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A general-purpose multiphase and multicomponent computer model was developed for simulation of the spread, evapo-
ration, and chemical reaction of sessile droplet(s) in porous substrates. In the model, chemical reactions were allowed
in or between any of the liquid, gas, or solid phases present. The species mass and momentum conservation equations
were solved on a finite difference mesh representing the domain. These equations were marched in time using the
Runge—Kutta fourth-order method. The model’s function was studied via simulation of experiments, both those per-
formed by the authors and found in the literature. These simulations demonstrated a quantitative match to the time his-
tory of product evolution and a similar spread of liquid reactants. The model may be particularly beneficial for
predicting the extent of contamination and the possible threat outcomes of those chemical agents that are harmful when

introduced into the environment. © 2014 American Institute of Chemical Engineers AIChE J, 60: 2557-2565, 2014
Keywords: porous media, computational fluid dynamics, reaction kinetics, diffusion (mass transfer, heat transfer)

Introduction

There are numerous engineering applications which
involve the spread of a fluid phase within a porous medium.
These applications range from oil recovery and other natural
formation flows to composites, printing, polymer filling, and
fuel cells. The spread of sessile droplets into a porous sub-
strate, which can occur when a liquid is disseminated into
the environment, has been addressed in the past.“‘ However,
the spread in the presence of chemical reaction in all phases
has not been fully discussed. Specific examples include pes-
ticide spray and deployment of chemical warfare agents.
Understanding the interaction of a liquid with a porous mate-
rial with or without previously existing chemicals inside the
pores is critical for determining the fate of toxic chemicals.
This problem has environmental, defense, and homeland
security implications where assessing the contamination level
and the possible need for decontamination is critical to eval-
uating and mitigating the threat. The studies documented
here form an important basis for a modeling approach to
detection, protection, decontamination, and remediation fol-
lowing a chemical spill or attack.

Several chemical and physical processes determine the ulti-
mate fate of a droplet, namely: the spread and sorption into a
porous substrate, evaporation, and chemical reactions. The
coexistence of all these phenomena complicates the prediction
of the environmental fate of the droplet.l_4 For instance, sur-
face evaporation occurs when the surface of a droplet is
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exposed to surface wind conditions. This problem was previ-
ously solved by Navaz et al.’ and the formulation was incor-
porated in this model. The model finds the surface
evaporation rate of each constituent as a function of tempera-
ture, wind speed, and turbulence intensity. Following deposi-
tion of a droplet onto a porous surface the fluid absorbs into
the media. The absorption rate and spread thread through the
media are influenced by the physical environment, for exam-
ple, the media’s porosity and the material properties of the
fluid, and chemical processes. Earlier work with this model
involved validation of a droplet’s spread into the porous
media without chemical reaction.®” These studies compared
the saturation profile beneath the droplet to experimental data
and confirmed the model’s ability to provide both qualitative
and quantitative results. Briefly, the droplet spread in the
model is momentum-driven by the capillary and hydrostatic
pressures. The contact area or “foot print” at the base of the
drop is defined based on experimental data. There is no
spreading of the drop diameter via flow on the free (top) sur-
face, rather the drop’s footprint is assumed to be fully satu-
rated with the droplet liquid and fluid flows through to the
lower nodes. Overtime, the flow expands further to nodes
below and around the droplet. As a fluid penetrates a porous
media, evaporation may occur inside the porous medium if
any liquid constituent is volatile. This evaporative behavior,
termed secondary evaporation, was studied and also previ-
ously incorporated into the model.® Some liquids may go
through a solidification process that will eventually make less
liquid phase available to the pores.g’lo In this work, we have
not considered solidification and condensation processes.
Although these earlier studies developed and validated
modeling techniques for droplet absorption and evaporation,
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they did not consider the coupled physiochemical process
that may occur. In general, chemical reactions between and
within any of the solid, liquid, or gases present in the porous
media may occur. Such phenomena can contribute to the
fate of droplets.''~'*

Droplet spread occurs immediately after deposition onto a
porous substrate during which a saturation distribution
between zero and one exists, necessitating a multiphase flow
approach. Therefore, the governing equations need to account
for the presence of all phases.">™” In these equations, two
additional transport parameters are present—relative perme-
ability and a capillary pressure function that includes the
interaction parameters between phases.'® The relative perme-
ability can be modeled using a power function, Brooks and
Corey or van Genuchten equationsw’20 where they all have a
large number of parameters expressing the relative permeabil-
ity. The capillary pressure is often modeled using the Leverett
J-function.*"** This capillary pressure function was modified
for a sessile droplet by Navaz et al.*® and it has been used in
this work. The environmental fate of a chemical agent is
affected by the rates by which all of these processes occur,
necessitating a fully coupled approach.

Every chemical in liquid form that is released onto a
porous substrate spreads throughout this medium by capillary
transport (or pressure), that is, caused by surface tension and
viscosity of the liquid. The extent of this capillary transport
depends on the physical properties of the liquid (chemical
agent) and porous material (substrate). Therefore, the agent/
substrate interaction determines the extent of this spread and
transport. Additional complication will be encountered when
chemical reactions are also present as a part of agent/sub-
strate interaction. One of the most complex problems
encountered in the agent/substrate interaction is tracking the
chemical of interest as it goes through hydrolysis or other
chemical reactions. The moisture and/or water content in the
substrate can greatly influence the reaction rate. Chemical
species present as reactants or products can be in all phases
(solid, liquid, and gas) changing the local physical properties
of the substrate. For instance, if the product of a chemical
reaction is a solid, the local porosity and permeability of the
medium will change, thereby affecting the local capillary
pressure. We have taken a continuum approach casting the
conservation equations in a domain discretized by finite dif-
ference method, allowing the local properties to be different
at each node. Zarrouk**** solved one-dimensional transient
mass and energy conduction equations with chemical reac-
tion in the solid phase. He also focused on the effect of
chemical reaction on the local properties of the porous media

N(Liquids )
E 04iCii, Cpi=Mass Fraction =
N(Liquids ) M(Gases
=1- Sti Z Pg, g
i
Wi Puis Stis Pii=P—P; are, respectively, the viscosity,

density, saturation, and pressure of liquid phase constituent

i.” P is the capillary pressure for liquid “i.” g is the grav1-
tational acceleration in the desired dlrectlon. My and pgy;, a
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such as porosity, permeability, and diffusion. This is mainly
due to the creation or depletion of solid phase due to chemi-
cal reactions. Numerous earlier works involving chemical
reactions in porous media assume a very simple reaction/dif-
fusion model to deal with geological issues?®>® and solid
and ion transport.

To the best of our knowledge, there is no existing general-
purpose computer model that couples all existing physio-
chemical processes by solving fully coupled conservation
equations in three-dimensional. The model described here,
COMCAD (COmputational Modeling of the Chemical Agent
Dispersion), was developed for use in assessing the distribu-
tion and temporal behavior of all species, in all phases,
undergoing diffusion, evaporation, and chemical reactions.
The resulting model can be used to predict the threat of haz-
ardous materials released onto environmental substrates.

Problem Formulation

The continuity and momentum equations for each phase,
ignoring the solidification and condensation processes, can
be written as:

Conservation of mass for each liquid species

A ppyise) —
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Conservation of mass for each gaseous species
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the viscosity and density of each constituent in the gas
phase. @ is the rate of chemical species production/destruc-
tion in the related phase, k is the relative permeability, and
¢=¢d(pg) is the local porosity, and D;_mixwre (¢, 5¢) is the
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Figure 1. A typical mesh for two droplets (VX and
water) generated by COMCAD code.
Each bound may be set to simulate evaporating, imper-
meable, or infinite conditions. Single drops are auto-
matically generated in the center of the top surface

using the experimentally obtained droplet radius or
contact angle and droplet volume.

effective diffusion coefficient defined as molecular diffusiv-
ity of each gas constituent into the mixture attenuated by the
local porosity and saturation. K is the saturation
permeability.

The molecular diffusion coefficient, as a function of tem-
perature, is obtained based on the methodology in Treyball.*
The molecular diffusivity is modified using a function
obtained from experimental data® based on local porosity
and saturation

Di(T, @,s,)= {—0.5855(1—313)34-0.4591(1 —s¢)?
+0.1264(1 —se)} @(x,y,2,)Djwix (T)

with

N
S¢= E Sti

i=1

The relative permeability is taken to be k,.l,:s%i based on
experimental and modeling studies.

All analysis is carried out under isothermal conditions.

The COMCAD computer model solves the species mass
and momentum conservation equations on a finite difference
mesh in transformed coordinates, and not physical coordi-
nates. The detailed numerical technique is explained in our
earlier work’®?*% and will not be repeated here. The
COMCAD code has an internal grid generation module that
can automatically generate a mesh for two droplets at any
proximity. The mesh can be stretched in any direction by the
user defined parameters, where steep gradients are expected.
Figure 1 shows a typical mesh for two droplets.

The droplets are constructed in the form of a spherical
cap. However, general shaped droplets and mesh can be con-
structed externally by ™'GRIDGEN?' program and imported
into the COMCAD code. It should also be mentioned that
the droplet spread prediction by the model is very accurate
and the results are presented in our earlier works> #2330 and
will not be repeated here. We will instead present the model
performance in the presence of chemical reactions.
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Chemistry Model

In general, a chemical reaction is modeled using the
relationship

N N
> VM — > VM @)
i=1

i=1

Where N, vi, v/, M; are the number of chemical species
present, stoichiometric coefficient for species as reactant, stoi-
chiometric coefficient for species as product, and the mole
fraction of each species, respectively. For species not involved
in a reaction v; is zero. Multiple reactions are considered to
occur together at any instant in time, with the source/sink
term formed as the summation of the effects of all reactions
in each species at each node. The specific chemical reaction
rate (krae) 1S, in general, a function of temperature. The
model utilizes the Arrhenius law to describe this dependence

—E,
kRate =A exXp ( RT ) (8)

Where A, E,, R, and T are the pre-exponential factor,
accounting for collision terms and the steric factor associated
with the orientation of the colliding molecules, the activation
energy, the universal gas constant, and temperature, respec-
tively. For those cases where the activation energy is
unknown, but the rate of the reaction at the temperature of
interest is known, E, is set equal to zero resulting in a con-
stant reaction rate. As this model does not include the energy
equation, all analysis is carried out at constant temperature,
therefore, kga remains constant during the simulation.

The net rate of production/destruction of species (in non-
dimensional form) is

= (V;/ - V;) kRale (CM)m

J

(X)) (C))

N 7
=1

Where m= j=l 7 is the order of the reaction, which is
based on the user specified reaction rate coefficients for each
species, X; is the mole fraction of species j at each point,
and Cy, is the total concentration of species. For example, in
a reaction characterized using a first-order reaction rate func-
tion, r; would equal 1 for the rate determining species and
zero for all others. The reaction rates and the form of the
rate equation are based on experimental data. Reaction rates
may be obtained from observed reaction kinetics in the envi-
ronment of interest (i.e., liquids applied to sand) or obtained
via homogeneous (aqueous) reactions for the conditions of
interest (i.e., constant pH, constant temperature).

Where experimental data results in rate equations that are
taken as pseudo-order based on excess of a reactant in an
experiment, the same form may be applied within the model.
However, as the model applies the reaction locally, it is pos-
sible that the assumption of excess reactant may be violated
at some points. To deal with this issue, the code first identi-
fies pseudo-order reactions, then monitors the levels of all
reactants at each location. If the available moles of a reac-
tant which was not included in the reaction function fall
below those of the included reactant(s), the reactant with the
lowest availability is used instead. This results in a reduced
rate or potentially ceased reaction for that point.

For liquid-liquid reactions and liquid—solid reactions,
where the reaction kinetics are based on homogeneous reac-
tion data, the conditions in the porous media may deviate
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Table 1. Simultaneous Reactions for VX in Sand Simulation

Rate Reaction

Reaction Constant [1/s] Model
C10H1906PS2 + OH— 1.6 e-6 K[Mal]

— C8H1506PS2 + C2H60
C6H120 + H3PO4 — C6H10 1.93e-4 K[C6H110H]

+ H3PO4 + H20
VX — EMPA + DESH 8.3e-6 KI1[VX]
VX — VXH+ 2.3e-5 K2[VX]
VXH+ — EMPA+DESH 1.06e-5 K3[VXH+]
VX — EMPT + DIAZ+ 1.71e-6 K4[VX]
VX — EA-2192 + EtOH 2.75e-6 K5[VX]
Na2S(s) + H2SO4 5.02e-4 K[H2S04]

— Na2S04 + H2S(g)

EMPA(CH;P(0)(OC,Hs)OH); DESH(HSCH,CH,N(isoPr),); EA-2192(CH;P(O)
(OH)SCH,CH,N(isoPr),); EMPT(CH;P(O)(OC,Hs)SH)

from ideal when reactant concentrations are very low. For
these conditions, the mixed assumption may be violated. To
handle this in the model, the reaction rate is decreased by an
order of magnitude when the reactant concentration at a
node falls below 1%. In this way, the model modifies the
reaction kinetics to reflect a crossover to a diffusion con-
trolled system, without including detailed micromechanics.
As the code is intended for use in monitoring total chemical
present in a macroscopic system, this approach provided a
reasonable reflection of the local environmental effects. The
code allows the user to vary the concentration limit where
this crossover occurs and the magnitude of the rate change,
or to eliminate it completely. The modularity of the COM-
CAD code allows for future inclusion of a more detailed rep-
resentation of local mixing effects, if these were to be
required for a specific application.

In the model species, mole fractions are calculated based
on phases active in the reaction, which may involve liquid,
solid, and gas phases. For instance, if the reaction only
involves liquids, the mole fractions will be calculated using
the total moles for all liquids present at a point. The mole
fraction therefore provides a relative concentration measure
for species involved in a reaction.

Where a reaction involves a solid, local solid volume is
recalculated at each time step based on the solid mixture
density. This information is used to update the local porosity
and permeability.

These mixture and production/destruction calculations are
carried out point wise in the porous media, thereby providing
a local measure. Total quantities of chemical species are
obtained through integration across the domain at each time.
The time-step size in a simulation may be varied to optimize
solution time and accuracy. Multiple trials were performed
to determine appropriate time-step size. Steps on the order
of 0.1 ms were adequate to capture processes occurring dur-
ing imbibition of the droplet(s), while larger time steps rang-
ing up to 1.0 s were applied once the simulated process were
dominated by slow reactions or diffusion with rates on the
order of 10 % s.

Results and Discussion

Numerous test cases were selected to validate the model,
exemplar cases are included here. All of the test cases were
performed isothermally. Therefore, any influence of tempera-
ture variation on reaction rates or chemical properties was
eliminated. In each experiment, the same sand was used,
with a measured porosity of 35%. The saturation permeabil-
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ity in the model is a function of porosity based on experi-
mental data,"® which yielded 6.9¢ > m’.

Hydrolysis: Malathion reaction with water inside soil

Reaction of chemical agents or pesticides with water is of spe-
cial interest because it describes a common degradation pathway.
It, therefore, presents a practical application due to the natural
existence of moisture inside soil or environmental substrates. Mal-
athion, an organophosphate widely used in agriculture as a pesti-
cide, has physical properties similar to the nerve agent VX,
especially their multiple reaction centers. Malathion degrades
very slowly at low pH, but can undergo rapid hydrolysis in basic
solutions.* To minimize the time scale required for the bench
experiments, conditions of high pH and temperature were utilized.
Similar conditions occur on hydrated concrete and in some natural
waters.>? In these experiments, Malathion was mixed into wetted
sand. The porosity of commercially available play sand was meas-
ured to be 35%. The sand was prepared with a buffer (potassium
carbonate solution) to maintain a pH of 10. A solution of 6.15 g
of Malathion suspended in 100-mL acetone was prepared and a 2-
mL aliquot (total applied dose: 0.125 g/3.72 X 10~* moles) of
Malathion was spread on 25 g of sand. This was then mixed to
achieve a consistent concentration of reactant when the acetone
evaporates. Preliminary studies demonstrated negligible degrada-
tion of the Malathion during the drying process. Distilled water
was added to the dried sand and achieves a 35% saturation level.
A set of 15 sample jars were filled with the sand. The containers
were capped and sealed then maintained at 50°C. At regular inter-
vals, a jar would be selected for analysis and the amount of Mala-
thion remaining quantified using a gas chromatogram (GC).

The sand mixture was simulated using the experimental
vial dimensions for the porous media in the model. A uniform
concentration of Malathion was applied, such that the total
mass of Malathion in the model matched that used in the
experiments. The model assumed uniform mixing and porosity
and no evaporation. The hydrolysis reaction was assumed to
be pseudo-first-order in Malathion, based on the experimental
conditions and observed Malathion degradation. The reaction
rate constant was based on liquid 1.6e-6 s~ (Table 1), and
was similar to that reported in basic environments.>” The
results were compared to those for Malathion in the sand
solution (Figure 2). The similarity between the time history of
Malathion present in the model and that measured in the
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Figure 2. Malathion destruction through hydrolysis in
sand at pH of 10 and 50°C.

The squares indicate average measures from the experi-
mental study.
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experiment suggest that the uniform concentration assumption
and first-order reaction formulation applied here were adequate
to capture the overall physics of the sand environment.

In this experiment, the degradation of Malathion was
somewhat independent of the local environment, likely due
to the excess of basic water present and the constant temper-
ature control. In this case, it is likely that there are sufficient
hydroxyl ions to maintain an approximately constant degra-
dation. In a natural setting, where the local environment
might vary, a higher order reaction function which includes
the hydroxyl concentration might be required to provide an
adequate representation. Although this model is capable of
performing this simulation, this was not studied here.

Liquid/liquid reaction—Cyclohexanol and phosphoric
acid

To further examine the model’s capability to reflect reac-
tions between liquids occurring in porous media, it was
applied to model an experiment where two liquids diffuse
together and react. This experiment was intended to verify
the model’s coupled formulation for diffusion and reaction.
It also represents a rain event where water and the chemical
of interest are applied simultaneously. Here, the chemicals
involved were selected to provide a faster reaction rate and
evaporation, which were also intended to challenge the
model formulation. In this set of experiments, the porous
media consisted of Petri dishes filled with 25 g of glass
beads. Into these beads, equimolar droplets of cyclohexanol
and phosphoric acid (cyclohexanol 89.5 nL, phosphoric acid
50 pL) were placed 99.5 mm apart leaving 1 mm between
edges of the drops (as defined by earlier trials). The depth of
glass beads was 0.6 cm and the porosity was 0.35. The reac-
tion produced cyclohexene when the two droplets came into
contact following capillary diffusion.

At each time point 5, 15, 30, and 45 min, the amount of
cyclohexanol remaining was quantified using a GC. Experi-
ments at each time point were performed in triplicate. The
droplet radius was measured on photographs of each experi-
ment (ImageJ, NIH) and the average used in creating the
model geometry. A second set of experiments, where cyclo-
hexanol alone was applied to Petri dishes (eliminating the
reactive loss) was performed to identify evaporative losses.
The evaporative loss of cyclohexanol was deducted from the
experimental data to arrive at an estimate of the loss due to
reaction alone, and this data was used to provide the reaction
rate for the model (Table 1). The reaction was taken as
pseudo-first-order based on the experimental data. The model
was created to represent the physical dimensions of the
experiment, with the model’s side edges extending beyond
the field of droplet spread and an infinite boundary condition
imposed. The model’s depth was equal to the depth of glass
beads and the bottom boundary set as impermeable to simu-
late the petri dish.

The simulation produced a droplet spread which was simi-
lar to that seen in the experiments. In Figures 3a, b, where
total saturation (Viiguia/Vvoia) at 30 s is plotted, the extent of
spread is visualized. The plot also indicates lower saturation
in the cyclohexanol droplet footprint relative to that for
phosphoric acid. This highlights the role of viscosity in the
droplet spread, as the lower viscosity of the cyclohexanol
allows for faster flow in the porous media, therefore, more
spread and lower saturation. Figure 3c shows the saturation
field at later time, when a region of mixing has developed
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Figure 3. Cyclohexanol/phosphoric acid diffusion and
reaction.
Image [a] illustrates a typical experiment approximately
30 s after deposition of the droplets. Image [b] shows
the model at the same time point. In both image [b] and
[c] the local liquid concentration is shown as total satu-
ration (Sat_Tot = Vjiquia/Vyeia). Image [c] shows fluid
spread and mixing at 60 min, where the light area in
the center is the region of highest saturation (mixed
reactants) and highest production of cyclohexene. [Color
figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

between the droplets. The mixing region between the drop-
lets grows as they spread. Initially droplet spread is governed
by gravity and -capillary pressure, as described in the
momentum equation. These initial processes occur relatively
rapidly. Numerical studies prior to running a complete simu-
lation were made to select an appropriate time-step size. In
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Figure 4. Cyclohexanol disappearance in liquid-liquid
reaction.
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this case, 0.1 ms for the first 5 s. The later growth of the
mixed region (after 10 s), is governed by liquid movement
driven primarily by capillary pressure.33 As the droplet
spreads, the saturation at the peripheral pores decreases and
the liquid velocity slows. The capillary pressure driving
force continues to decrease until, after several minutes, the
droplet spread has essentially ceased. During this portion of
the simulation the time step varied from 1 ms up to a maxi-
mum of 0.5 s after 30 min simulated time.

Cyclohexanol disappearance in the model is function of
the local concentration of each reactant. The amount of each
reactant present at a point drives the rate of evolution of
cyclohexene and therefore the amount present varies across
the mixed region. As the amount of cyclohexene, a lower
viscosity liquid, increases in the mixed interface region one
might expect this region to spread. This is not the case in
the model, as the momentum function utilizes the mixture
viscosity, which is dominated by the much more viscous
phosphoric acid. This behavior visually appears to capture
the spread behavior observed in the experiments, however,
the data gathered in the experimental study did not allow for
precise measurement of the spread.

The time scale of the spread in the model is on the order
of a minute, while the half-life of cyclohexanol is on the
order of hours. The difference highlights the relative roles of
capillary flow and diffusion. The capillary flow is required to
create a mixed region, but once it is created the reaction pro-
ceeds slowly. Although earlier work validated the fluid
spread simulation capability in the model,> ™ this experi-
ment further suggests that the mixing and diffusion algo-
rithms are reasonable, given the concentration field it
produced here yielded a total production of cyclohexene at
each time point similar to that in the experiments (Figure 4).

In this simulation, the model’s mass weighted mixing of
properties appears to have provided physically realistic flow
and mixing. However, the experiments did not involve mea-
surement of local concentrations of reactants and products.
Such measures would provide further confidence in the mod-
el’s formulation and should be the focus of future work.
Some highly viscous liquids may not be well described by
the mass weighted mixture model.** In these cases, an exper-
imentally based mixture rule may be required. This model’s
formulation is sufficiently flexible to allow inclusion of such
formulations as needed for a particular case.
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Liquid/liquid reaction—VX and water (pre-existing-
moist sand)

To examine the model’s response to multiple chemical
reaction processes that are influenced by the spread of a
droplet, a simulation of a 6-uL droplet of O-ethyl s-[2-N,N-
(diisopropylamino)ethyl]methylphosphonothioate (VX) was
created. The droplet was allowed to spread into a media
with porosity of 35%. The rates of hydrolysis reaction were
defined based on those reported in Brevett et al.'> for VX
reacting on moist sand. Briefly, VX degrades into several
breakdown products (Table 1) in wet sand. The droplet base
radius was also taken from this study.

All of the degradation reactions were approximated as
first-order in VX, due to the large excess of water (experi-
ments reported a 25-32 fold molar excess). The model sides
and base extended beyond the field of droplet spread and
were set as impermeable. The degradation took place under
sealed conditions and was, therefore, modeled without evap-
oration. The model indicated VX disappearance and appear-
ance of breakdown products in quantities similar to those
reported in the experimental study (Figure 5). Fluid spread
to a radius of 7 mm was similar to that reported in experi-
ments by Brevett et al.'? The quantitative match between the
experiment and model during the appearance and subsequent
destruction of VXH+ demonstrates the model’s ability to
handle multiple reactions though sequential application of
each reaction at each time step and node. The local rate of
production/destruction of each chemical species varies across
the saturation profile within the sand, yielding a complex
mixture of species. If the model’s fluid motion were inappro-
priate the local concentrations would cause the local rates of
production/destruction (based on local concentrations in the
reaction model) to be inappropriate. The match to experi-
mental data therefore lends support to both the fluid motion
and reaction modeling methods.

Degredation of 6 uL of VX on Damp Sand at 50°C

100

808 ~A

VX -COMCAD

60 /s =—— = EMPA-COMCAD

= = = = VXH+-COMCAD

» EMPT -COMCAD
VX - Experimental
EMPA - Experimental
VXH+ - Experimental
EMPT - Experimental

Mass Remaining (%)

40 60 . ‘ 80
Time (hr)
Figure 5. A 6-uL VX droplet undergoes hydrolysis in
damp sand at 50°C.
Both agent and breakdown product amounts present in

the sand, as measured in Brevett et al.’s [12] experimen-
tal study, are characterized by the model.
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Figure 6. Model predicted loss of liquid sulfuric acid in
a reaction between a solid sodium sulfide
brick and 50-pl liquid droplet of sulfuric acid.

Solid/liquid reaction

In this experiment, a 50-pL droplet of sulfuric acid (liquid
phase) reacts with a brick of sodium sulfide (solid phase,
approximately 20 X 20 X 15 mm?®). The chemical reaction
takes place according to:

NaZS (s) + H2$O4 (aq) Nast4 (s) + st (2)

This experiment was selected to verify the model’s ability
to handle reactions between different phases. The ability to
handle reactions between solids and liquids is of key interest
in the study of solid remediation agents, which can be mixed
into soils. Therefore, the ability to model these situations
was deemed important.

The experimental study involved tracking the mixture mass
over time to find the amount of hydrogen sulfide evolved. The
rate of loss for sulfuric acid was calculated based on this mea-
sure. The resulting rate (pseudo-first-order in sulfuric acid)
was applied in the COMCAD model. The results are shown in
Figure 6, where a quantitative as well as a qualitative match to
the experimental data is demonstrated.

Although this simulation provided verification of the com-
munication between the phases involved in the reaction, it
also provided an excess of both reactants. This situation did
not represent the mixed solid environment present in many
soils or sand/decontaminant mixes. To study the model’s
ability to capture reactions in mixed solid media, a second
experiment was performed. Here, a 50-pL droplet of sulfuric
acid was placed on a media that consisted of a mixture of
25% sand and 75% sodium sulfide. The droplet radius was
measured on photographs made during the experiment
(ImageJ, NIH). The rate of reaction was obtained based on
mass loss. In the model, this experiment was simulated in
two ways: using a reaction rate based on the sulfuric acid
half-life observed from this sand/sodium sulfide experiment
and using the reaction rate obtained from the 100% sodium
sulfide experiment. The 100% sodium sulfide case approxi-
mated homogeneous conditions for this reaction. When the
rate of destruction of sulfuric acid in the simulations were
compared to the experimental data, the simulation using the
homogeneous reaction rate, where low reactant concentration
triggers a reduced reaction rate in the model, provided a
superior characterization of the experimental data (Figure 7).
The fit to the initial portion of the degradation curve sug-
gests that the local environment can be well characterized
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Figure 7. Model and experiment comparison for a
porous media mixture of 75% sand and 25%
sodium sulfate and a 50-uL droplet of sulfu-
ric acid.

The reaction rate derived from the so called
‘“homogeneous” experiment (100% sodium sulfide) and

the rate lowering algorithm (for low reactant availabil-
ity) gives a better match to the experimental data.

using the reaction rate from the homogenous (liquid on solid
sodium sulfide) case. This is consistent with a physical envi-
ronment where pores are filled with fluid and well mixed
conditions exist. The ability of the model to characterize the
longer term data suggests that the model algorithm to handle
low reactant concentrations is reasonable. After the initially
fast reaction, the model transitions to a slower reaction rate,
characteristic of a reaction where diffusion mechanisms
dominate. This transition occurs at different nodes in the
wetted area, but the overall effect is smooth. In both simula-
tions, the extent of spread of the liquid in the model was
similar to the diameter of the “clump” found in the sand
after the reaction (~15 mm). Figures 8 and 9 describe the
location and flow of fluid and gas, respectively, in the simu-
lated porous environment. When solution images are ani-
mated, one observes a flow field where gas evolving in the
acid saturation zone flows toward the edges and out through
the upper surface of the model. This flow pattern illustrates
the forces driving gas motion in the simulated environment.
Partial pressure driven flow moves H,S gas from regions of

:

Figure 8. Sulfuric acid within the pores of the sand/
sodium sulfide mixture (indicated by satura-
tion = Vfluid/Vvoid, here at t =1.75 h).
The liquid flows (flow direction vectors) out and away

from the wetted footprint while reacting with sodium
sulfide present in the sand.
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Figure 9. Velocity vectors for hydrogen sulfide gas
formed by the reaction of sulfuric acid and
sodium sulfide, superimposed on a contour
plot of gas density.

Gas flows out of the open upper bound and away from
the droplet periphery and then upward.

high concentration to those with lower, such as those located
at the periphery of the wetted region. Although the gas-
phase solution appears to follow a path that reflects the
physics assumed to occur, neither local acid concentrations
nor measurement of local gas evolution were made in the
experimental study. The data gathered reflected the intent of
the experiments: to provide input for the development of a
global measurement tool. In the future, experiments designed
to evaluate local effects will help further validate the mod-
el’s algorithms.

Although this study indicates that the chemical reaction
algorithm developed within the COMCAD model is capable
simulating liquid and solid reactions, there are several limita-
tions to this study. First, while the liquid/solid reaction stud-
ied indicated that the evolution of a product gas match
expected physics, no gas/gas or gas/solid-phase reaction was
modeled. The reaction algorithm in the gas phase mirrors
that in the other phases, and therefore it is anticipated to
meet similar success. However, additional study is required
to evaluate the model’s ability to model reactions occurring
within the gas phase. These cases were not the focus of this
study, but will be explored in future work.

Further model development is required to simulate systems
where temperatures vary. In these experiments, the reactions
were reasonably characterized as isothermal and the experi-
ments took place at constant temperature. In the environment,
the temperature may vary in due to daily temperature cycles
and along the time course of chemical degradation. The model
is capable of updating reaction rate and material properties,
given knowledge of the temperature dependence of the reac-
tion rate. Therefore, this modeling strategy may be employed
to model these slowly varying temperatures, using a series of
constant temperature steps. However, experimental data to
verify this function is not currently available. In the case of an
agent deployed via an explosive event, or agent destruction
via fire, the model formulation is likely insufficient. These sit-
uations while important were not the focus of this develop-
ment. In addition, reactions that are highly exo/endothermic,
cannot be modeled using this model formulation. Inclusion of
the energy equation in the model formulation will make these
efforts feasible.

Further model development is also required for conditions
where adsorption or local micromechanics may strongly
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influence fluid mixing and reaction. Future model develop-
ment will include study of these effects.

Conclusions

The COMCAD model is designed to be a general-purpose
computational tool for the transport and chemical reaction in
porous media. Reactants and products can appear in all
phases (solid, liquid, and gas). The governing equations are
discretized on a finite difference computational mesh and the
droplet topology is described by an overlaid mesh on the top
of the domain. The droplet can be place on the lower or
upper boundaries. The model demonstrated the ability to pre-
dict the total amounts and the distribution of reactants and
products present in a porous media as a function of time.
The model prediction exhibited the qualitative and quantita-
tive trends observed in the experimental data. These
responses indicate a robustness and accuracy in the model.
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