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Decontamination of porous media

The microscale model

The decontamination of hazardous chemical agents from porous building materials, such as tarmac
or concrete, is a critical part of the clean-up operation following a chemical weapon attack. This
decontamination is often achieved by applying a cleanser fluid at the surface of the contaminated
material. The cleanser then diffuses into the porous structure, and reacts on contact with the agent to
neutralise it.

In many practical applications, the cleanser and agent are immiscible and the decontamination reaction
happens at the interfaces between the two fluids, inside the pores of the building material.

Since the decontamination occurs within the porous material, it is difficult to ascertain from surface
measurements when the reaction is complete. The porous structure affects the overall rates of diffusion
of the cleanser, and of the decontamination reaction. However, it is highly computationally expensive
to simulate the decontamination process in the intricate pore-space domain.
It is therefore important to have accurate mathematical models which systematically capture the finescale chemical diffusion and reaction in the pores, but are quick and easy to simulate over the lengthscale
of the spill.
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The method of mathematical homogenisation
The decontamination occurs in the pores over lengthscales of microns, but the spill could be over a lengthscale of centimetres or metres. The method of mathematical homogenisation is a powerful upscaling
technique that exploits this disparity of lengthscales, taking advantage of the fact that
pore lengthscale
=
≈ 10−5
spill lengthscale
is very small. We average over the porescale variations to derive a simple model that holds over the entire porous medium (not just in the voids between the solid structure). The averaged model can be solved
quickly and easily, but rigorously takes the variations on the porescale into account. The error in the averaged model (compared with the original model) is very small, on the order of .

Two canonical problems
We look at two different microscale structures: one in which the agent is stuck to the pores and surrounded by cleanser, and one with the agent filling the porespace in some region of the domain. In each case
we use mathematical homogenisation to derive the averaged decontamination model. In both cases we assume the pores of the material have a periodic spatial structure. Details of the analysis are given in [1].
Case 1: the agent sticks to the pores

Case 2: the agent fills the porespace

There is both cleanser and agent everywhere in the macroscale domain. Locally, the agent is stuck
to the solid structure in a layer of thickness R.

The macroscale domain is split into regions occupied by either agent or cleanser, so that there is a
macroscale interface between the two fluids.
far from the interface,
cleanser diffuses normally,
unaffected by the agent

thickness R of the
agent layer

R

close to the interface, the
concentration oscillations due
to the interface oscillations
are smoothed out
interface at
a later time

macroscale interface

interface
at a later
time
interface velocity varies in time
as it moves down, due to the
changing solid structure

The homogenisation analysis is spatial, and takes advantage of the spatial periodicity of the microscale
pore-structure.

To calculate the average velocity of the macroscale interface, we homogenise over both the space and
time variables.

The thickness R of the agent layer varies over the spill, and so can be thought of as a proxy for how
much agent there is at any point in the macroscale domain. Where the agent layer is thicker, the
diffusion of cleanser is more restricted, so the effective diffusivity is reduced.

Since the chemical reaction only happens at this macroscale interface, we must also incorporate a
thin boundary layer near to the interface, where the effect of the oscillations due to the chemical
reaction are smoothed out by diffusion.

Comparison of the homogenised models

Implications and future work

Although the porescale models are very similar in the two cases, the homogenised models have very
different structures:

Detailed understanding of the reaction process is vital for safe and effective decontamination of harmful
chemical agents, not least following a chemical weapons attack.
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Case 1: the agent sticks to the pores
reaction-diffusion model for the cleanser molecules

The homogenisation methods we have used to average the decontamination models give mechanistic
insight into how the porous structure affects the decontamination. As part of the analysis, we were able
to relate the porescale and spill-scale processes, deriving explicit dependence of the macroscale reaction
rates and interface motion on the porescale geometry and chemical processes.
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Our models may be used to simulate decontamination of porous building materials. Since our averaged
models are relatively simple, we can simulate the decontamination process over an entire spill, while
retaining the accuracy of the porescale processes.
In particular, since these models may be used to simulate many different decontamination scenarios
quickly and efficiently, they provide the building blocks for optimisation of the decontamination
procedure. For instance we could investigate the optimal amount of cleanser needed for the fastest
clean-up, or the minimum amount of cleanser necessary to neutralise all the agent.

Case 2: the agent fills the porespace
diffusion model for the cleanser molecules
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