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Abstract

The past decades witnessed growing interest in polymeric closed-cell porous materials. They are lightweight,
robust and find applications in many different sectors, like packaging, thermal insulation or cushioning. Nu-
merical simulations are commonly used in the construction process to predict the behaviour of the products
in application. So far, gas diffusion has often been neglected, as there are no tools available to include it.
Therefore, this paper aims to present an algorithm to include the simulation of gas diffusion into a com-
mercial finite element analysis (FEA) tool, at the example of MSC Marc. Using the similarity of thermal
conductivity and gas diffusion, the thermal solver of the FEA program is exploited to perform the simula-
tion of gas diffusion. Some first two-dimensional numerical simulations of porous closed-cell models under
long-term load show promising results. Effective diffusion coefficients are obtained and conclusions about
the time scale are made. The results agree to analytical estimations of the diffusion process. A notable
influence of gas diffusion on long-term loaded porous materials can be shown.

Keywords: Gas diffusion, Void material, Numerical simulation, Finite element method, Gas diffusion

coefficient

1. Introduction

Solid foams and other porous closed-cell structures are of great interest in engineering [1]. They are
lightweight, insulating and shock-absorbing. The advancement in production techniques paves the way to
new structures and geometries. For this reason, understanding porous materials’ properties and applications
is of significant interest. The objective of this paper is to provide a method for the simulation of gas diffusion
in closed-cell porous material under mechanical load and to document first findings. Within this work, all
materials are considered to contain only closed pores or cells. This gas diffusion phenomenon has been
experimentally shown in several polymeric natures of foams, among them polypropylene foams [2]. In this

work, using specific compression tests in a fluid chamber, Bouix et al. pointed up a progressive and slow gas
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Figure 1: Closed-cell foam observed at atmospheric pressure using X-ray tomography. Initial state (a) and collapse configuration
once gas escaped by diffusion (b). A reduction by about 50% is observed in width and 7% in height. Thick polymeric skin

present at the top and bottom of the sample may explain the difference in the size reduction regarding the direction.

escapes during the whole deformation process of foams subjected to quasi-static compression. In the same
manner, putting a closed-cell foam in a reduced environmental pressure we showed by X-ray tomographic
reconstruction a tendency for the pore structure to collapse as gas diffuse out. Figure 1 is an illustration of
the evolution of the structure. It shows on the left side the initial state of the thermoplastic closed-cell foam
and on the right one the collapse configuration as pores are empty of gas and experience ambient pressure.
This demonstrates how diffusion can be related to problem of dimensional stability during storage of foam
or semifoam product. Also, this diffusivity process may be quite fast. For instance, the PU foam blown
with COy shows some shrinkage within two months after its production as a significant reduction of the
pore pressure is attained [3].

Knowing about the degassing behaviour of porous materials, especially about the time scale, is of major
importance to industry as the lifetime of such products is strongly related to it. Elasticity and insulation
properties depend on the kind and amount of gas contained in the material’s pores. Also, since several
blowing agents are about to phased out under recent international regulations for chemical uses (REACH),
understanding how different gases affect the ageing behaviour is a prerequisite for the development of foam
with alternative CBA. Thermal insulation boxes lose rigidity and their insulation properties with time,
especially under load, when filled with ice, fish or heavy content, as the gas diffuses out of the pores. The
same applies to foam sealing, cushioning and many more applications, where porous materials, such as
foams, are exposed to long-term loads. In industrial packaging foam-like materials are used to absorb shocks
to protect the packed content. Hereby, the absorption behaviour is mainly determined by the amount of

gas stored in the wrap or fill material [4]. The following equation relates the collapse stress to the relative
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density [1]:
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Figure 2: Basic set-up: Deformed two-dimensional porous material between two plates under compressive force F. Gas diffuses

through pores and bulk material (polymer) to both sides (left and right).

where o, is the collapse stress of the foam, oy the one of the solid material, ¢ the volume fraction of cell
edges in a unit volume and (1 — ¢) the remaining fraction of the solid contained in the pore faces, ¢* the
density of the foam and ¢ the density of the solid material. Considering this equation (1), it was shown that
compression at low strain rate leads to plateau stress data lying close to line for ¢ = 1. This suggests that
pores deform primarily through plastic buckling and bending of their edges. However, for high strain rate,
collapse stress comes closer to the linear term of the equation (line for ¢ = 0) which refers to compression
and stretching of the pore faces. This apparent higher contribution of the pore faces is mainly due to inertia
effects and to the fact that gas bubbles cannot escape from the foam due to the short time. Therefore,
the foam strength increases during dynamic loading because of the entrapped gas in the closed pores. As a
constantly high absorption level is demanded, there should be no or low change regarding the properties of
this material, i.e. negligible gas diffusion.

Thus, gas diffusion is a major issue for several applications. To provide reliable and realistic behaviour
laws there is a need for a temporal analysis taking into account both mechanics and gas diffusion. This
problematic concerns polymer foams but beyond that others materials as cork stoppers for which oxygen
transfer across the pore walls was demonstrated to follow a Fickian mechanism [5].

However, comparatively few attempts have been made to numerically simulate gas diffusion in realis-
tic porous materials. Previous research concentrated on theoretical models to predict effective diffusion
coefficients. Alsoy [3] compares existing approaches for this calculation for closed-cell polymeric foams.
She makes comparisons between their theoretical predictions and experimental values. An algorithm for a

one-dimensional simulation of pore concentration change due to diffusion is presented, relying on several as-



sumptions. It requires a network of cubic pores with constant wall thickness, i. e. uniform and constant pore
sizes, a homogeneous and isotropic foam and diffusion in only one direction. Pilon et al. [6] present, likewise
on the idea of a cubic unit cell model, an engineering model to predict diffusion coefficients in closed-cell
foams. Briscoe and Savvas [7] use elastic models with springs and arrays of rectangular pores in a row for
the prediction. The idea of the application of the Finite Element Method (FEM) to simulate Fickian mass
transport was mentioned by Wadiak [8]. This work shows the usage for a multi-layered polymeric body with
no porosity. Nonetheless, it introduced the idea to use existing and effective thermal solvers for diffusion
problems. Many projects focus on an experimental approach [9, 10, 11, 12] to calculate diffusion coefficients
or to investigate gas pressure changes in porous materials.

So far, prior theoretical research was limited to fixed geometries with approximations of wall thickness
and areas. It has neglected to provide insight into the diffusion process going on in the material. There
are no methods documented that consider directly the interaction between mechanical deformation of the
porous material and the diffusion process, especially under changing loads. Therefore, a method is presented
to integrate gas diffusion processes into structural mechanic FEM simulations. It allows arbitrary geometries
and gas diffusion in three dimensions, is not limited to high foam-porosities and can calculate the process
under different, time-dependent load-scenarios. Embedded in a commercial FEA program, MSC Marc,
it is comfortable and efficient to use. Major advantage of the present numerical model is the possibility
to evaluate the effect of foam structure (pore wall thickness, pore size, porosity distribution, topological
arrangement) and possible anisotropic pore shape (often met with industrial foam). But also, to quickly
take into account the influence of the polymer material constitutive laws by which we may implicitly reflect
different physical states of the material as changes of crystallinity or cross-linking.

Using the analogy between Fickian diffusion and thermal conduction, the thermal solver of the FEA
software is used to simulate the diffusion. Due to deformation of the pores and due to gas diffusion, the
pore pressures change. In a parallel approach, both are calculated and accumulated for each time step.
By this, gas pressure and stress distributions throughout the whole domain are obtained for every time
step. Post-processing allows the extraction of characteristic values, e.g. an effective diffusion coefficient.
The method is implemented to simulate two-dimensional configurations under constant load as depicted in
figure 2. In particular, the effect of geometrical pore shape on both the ageing profile and the effective
diffusion coefficient is discussed based on results from the simulation. When closed-cell foams are produced
by expansion, usually at high strain rate, pore elongation is induced in one direction which may results in

anisotropic effect of the mass transfer in the polymer.



2. Methods

2.1. Theory of Gas Diffusion in Solid Closed-Cell Porous Materials

Gas diffusion describes the transport of gas in gas, liquid or solid due to the Brownian motion of gas
molecules. It is a process in which gas passes from locations of higher concentration to ones of lower
concentration. If the locations are separated by a solid, the gas needs to permeate it and diffuse through
this material. Diffusion through condensed matter depends on the concerning material, the permeating gas,
and on the temperature. Polymers are a group of materials where gas diffusion is relatively fast. Free volume
that arises from the gaps left between entangled polymer chains is responsible for this aspect and usually
a good correlation is found between diffusion rate and the degree of the macromolecular chains flexibility.
Indeed any external force field acting on the molecular chain mobility has an important effect by opening or
closing pathways for diffusion. Boersma et al. [13] studied the effects of tensile stress applied to plastic films
on their oxygen permeation properties and reported an increase in permeation rate with stress. Nonetheless,
it can often be neglected for most non-porous materials upon a certain thickness. Gas diffusion in gases
is usually several orders of magnitudes faster than diffusion in solids or liquids. Thus, the time scale for
diffusion is usually determined by the way gas diffuses through the pore wall. Gas diffusion as consequence
of transient chemical bonding is not considered for this paper on solid closed-cell materials.

The basis for all models is Fick’s law of diffusion
J =—-DVc (2)

with J the flux of gas mass, ¢ the concentration of gas and D the diffusion coefficient. By taking the mass-
balance into account Fick’s first law of diffusion can be transferred to the fundamental differential equation

of diffusion or Fick’s second law of diffusion

5= DVZc. (3)

In this work, it is assumed that the diffusion coefficient D in the solid material is constant, i.e. independent
of the local gas concentration and mechanical stress in the solid material. Gas diffusion inside the pores is
considered to be infinitely high, yielding homogeneous pressure and concentration inside each pore. For this
work, the gaseous environment is considered to consist of a single gas.

The derivation of an analytical solution ¢(Z,t) of this differential equation for complex boundary con-
ditions is not feasible. For this reason, several models for the prediction of effective diffusion coefficients
have been developed as mentioned above. We are not aware of any study that simulates complex structures
under mechanical load to gain insight into diffusion in porous materials. Nonetheless, prior research helps
to understand the basic mechanism that needs to be modelled.

The foam or porous material has either due to its production or due to an external load a higher

pressure in its pores than ambient pressure. This causes a concentration imbalance because gas pressure
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and concentration are linked. In the present study (above the glass transition temperature), Henry’s law is
applied for this relation
c=Sp (4)

with S being the solubility of the gas in the solid material S or in the pore S, and p the local gas pressure.
Due to the pressure gradients, the gas diffuses through the walls of the porous solid. By this, it evokes a
change of pressure in the pores until an equilibrium is reached. The solubility in pore and solid is considered
to be constant. Here, the polymer is considered to be in its rubbery state. It is generally agreed that the
solubility depends neither on the gas concentration nor on the hydrostatic pressure applied to the polymer
[14, 15]. Also, for a wide range of temperature, it appears that variations of the solubility coefficient are less
important than variations of the diffusion coefficient. Thus, the variations of D mainly affect the values of

the permeability.

2.2. Set-up

The two-dimensional model for the numerical simulation is illustrated in figure 2. A block of porous
material with a certain width w, height h and porosity ¢ is subjected to a vertical, mechanical load pjoaq.

Either spherical or elliptical pores of equal volume are arranged either on a Cartesian lattice or are
randomly distributed. Pores are well separated from each other and from the boundaries to diminish
possible distortion of the meshed domains.

Figure 3 illustrates the boundary and initial conditions applied on the material as collected in table
1. At the top boundary, the integral normal force Fly.q is prescribed on a rigid plate, leading to a time-
dependent and homogeneous normal displacement of the top boundary. Tangential stress at each node of
the top boundary is set to zero. At the bottom boundary, zero normal displacement and zero tangential
stress is prescribed by using a rigid plate with fixed displacement. No gas diffusion is allowed at the top and
bottom boundary. At the side boundaries, the ambient pressure is applied as a normal mechanical load and

tangential load is set to zero.

Table 1: Boundary and initial conditions

Boundary Condition Top Bottom Left /right Pore
Normal displ. free, same for whole area Z€ro free free
Normal stress F(t) free ambient pressure pore pressure
Tangent. disp. free free free free
Tangent. stress ZeTo ZeTo Zero Z€To

Gas pressure zero gradient zero gradient const ambient pressure const for each pore



amb

Rigid plate

Figure 3: Boundary and initial conditions. Mechanical boundary conditions: Two-dimensional closed-cell porous material
subjected to compressive force Flo,q. Material is compressed in between to rigid plates, of which the bottom one is fixed in
displacement and the top one fixed in normal displacement. A mechanical pressure ppore,; is acting on pore i. Mechanical
ambient pressure pamb, acting on both sides. Diffusion/temperature boundary conditions: Ambient pseudo-temperature Ty,

applied to the sides. Zero flux over the top and bottom boundary. Initial pseudo-temperature ichore’Z_ applied to pore 7.

Dimensional quantities are used for the simulations as collected in table 2. They are chosen to represent
typical structures and do not resemble any particular porous material. Triangular finite elements of first

order (linear — 3 nodes) are used for the simulations.

2.8. Numerical Method

Fourier’s law of thermal conduction and Fick’s law share the same structure. Wadiak [8] proposed in
1985 to adapt existing FEM code to solve Fickian mass transport through polymers. Thermal conduction is
already implemented in many FEA programs, so in MSC Marc. Exploiting the thermal solver for simulating
gas diffusion is the idea behind this approach. For this purpose, both equations are compared, and the
quantities of the mass transport are expressed in quantities of Fourier’s law.

Assuming constant density p, constant specific heat capacity ¢, and constant thermal conductivity k, as

well as no thermal sources, the law of thermal conduction denotes

ok _,

with temperature T. For a better comparison Fick’s second law of diffusion is written here again, with

Henry’s law (4) already applied to substitute the concentration ¢ by the pressure p:

dp DS_,
5= g VP (6)
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Comparing both equations (5), (6) leads to the analogies as collected in table 3. Using the analogy, a
thermal analysis is set up to represent a gas diffusion set-up. Gas pressures for the diffusion process (4) are
applied in the framework of temperatures and therefore called pseudo-temperature hereafter. The material’s
diffusion coefficient is linked to the thermal conductivity. At the left and right boundary of the domain the
pseudo-temperature is set to ambient pressure. Zero thermal gas flux is prescribed at the top and bottom
boundary because the gas must not penetrate these boundaries.

A structural-thermal analysis can be run in MSC Marc and calculates the results. This is a big advantage,
as two Marc-inherent solving capabilities can be used. No additional code has to be written for this purpose.
However, to avoid non-physical effects, any influence from the temperature on the mechanical model has to
be disabled. To that end, the coefficient of thermal expansion and the dependency of Young’s modulus on
the temperature are set to zero.

The mechanical pressure has to be linked with the pseudo-temperature around the pores. As temperature
and mechanical pressure are two different, but necessary quantities in the FEA, a parallel approach is chosen.
On the one hand, to calculate the mechanically induced change of pressure Appyecn, due to change of volume
AV in the pore. On the other hand, to obtain the diffusion-induced change Apgig from the thermal solver.

Assuming isothermal compression, ideal gas law is applied to determine the pressure in a pore for the next

Table 2: Quantities and values used in the numerical simulations

Quantity Symbol  Value Unit
Young’s modulus E 5 MPa
Poisson’s ratio v 0.35

Diffusion coefficient of the bulk material Dy 5-1012 m?/s
Solubility in bulk material S 4.2-1074 mol/Pa/m3
Solubility ratio Ss/RT 1

Ambient pressure Pamb 10° Pa
Pressure load Pload 15, 20 Pamb
Porosity 0] 0.15...0.6

Width w 100 mm
Height h 100 mm
Time step At 1...31 days
Number of time steps T 100 ...200

Number of elements Nelem 100000 ...200000
Number of pores Npore 200



time step ¢t'+!
P =P+ Aplig + ADpecn
(7)
— P+ Apiyg + AV 2

Based on this idea, a Python script is written to set up and control a diffusion analysis in MSC Marec.
Figure 4 illustrates the algorithm chosen to perform the simulation. The simulation starts by loading and
meshing a geometry. The material is defined as pure elastic with a mass density of p = 0 to avoid dynamical
effects. For the thermal properties of the material the specific heat capacity is set pthermCp = Ss, t0o. The
thermal conductivity is set to the product of the diffusion coefficient and gas solubility of the bulk material
k = DS (see table 3).

Next, the boundary and initial conditions for mechanical stress, strain and pseudo-temperature are set
and one time step is simulated. Now, the new gas pressure inside each pore is calculated with equation (7)
taking into account the results from the mechanical and thermal simulation.

Since the pores are not material, they are not captured by the meshing, thereby allowing the application of
a mechanical pressure on the boundaries of the pores as needed for the simulation. Thus, one supplementary
artificial element for each pore is generated to account for the material of the gas. It models the energy
content of the respective pore in the thermal solver. From the comparison made between thermal conduction
and mass diffusion (table 3) the artificial volume V, of the supplementary element equals V¢ Ss = Vpore RT.
Therefore, the specific heat capacity of the supplementary element’s material is set ¢, = Vpore/Vart - RT'/Ss.
By linking the supplementary element with the boundary of the respective pore, the correct initial condition
for the pseudo-temperature can be imposed. However, mechanical pressures at the interface of the pores can
only be applied in the form of boundary conditions, which is not possible during run-time with MSC Marc.
For this reason, the simulation has to be halted after one time step to update the boundary conditions.
Nodal displacement and pseudo-temperature are transferred to the next time step by the help of initial

conditions.

Table 3: Comparison of the heat equation with Fick’s second law

Thermal conduction Mass diffusion
PDE | O,T = (k/pc,)V*T S0;p = DSV?p
T « p
k “ DS
PCp - S
Storage Q= [VepdT E = [V -RT/Ssdp
in pore Vep “ V- RT/S



Load and mesh geometry

o Faces, edges, nodes

Define material

Identify pores

. Sets of edges (each per pore)

Set up boundary and initial conditions i

e Initial displacement (every node) o Initial diffusion pressure (every node)
e 2 plates with boundary condition (fixed and e Diffusion ambient pressure (left and right)

load controlled)

e Contact bodies
e Pore pressures (boundary condition)

o Diffusion pressure linked at each pore
(Ppore = const)

e Ambient pressure
Create supplementary elements

e One supplementary element per pore
representing its volume

e One extra material per pore

e Initial condition: pressure

e Link to pore nodes

g cly Sggeeihyeh el

thermal/diffusion set-up

Perform structural-thermal analysis

. Deformation of each node and pore
. Diffusion pressure of each node and pore

ift < tena
Update set-up

. Initial displacements e |nitial diffusion pressure
. Pore pressures (ideal gas) e Pressure at supplementary elements

t=t+At

Figure 4: Flow chart: Main steps for a diffusion process simulation using a structural-thermal FEA

With this framework, the structural-thermal analysis can be run. The simulated process can be divided
into two phases. In the first ten time steps a rather short time step of 10 s is chosen to simulate the yielding
due to the mechanical load properly. In this short time, gas diffusion is negligible. After these first steps

the time step is increased, so that diffusion effects can be observed.

2.4. Post-Processing

The numerical results are analysed to obtain characteristic values, e.g. characteristic time scales and
an effective diffusion coefficient. The results of the simulation are values of pressure at the nodes of the
meshed model and in the pores. For an efficient post-processing of the data, the local pressures at the
nodes of the unstructured mesh are interpolated to an equidistant, Cartesian mesh. Based on this data, a
one-dimensional pressure distribution along the x-direction is obtained by averaging over the y-direction.
As the gas cannot diffuse through the top and bottom side of the model, the diffusion in x-direction is the

representative one for this process. Relaxation processes lead to a homogenisation of the pressure distribution
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in y-direction. It justifies the use of a one-dimensional model for the post-processing, as effective values for
the whole structure are of special interest here. Figure 5 shows the contour plot and the corresponding
one-dimensional gas-pressure distribution at two different times for a model with 54.4 % porosity and 200
pores. Since the random distribution of pores results is partially imbalanced in vertical direction also the

initial amount of gas shows a vertical gradient. This gradient is still present in figure 5 after 6 months.

t=6month D, ,=5E-12m%s | $=544% t=36month D,,=5E-12m%s | ¢=54.4%
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Figure 5: One-dimensional gas-pressure distribution and contours plots of the gas pressure in a two-dimensional porous material

(100 mm x 100 mm, 200 pores, ¢ = 54.4 %, Dy =5 E-12 %2) after: 6 month (left) and 36 months (right)

This one-dimensional pressure distribution is derived for each time step. The set of these pressure
distributions is used to derive characteristic scalars for the diffusion process. A general solution of the

diffusion equation (6) for homogeneous material is the series of exponentially decaying harmonic functions
= ™ ™\ 2

p(z,t) = nzl A, sin (%m> exp <—Dn (%) t> ~+ Damb (8)

in which A,, is a constant amplitude and D,, the effective diffusion coefficient. The curves of the one-

dimensional pressure distribution are well presented by one sine-function after a short relaxation time. For

this reason, coefficients of higher frequency can be neglected as they give only small distribution. Therefore,

the period L of the sine-function in (8) has to equal two widths 2w. From this condition, the relevant

sine-function or index n can be determined
nw o
L=2n/—=2w=n=2.
/ 2w

The evolution of the second coefficient is relevant for the calculation of an effective diffusion coefficient Dg.
Performing a fast Fourier transform (FFT) in space for each time step of the one-dimensional pressure

11



distribution leads to the values of

As(t) = Ay exp (-Deﬁ <§Z)>2t> . (9)

The argument of the exponential function <—Deﬁ (27 /2w)? t) in (9) is obtained by fitting the Fourier

coefficients in time to an exponential function

As(t) = Ay exp (— T:ﬂ) (10)

as illustrated in figure 6. Using the characteristic time 7.¢ of this exponential function, the effective diffusion

200 cells | Dy, = 5E-12 m?/s

13
m12—_— o (=20%
g 114 A $=38%
£ 197 ¢ =54%
< 97 Exp. fit
T 8
S 87
o7
%5 6
o
o 5
qh) B
% 4_
o 3
L

2

1 ——

0 T :

0 20 40 60 80

Time tin months

Figure 6: Fourier coefficients As(¢) (9) for three models with different porosity ¢ = 20, 38, 54 % in time with ex-

ponential fit (10) to an exponentially decaying function. Fit parameters: As = 2.6538, 6.7925, 12.8915kPa; 7o =
50.6930, 34.8971, 22.1224 month.

coefficient Deg for the simulated porous material is derived by

2

Deg = (11)

Tem?

In some cases, the pressure cannot be fitted well to a sine-function, e. g. for inhomogeneously distributed
pores. To derive a characteristic time nonetheless, another approach is chosen. A characteristic diffusion
time scale 7gi¢ can be derived from the decay of pressure. For this purpose, the pressure distribution is
averaged in each time step over the porous material including pores and solid material, resulting in a mean
pressure p(t). This mean pressure shows an exponentially decaying behaviour in time. Fitting it to such an

exponential function

o) =p-exp () (12)
12



leads to the characteristic time 7qig. Similarly, a time scale Tpore can be defined taking into account only

the pressure inside all pores to derive the mean pressure ppore.

2.5. Grid study

In order to assess the influence of spatial resolution, a convergence study on the mesh is conducted. For
this purpose, a simulation is performed using three different resolutions (a, b, ¢) with increasing numbers of

elements. Figure 7 shows sections of the discretized geometries.

a I LR b

Figure 7: Section of the discretized mesh for a geometry with 200 randomly distributed pores with a porosity of ¢ = 45 %.
Three different discretisations (a, b, ¢) with nejer, = 100000, 200 000, 400 000.

Figure 8 shows the mean pressure evolution p(t) on a geometry with 200 randomly distributed pores
and a porosity of ¢ = 45% for three different meshes with nee, = 100000, 200000, 400000 elements,

respectively. The relative deviation between two configurations a and ( is calculated by
_ _ 2
(pa - pﬂ)
Ao p = | /Ny 13
EDD Fp—— /s (13)
Herein p denotes the mean pressure averaged over the whole domain at a certain time step and > symbolizes

the sum over all time steps. The results on these meshes show minor deviations up to A, . = 7% and

13



100 mm x 100 mm | 200 Cells | ¢ =45 % | Dy, = SE-12 mzls
I

105 T I
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Mean pressure p in kPa

Mean relative deviation:
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Figure 8: Convergence study on a mesh for a model of 200 randomly distributed pores with a porosity of ¢ = 45%. Mean
pressure curves for three different discretisations (a, b, ¢) with ngler, = 100000, 200000, 400 000. Relative deviations according
to (13).

converge. As the extensive additional cost for the finer discretisation is not justified by this difference, the
coarsest element size (a) has been used for this work.

A convergence study in time is conducted as well. Figure 9 shows the mean pressure evolution p(t) on a
geometry with 200 randomly distributed pores and a porosity of ¢ = 50% for three different lengths of the
time step with At =7, 15, 30d, respectively. Interpolating the results to the time steps of the simulation
with the coarser time discretisation, equation (13) is used to calculate the mean deviation. It shows that

the influence of the chosen time step is below 0.1 % on the mean pressure.

3. Results

In the first step, simulations of diffusion through a porous material under load are performed on two-
dimensional domains (w = h = 100 mm) with either 200 randomly distributed pores or with 25 to 225 pores,
arranged equidistantly on a Cartesian lattice.

The one-dimensional pressure curves of all simulations show a characteristic sinusoidal profile after a
short relaxation time. This demonstrates that the results agree to the Fickian diffusion model. Thus, the
effective material approach according to equation (8) can be applied to determine effective properties.

Figure 10 shows the relative effective diffusion coefficients Deg /Dy obtained from equation (11). The
diffusion coefficient increases with increasing porosity. It meets the expectation that an increasing amount

of bulk material constitutes increasing diffusion resistance. The data suggest a possible exponential relation
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Figure 9: Convergence study in time for a model of 200 randomly distributed pores with a porosity of ¢ = 50 %. Mean pressure

curves for three different time steps (a,b, c) with At =7, 15, 30d. Relative deviations according to (13).
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Figure 10: Relative effective diffusion coefficients Deg/Dpuix for different porosities ¢ from simulations on domains with

grid-arranged and randomly distributed pores. Analytical values from an approximation by Pilon [6] and exponential fits (14).
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is shown in figure 10. For a porosity of ¢ = 0, equation (14) yields

1.0252 random
Det / Dk = )

1.08 10x10
values close to the theoretical result of 1. This again demonstrates the validity of the method. Besides
of its quantitative meaning, the effective diffusion coefficient describes the rate of diffusion through the
material. It can be used to compare materials with different topologies or porosities. Figure 11 shows, how
the resulting Deg relies on the number of pores in the computational domain. Already a small amount of
25 pores gives a reasonable estimate of the effective material properties. However, Dqg still rises by 7% if
the number of pores is increased. Above 100 pores, the variation is below 2 %, proving the effective material

behaviour of the material.
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Figure 11: Relative effective diffusion coeficients Deg/Dpyix for certain numbers of pores npore from simulations on materials

with grid-arranged pores

For large domains or computationally demanding micro-structures, the simulation of long physical times
might not be feasible. In that case, simulations of only a few time steps and extrapolation would be beneficial.
Figure 12 reports on the relative deviation of the effective diffusion coefficient when the simulation is stopped
after a certain fraction of 7giz. To that end, materials with 200 randomly distributed pores at 30 %, 38 %,
and 54 % gas fraction, respectively, have been simulated and post-processed, taking only a certain fraction
of the simulated time into account. Already after 50 % of 74, the resulting effective diffusion coefficients
show deviations smaller than 0.5 %.

Averaging the pressure in all pores at a given instant yields the mean pore pressure ppore. Figure 13
shows its evolution over time for simulations with different porosities, presented in figure 10 as well. The
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Figure 13: Mean pore pressure evolution in time p(t) for materials with 200 randomly distributed pores and different porosities.

Exponential fits after 20 time steps (15) for ¢ = 54.4%, 43.2% with pamp = 100kPa; p1 = 8.399, 5.183kPa; Tpore =

1.808, 2.477 a.

mean pore pressure decays approximately exponentially in time, which is in line with experimental findings

[16].

The characteristic decay times Tpore are obtained from fitting the mean pore pressure ppore(t) evolution

to an exponential function

ppore(t) = Pamb + P1 €XP (_t/TpOre)
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starting after a certain number of time steps. Figure 14 demonstrates the drop of 7Tpore With increasing

porosity. The graph suggests a linear relation in the investigated porosity range
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Figure 14: Characteristic diffusion time Tpore from pore pressures for models with 200 randomly distributed pores and with

grid-arranged pores as function of the porosity ¢. Including linear fits given in equation (16).

To = 5.386a, 71 = 0.06628a/% random
Tpore = To — T1 * @, (16)
To =5.291a, 14 = 0.06212a/% 15x15

Figure 14 shows a slight decrease of T, for an increasing number of pores in case of material with
grid-arranged pores. This might be due to more homogeneous and thus, more efficient distribution of gas
flux. However, no significant qualitative change of behaviour is detected. Therefore, the consideration of
the structure as an effective material seems legitimate for the deployed number of cells.

After measuring the influence of porosity, now the influence of pore shape is considered. To that end, four
additional simulations are conducted using randomly distributed elliptical pores. The ratio of the semi axes
of all pores is set either to 0.5 or to 2, yielding horizontally or vertically oriented ellipses, respectively. Figure
15 shows the relative effective diffusion coefficients Deg/ Dpyuik for domains with circular pores compared to
ones with horizontally or vertically elongated pores at two different levels of porosity ¢.

This bar chart suggest significantly faster diffusion for domains with horizontally arranged pores than
for vertically arranged ones or for domains for circular pores. The difference in the diffusion coefficient
between the latter ones are small. The figure shows a slight decrease in the diffusion coefficient if the pores
are elliptical and vertically arranged, and not circular. In interpreting this tendency, one should, however,
be cautious. The pore centers do not coincide. Thus, randomly occurring lines of pores may bias this
result. Nonetheless, one could carefully venture a first explanation: The horizontal alignment of the pores,
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Figure 15: Comparison of relative effective diffusion coefficients of structures with horizontally aligned elliptical pores, vertically

aligned elliptical pores and with 200 randomly distributed, circular pores. (¢ = 40, 50 %)

i.e. alignment in the direction of the diffusion, may enable the gas to diffuse through less bulk material
in ‘choosing’ its way through the pores. This could accelerate the diffusion since the gas is considered to
diffuse through the pores instantaneously, whereas the diffusion through the solid is slow. By this, the slower
diffusion in case of vertically orientated, elliptical cells could be explained as well. In that case the gas might
be forced to diffuse through effectively more bulk material.

In a third step, the influence of inhomogeneous pore distribution is investigated. To that end, the pores
are arranged on a Cartesian lattice and shifted horizontally, leaving either a band of solid material of size
A-w in the middle, or leaving a band of size A\/2-w at both sides (see figure 16). This is done for a constant
overall porosity of ¢ = 40% and constant dimension of the material w = h = 100mm, to investigate the
influence of this shifting. Due to the inhomogeneous distribution sinusoidal ansatz functions according to
equation (8) do not represent the gas distribution. Consequently, characteristic times of exponential decay
according to equation (12) are employed here. The characteristic diffusion time 74ig for different widths
of the shifting A are presented in figure 16. The diffusive decay for accumulation of solid material on the
outside is slower than for accumulation in the middle of the material. In case of positive shift, the diffusion

time is well represented by a linear function
Taie = 2.958a 4 0.04352 — - \. (17)
0

The slope of the linear fit corresponds to the constitution of an additional diffusion barrier with growing
thickness.

In case of negative shift, two effects have to be considered here. Firstly, the gas diffusion within the
bubble cluster increases because of decreasing wall thickness between the bubbles. Secondly, the bubbles are
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Figure 16: Characteristic diffusion time 74;¢ for structures with 10x10 grid-aligned circular pores for different shifting. Negative

A: Space in the middle. Positive A\: Space at the sides.

shifted towards the sides, so the contained gas has to cover smaller diffusion lengths to reach the outside.
The combination of both effects results in a nonlinear decrease of the diffusion time with increasing shifting.

In this case, the diffusion time might by estimated by a second order polynomial function

A A\ 2
Tair = 2.938 2.+ 0.03200 a7 - —0.00153 <%) ) (18)

Interestingly, the positive and the negative shifting results in a comparable slope at zero shifting and a

continuous and smooth curve. A linear fit over the whole simulated range of \ yields

A
Tair = 2.940 a + 0.04496 agr - (19)
0

4. Discussion

The method developed to simulate diffusion using a FEA program is successfully implemented in a Python
script. The approach to employ the thermal solver proofs to be working. A stable code is developed and
leads to quantitatively plausible results. For the simulation ideal gas law is used and isothermal compression
is assumed. In that way, temperature dependencies are neglected. This is reasonable for long-term relaxation
processes in polymer foam construction parts. However, in case of fast diffusion, e.g. for hydrogen storage
in foams, thermal effects should be considered.

As the diffusion coefficient is set to a constant value, its dependency on the concentration and local

mechanical stress is neglected. It would be difficult to implement the latter, because there is no direct
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interaction between diffusive flux and mechanical stress during a time step. The interaction is implemented
by synchronizing initial and boundary conditions between the time steps. However, if the time steps are
short enough, the results converge as demonstrated by the convergence study. Due to this parallel approach,
the FEA program must stop after each time step and needs to be updated. Consequently, the simulation
requires rather long computation times to perform. Nevertheless, it could be demonstrated that reliable
diffusion coefficients can be determined by simulating only 0.5 diffusive time scales and thereby reducing
the computational effort significantly (see figure 12).

The diffusion through the pores is considered to be taking place instantaneously, as the pore pressure
is set to a constant value. In case of single component gases, the pressure equalises inside a pore with the
speed of sound. And also, in case of gas mixtures the approach is reasonable because diffusion coefficients in
gas are approximately seven orders of magnitude [17] higher than for diffusion in polymers. Consequently,
considering homogeneous conditions inside each pore is reasonable.

The influence of the solubility was neglected by setting its ratio Ss/Sgas = Ss/RT to the value of 1.
Smaller solubility in the solid material would reduce the gas flux and thus, decrease the effective diffusion
coeflicient. Depending on the type of gas and solid, the chosen solubility ratio is in the range of realistic
values [3]. Note that here diffusion within the void is not the rate-determining step in the permeation
process, and the chosen ratio value of 1 is consistent with previous studies [6] showing no influence of the
solubility of the gas in the condensed phase on the effective diffusion coefficient.

Compared to realistic foam, the present simulation is restricted to two dimensions, purely elastic material,
spherical or elliptical pores, and the absence of struts, open pores, or other imperfections. This work considers
only diffusion of a single gas. In case of mixtures of gases with different diffusion coefficients more complex
processes such as demixing or diffusion from ambient gases into the void material could take place. Still,
the results show reasonable agreement to experimental investigations of gas diffusion in porous media [3].
The results also show the same magnitudes and tendency in the effective diffusion coefficient as the model
developed by Pilon et al. [6] (figure 10).

The program is used to predict effective diffusion coefficients. Offering a tool, that can determine a dif-
fusion coefficient without complex, long and expensive experiments is of significant value. Since it computes
the distribution of the gas, it could also determine effective positions for probes in experimental investi-
gations, yielding highest sensitivity. However, for the simulations done so far, the pores are considered
spherical, limiting the porosity geometrically to ¢ = 91 % in two dimensions and ¢ = 74 % in three dimen-
sions. Due to the decreasing wall thickness for increasing porosity, the geometry must be meshed finer,
resulting in increasing numbers of elements and high computational effort. In the present study, porosity is
limited to ¢ = 60 %. For higher porosities, the initial solid foam structure should be computed considering
the generation process of foams [18] or surface evolver simulations [19].

Usually, two-dimensional resolution is instructive about the tendency observed in the principal directions
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of three dimensional configurations. For more realistic results pure elastic material behaviour could be
replaces by viscoelastic one to simulate creep-experiments. Also, expansion to larger, non-square models
with higher porosity could be part of further improvement. Transferring the method into three dimensions is
easily possible, because the thermal and the structural solver of many FE programs are implemented in three
dimensions as well. Future research could use the programs ability to simulate set-ups with time-dependent
boundary conditions and complex geometries, making use of the universal character of the approach.

For the simulated geometries and a porosity ranging from 30% to 60 %, a nearly linear correlation
between characteristic diffusion time and porosity can be observed (figure 14). Quick estimations about the
time scale for a certain model can be made with equation (16). Subsequently, significant influence of the
pore shape (figure 15) and pore distribution (figure 16) have been identified. In the considered parameter
range, variations up to 30 % on the diffusion rate are to be observed.

Regarding the results, one can state, that diffusion is a non-negligible factor for long-time loaded solid
closed-cell porous materials; though strongly depending on the material, the dimension of the model, its
porosity and the gas chosen. For the structures simulated a major change in pore pressure caused by diffusion
acts on the time scale of the order of months or few years.

Summarising, one can say that a tool is created that can handle complex loadings, cyclical deformation
and other loads, limited only by the computer power to handle fine meshes. It can be used for manifold set-
ups and may help for the design of porous materials such as polymer foam. Using simplifying assumptions
like presence of a single gas, constant solubility and isothermal state, it simulates the pressure, respectively
concentration, change inside the material. In that way, it offers insight into the diffusion process going on

and allows to derive effective diffusion coefficients.
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