity of “ith” liquid constituent and V,.g is

[7%:1)

the velocity of gaseous species 5.
The values without the subscript i and j represent the mass
averaged mixture velocity for each phase. Capillary pressure is

P =P—P,, and effective diffusion coefficient Dj s is
given in [2, 3] as:

2
D iy = {-0.5855(1-5; ) +0.4591(1-s5,; )* +

0.1264(1 - sy; Sy p(x, y,z,0)Dps
2
D,, represents the molecular diffusivity as a function of
77 according to Trayball [16]. The liquid evaporation rate is
p,g that is a sink term in the liquid phase equation and a

source term in the vapor phase equation. @is the species
production/destruction term.

The capillary pressure is given in [13] as:

()T Omiy 419(15,;)-
fl( }\/Ki/¢(x,y,z,t) ( Sfl)

2.120(1—s4; )> +1.263(1=s4; )?

3
Where O is the surface tension for liquid species “i” and

[7%:1)

Qmi is the contact angle inside the pores for liquid species “i

(usually taken to be =zero). fi(*) will be determined
experimentally according to the method outlined in [13]. The
nominal value is usually about 0.1.
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Equation of Motion: y :2it2 +Vot+y,
m

y = Coordinatesystem (Vertical),

V,, =Initial Velocity

¥, = Initialspace between the two surfaces
F =Forceexerted on the upper surface

m = mass of the upper surface

“)

For this work we have not included the energy equation
for brevity and will focus on isothermal processes. Equations
(1) were transformed into the computational domain
[&=&xy,2), n=n(xy.z), { =((x,y,z)] and marched in time to
obtain the saturation function. The explicit fourth-order
Runge-Kutta scheme was used to solve for the saturation.

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
pressure (based on local height, A° in Fig. la) as:

P,=P—P,+p,gh . Mass is being transported into porous
PP
J

medium according to where J is the Jacobian for the

transformation and O is the contra-variant vertical velocity
given by: U =nu+n,0+n.w with u,0,wbeing the three

components of the velocity and #,,7,,77, 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  (liquid footprint) and height
h using the Pappus second Theorem. The equation correlating
instantaneous () and A(t) with the liquid volume

Y Liquid Bridge (t) can be obtained as:
2()- h(z)G(ﬂ)r(t)_ W (0)G(B)an g 12 () _
4cos? p 8cos? p 6
vLiqruid Bridge
h(e)
G(B)=rn—-2p-sin(z -2p)

)

P is the contact angle between the surface and the liquid
bridge. The droplet base radius (footprint), 7(#) is calculated
from the above equation. 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, #(z) and

A4 Liquid Bridge (t )are updated in each time step and the spread
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rate can be obtained. Note that the 4(?) is determined by

dr(r)

dt
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 experimentally. At this point the radius of the
footprint remains constant and the absorption is driven solely
by capillary pressure causing a reduction in /(z). This value of
h(t) can be calculated by solving the above equation again
with the “final” liquid footprint radius. This equation is given
as:

7z 7G(p)tan B 13()- W(I)G(ﬂ)hz

(0)+
6 8cos2 g 4cos? g

ﬂrz(t)h(l)_ V' Liquid Bridge =0
(6)
This will be a cubic equation in /(?). As the absorption
into the porous media occurs, the volume of the droplet is
updated and the new A(?) is calculated.
It should be noted that the time required for the topology

of a sessile droplet (Figure la) to change to a liquid bridge
(Figure 1b) is estimated to have a magnitude of O(ra2 ul ozo)

where 7 and Zz are characteristic lengths in vertical

(direction of motion) and radial (direction of spread)
directions, respectively. u is the viscosity and o is the surface
tension. The momentum equation in radial direction can be
used to conclude this [3, 4]. This is negligible compared to the
magnitude of time required for liquid to penetrate the porous
medium that is 022/ o+/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.

III. RESULTS AND DISCUSSIONS

In the first test case a 20 wuL glycerin droplet was
deposited on play sand (porosity = 35%) and a cloth was
brought into contact with glycerin. The initial distance was /1
cm. and the approach speed of the contacting surface was 35
cm/s. The amount of mass absorbed into the cloth was
recorded and compared to the model prediction in Figure 2.
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 contacting surface, the less is available to be spread.

A second experiment was conducted by putting a 20 uL
glycerin droplet on kitchen tile with a porosity of 24%. A
wafer of a filtered paper was made in our laboratory 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
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after /, 10, 20, 30, and 40 minutes, in which a different
amount of glycerin on the surface of the tile was available for

transfer into the filter paper wafer. The exerted force was / N

for all cases and all experiments started with an initial 2.5 cm
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 3. These
comparisons indicate that the model is fairly accurate in
predicting 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,
respectively. The two surfaces were brought into contact, and
the amount of mass absorbed into the filter paper was
measured 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 Figure 4. 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 set-up consists of the
same linear stage actuator used for the previous experiments.
200 pL 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 contacting surface. The physical
properties of water are:

1=0.001Pa.s, p=1000kg /m*,o = 0.072N /m.

The porous glass has the porosity of 28% with
permeability of 2.08x10™"° m?/s. The surfaces were brought
into contact with velocities of 0.5, 1.5, 2.0, and 2.5 pm/s and

the rate of radius change of the liquid bridge as a function of

time was measured. The model input included additional
approach velocities of 7.0 and 3.0 um/s. 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.

However, after this initial “adjustment” for lower
approach velocities, the radius is decreasing in time, meaning
that the absorption or capillary transfer is dominating the
spread caused by the radial momentum equation. As the
approach velocity increases, the momentum equation for the
liquid bridge spread in radial direction becomes more
dominant, such that the liquid spreads faster than it can be
absorbed, causing an increase in the liquid bridge radius. This
is important because it provides information regarding the
“extent” of a contamination in terms of the surface area
exposed. The model prediction as compared with experiment
is shown in Figure 5.
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Glycerin on Play Sand - Contacted by Cloth
Mass Transfer vs. Time
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Figure 2: Mass transfer of glycerin initially on sand to cloth
by contact as a function of available mass for

transfer.
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Figure 3: Mass transferred to contacting surface as
a function of time elapsed after the contact.

We have presented two cases with chemistry. Model
prediction for the degradation of VX on sand due to moisture
as compared with experiment is shown in Figure 6. The same
scenario is considered as a cloth comes into contact with the
primary surface. The contamination of cloth is shown in
Figure 7.
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Figure 4: Comparison of model prediction with

experimental data for four different chemicals
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Figure 5: 200 pL of water on glass contacted by porous glass

varied speed of contacting surface.
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Degredation of 6 pL of VX on Damp Sand at 50°C
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Figure 6: A 6ul VX droplet undergoes hydrolysis at 50 °C
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