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ABSTRACT
Deliverable D5.3 describes the development of the models for modelling aerogels structures as well as the
development of the cellular automaton model of CO2 diffusion through the pores of the gel.
The framework for modelling of hybrid aerogels structures as well as obtaining of the structure characteristics
has been developed and implemented in an intelligent system “Aerogen Structure”. The framework integrates
five models for generating structures of different types for organic, inorganic and hybrid aerogels (including
aerogels based on cellulose, chitosan, alginates), modules for calculating specific surface area and pore size
distribution. Thus, comprehensive set of models integrated into systematic framework within intelligent system
“Aerogen Structure” provides an interface to perform modelling and validation of aerogel structures.
Cellular automaton model with Margolus neighbourhood has been developed for studying diffusion through
the pores of the gel. New model parameters for describing diffusion and mass transfer processes in the pores
of gel have been introduced into the classical Margolus CA. Such CA model parameters as interaction energy,
time step and effective diffusion coefficient have to be obtained using experimental data and numerical
solution of diffusion equation. CA has been implemented in a form of console application.
The developed software will be used to describe the supercritical drying of the aerogels based on different
types of materials in the frame of this project. The developed systematic framework for aerogels structure
modelling offers set of models allowing selection of most suitable model based on such characteristics as
specific surface area and pore size distribution and can be used for obtaining structures for different types of
aerogels. The results obtained when using developed framework were in good agreement with experiments.
The software for simulating the process of CO2 diffusion through the pores of gels allows obtaining the drying
kinetics as well as images of CA state at different time steps for different aerogel structures.

INTEGRATION
This deliverable corresponds to the work achieved in the following tasks:
• T5.6: Cellular automata (CA) approach for indepth description of supercritical drying
This deliverable use results from the following deliverable:
• WP2, D2.1: Report on polysaccharide aerogels preparation in form of microparticles and beads
• WP3, D3.1: Polyurea aerogels available for initial testing
• WP5, D5.1: Technique for measuring ethanol concentration
The results of this deliverable will be used in the following deliverables:
• WP5, D5.5: CFD modelling of mass transfer during sc-drying process, and concept for drying
optimization on the pilot and production scale
• WP5, D5.7: Concept for drying optimization on the pilot and production scale
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1. TECHNICAL & SCIENTIFIC PROGRESS
1.1. Aerogels structure modelling
In this task, we concentrated on widely used particle aggregation algorithms as they have been proven to
describe the mechanisms of structures formation as well as structures themselves quite accurately. At the
same time, these kinds of models make it possible to add and take into account new factors affecting the
particle aggregation processes, which can be really crucial criterion when dealing with structures of different
nature.

1.1.1. Algorithms selected for structure generation
Since different types of aerogels have to be investigated, set of models is needed for complex research. The
following structures parameters have been taken into account: porosity, pore size distribution, structuresdependent parameters (for particles-based aerogels: particles size, for fiber-like aerogels: length and diameter
of the fiber). The following models have been selected: DLCA (diffusion-limited cluster aggregation), MultiRLA
(reaction-limited aggregation with multiple aggregation centers), OSM (overlapping spheres method), BPCA
(ballistic particle-cluster aggregation) and RW (random walker).
General definitions of the selected algorithms will be given below, whereas more details can be found in the
referenced materials.
Overlapping spheres model (Gurikov et al., 2009) can be described as follows: the volume is being filled with
slightly overlapping spheres, then spheres have to be removed until desired porosity is obtained and links
between all spheres exists (Fig. 1)
Diffusion limited cluster aggregation model (Written et al., 1981) is well-known and widely used model. The
particles following Brownian motion are aggregated into set of clusters that eventually can encounter each
other forming resulting clusters.
Reaction limited aggregation with multiple centres is rather new model that is based on reaction limited
aggregation (Meakin and Family, 1987) but introduces multiple seeds or aggregation centers. This model
provides an opportunity to take into account different processes occurring between particles but it does that at
the price of high computational complexity. Thus, this model is very flexible meaning that it can be adopted
according to the needs.
Ballistic particle-cluster aggregation model (Rinewalt et al., 1991) operates with particles that follow straight
line trajectories between starting point and the position of the seed. The cluster that is being formed in this
model is filled out very evenly, being nearly disk-shaped.
Random Walker is general purpose algorithm that describes the random movement of a single particles.
When multiple particles are added to the volume, their paths would form a structure full of fibers-like objects. It
is also possible to use this model for particles-containing aerogels.

1.1.2. Structure parameters
After structure is generated, it has to be validated. Specific surface area and pore size distribution have been
selected as validation criteria as these parameters usually available during the process of aerogel production
(for example, by using nitrogen porosimetry) and can be used as benchmarks. Modified version of algorithms
described by Menshutina et al. (2014) have been implemented in a form of general purpose libraries, meaning
that these algorithms can be used to analyze any structures represented in specific input format.

1.1.3. Questionnaires for partners
In order to obtain experimental data for hybrid aerogels, a special questionnaire has been prepared and sent
to the participants of this project responsible for experiments. The questionnaire can be found in Appendix A.
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Based on the given answers, it is possible to perform structure modelling of described in the questionnaire
aerogels.

1.1.4. Software
Previously described models for structure generation and algorithms for obtaining structure parameters have
been implemented in a systematic cross-platform software framework “AeroGen Structure” (Fig. 1). The main
features of the developed software are:
•
•
•
•
•

Graphical user interface a in a form of single page web-application (Fig. 2-4)
Running virtual experiments for structure generation from within graphical user interface
Viewing results of structure generation: visualization of the structures, structure parameters (Fig. 3)
Virtual experiments can be grouped into projects
Virtual experiments can be repeated for adequacy check

The framework consists of two levels: algorithmic and computational management (Fig. 1). Algorithmic level
includes all models used within framework and their implementations in a set of computational tools that
eventually produce 3D structures and calculate their characteristics. Computation management level
introduces set of interfaces that provide options to manage computational experiments, build reports and allow
visual inspection of generated models.

Figure 1. The systematic framework within “Aerogen Structure”
The interface of the main pages of the developed software framework are presented on Figures 2-4.
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Figure 2. Main window of the software “AeroGen Structure”

Figure 3. Project window of the software “AeroGen Structure”
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Figure 4. Adding new computational experiment in “AeroGen Structure”
The following technologies, languages and frameworks have been used:
•
•
•

•

Javascript/HTML/CSS and library Angular were used for developing of graphical user interface
Models BPCA and RW have been implemented in C# 4.0 language within Microsoft Visual Studio
Community Edition development environment.
Models OSM, DLCA, MutliRLA as well as algorithm for calculating specific surface are have been
implemented in C++ (standard C++11) language and cross-platform Qt framework. Since in these
models and algorithms a lot of computations are being performed, C++ languages has been chosen
as it allows achieving higher performance when comparing to other languages.
For the development of the module for pore size distribution Python language and CUDA technology
have been used.

1.2. CA model of CO2 (alcohol) diffusion through the pores of the gel
1.2.1. Algorithm
The developed cellular automaton model of CO2 diffusion through the pores of the gel is based reversible
cellular automaton with Margolus neighborhood proposed by Norman Margolus (Toffoli, Margolus, 1990). The
rules of developed cellular automaton are:
•
•
•
•
•

2D lattice; alphabet of states: S0 – empty cell, S1 – alcohol, S2 – aerogel structure cell; every cell in
the lattice are of the same size
On each iteration the lattice is divided into set of 2x2 blocks according to Margolus neighborhood (Fig.
5) that are partitioned (Fig. 6) in two ways (odd and even);
For the pair of two adjacent cells, the interaction energy (which depends on the types of the cells) is
calculated.
On each iteration the total energy of the block is calculated
On each iteration each block can rotate clockwise, counter-clockwise or stay unmoved depending on
the energy of the block
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•
•

Following assumption has been used: binary diffusion coefficient does not depend on alcohol
concentration in CO2
The free diffusion coefficient is fixed and when converted to CA units equals to 1.78 [unit of
2
length] /iteration.

Figure 5. The Margolus neighborhood

a)

b)
Figure 6. Even (a) and odd (b) partitioning of the lattice

The energy effect of pair interactions between cells is related to the change of Gibbs energy of the system. In
order to take into account entropy (s) and enthalpy (ε) factors, interaction energy has be calculated.
Interaction energy is the sum of enthalpy and entropy factors:
Equation 1
=
−
which corresponds to Gibbs free energy ∆ G = ∆ H − T ∆ S .
Total energy of the block is the sum of the all pair interactions energies within the block Fi in and interaction
energies with adjacent cells from other blocks Fi out :

Fi = Fi in + Fi out

Equation 2

In order to speed up the calculations, all pair interactions energies within the block can be neglected.
For example, the probability to stay unmoved for the block is

 F out 
exp − um 
 RT 
Pum =
out
out
 F 
 F out 
 ∆G ccw
exp − um  + exp − cw  + exp −
RT
 RT 
 RT 







Equation 3

Similarly, other probabilities (to rotate block clockwise or counter-clockwise) are calculated.
The described approach can be used to predict drying kinetics dependence from temperature and in this case
at least 2 experiments with drying of samples with the same aerogel structural properties and at different
temperatures and the same CO2 density are required in order to determine both the enthalpy and entropy
factors.
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However, when temperature dependence of the drying kinetics does not to be taken into account, only total
interaction energy of alcohol – aerogel structure has to be defined (without need to determine enthalpy and
entropy factors separately).

Diffusion coefficients
Effective diffusion coefficient in CA is obviously lower than free diffusion coefficient and when the number of
particles in CA equals to the number of boundary layer cells or less than that, then it can be considered as a
constant. In that case, the diffusion coefficient is determined only by interaction energy of substances with the
aerogel structure and substance diffusion in the pores.

=

=

+

Equation 4

In the following calculations, we assume that the diffusion coefficient in CA depends on concentration as a
threshold function:

<
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Equation 5

– is a concentration that corresponds to the amount of substance in volume equal to the size of
where
boundary layer in CA. In order to check dynamics of such assumption, equation 4 has been solved
numerically by using an explicit difference scheme with the following recurrence relation:
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Equation 6

Assuming that the drying time of CA and of the numerical solution of the model should match, we can find
most suitable value for the effective diffusion coefficient
:
40000

Number of alcohol-contating cells

35000
30000
25000
20000
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PDE

15000
10000
5000
0
0
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2000
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4000

5000

6000
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Figure 7. Cellular automata model in comparison with PDE numerical solution
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First-type boundary conditions have been used for numerical solution

and the following initial condition:

0,
,,

=0
=0

с ,0 =

-

is found for the experiment from optimization of PDE numerical solution, it can be
After the ratio - /
used to determine the interaction energy in CA.
In order to determine the effective diffusion coefficient
, it is necessary to optimize the value of
from
the solution of the diffusion equation for the desired shape of the sample and the corresponding initial and
boundary conditions from experiment. After this procedure is done and interaction energy is determined, it can
be used in CA simulations for the system described in the experiment.

1.2.2. Software
The software tool implementing the described cellular automaton has been developed in a form of console
application. C++ language has been used as it offers desired computation speed and different techniques for
code parallelization. Cross-platform Qt framework has been selected as the main application framework. As
an input, the software uses configuration file (Appendix B), where such input parameters have to be specified:
enthalpy and entropy factors, temperature, aerogel structure (input file/structure generation type), and
condition which defines when to stop the simulation. The software tool is also generating the images of the
modelled volume in a form of images (Fig. 8).

a)
b)
c)
Figure 8. CA states on different time steps: a) initial state (t=0), b) after 400 iterations (t=400), c) after 12000
iterations (t=12000)

2. DEVIATIONS – IMPACT
In this section, the results produced by developed algorithms and software frameworks will be discussed
based on performed computational experiments.

2.1. Aerogels structure modelling
As a first benchmark, polyruea aerogel based on sample named Desmodur N3300 reported by Leventis et al.
(2010) from UPAT has been used. Aerogel structures with following characteristics have been modelled:
porosity 91 %, globule radius 5 nm, modelled volume 300x300x300 nm. Images of the generated structures
for different models is presented on Figure 9.
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Table 1. Specific surface area comparison of structures generated using different models
Experimental

DLCA

OSM

multiRLA

BPCA

Specific surface area, m /g

302

334.4

317.8

284.7

302.7

Mean pore diameter, nm

13

15.2

14.96

148

180

2

a)

c)

b)

d)

Figure 9. Visual representation of the structures obtained by modelling the aerogel using data reported by our
partner UPAT: a) DLCA model; b) BPCA model; c) MultiRLA model; d) OSM model.
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50
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150

200

250
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Figure 10. Pore size distribution obtained by using different algorithms for modelling Desmodur N3300
reported by Leventis et al. (2010)
The results of structure modelling using DLCA and OSM models are in good agreement with experimental
data when taken into account structure charateristics (specific surface area and mean pore diameter) as
shown in Table 1.
The second test has been conducted for cellulose aerogel presented by our partners from CEMEF. The
structure of aerogel has been modelled using RW model (Fig. 11a). Following input parameters have been
used: porosity 91 %, fiber diameter 10 nm, modelled volume 300x300x300 nm. Specific surface area has
been calculated and compared against experimental value in Table 2. Pore size distribution for experiment
has not been available.
Table 2. Specific surface area comparison for CEMEF reported aerogel

2

Specific surface area, m /g

Experimental

Random Walker

250-300

303.4

The third test has been run based on data presented by our partner DLR. Following input parameters have
been used to model chitosan-based aerogel (Fig. 11b): porosity 91 %, fiber diameter 60 nm, modelled volume
900x900x900 nm. Specific surface area has been calculated and compared against experimental value in
Table 3. It was not possible to calculate pore size distribution for such structure in reasonable time.
Table 3. Specific surface area comparison for DLR reported aerogel

2

Specific surface area, m /g

Experimental

Random Walker

239

297.2
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a)
b)
Figure 11. Visual representations of fiber-like aerogels: a) CEMEF reported cellulose aerogel; b) DLR reported
chitosan-based aerogel
The results obtained during benchmark test are in good agreement when such structure characteristic as
specific surface are is considered. The variety of available methods presents an opportunity to choose the
most suitable one. However, the pore size distribution has some limitations (even though these calculation
involves using CUDA technology for parallel computing) – when structure size is larger than 500x500x500 nm,
calculations may take too much time. For the case presented by our partner UPAT, the pore size distribution
calculation results were in good agreement with experimental data for DLCA and OSM models.
Another example of modelling aerogel structures (both fiber-like and globules containing aerogels) can be
found below:
Table 4. Aerogels structure modelling using OSM method, modelling volume is 200x200x200 nm
Parameters
Porosity: 0.91
Fiber radius:4 nm
Porosity: 0.91
Fiber radius:5 nm
Porosity: 0.91
Fiber radius:8 nm
Porosity: 0.91
Fiber radius:10 nm
Porosity: 0.91
Fiber radius:12 nm
Porosity: 0.91
Globule radius:4 nm
Porosity: 0.91
Globule radius:5 nm

Specific
surface area

Type

2

Fiber-like structure aerogels

2

Fiber-like structure aerogels

2

Fiber-like structure aerogels

2

Fiber-like structure aerogels

2

Fiber-like structure aerogels

2

Spherical globules containing aerogels

2

Spherical globules containing aerogels

397.4 m /g

317.7 m /g

192.5 m /g

154.9 m /g

128.6 m /g

395.2 m /g

322.7 m /g
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Пористость: 0.91

2

Spherical globules containing aerogels

2

Spherical globules containing aerogels

2

Spherical globules containing aerogels

188.1 m /g

Globule radius:8 nm
Porosity: 0.91

150.9 m /g

Globule radius:10 nm
Porosity: 0.91

127.1 m /g

Globule radius:12 nm

a)

b)

f)

g)

c)

h)

d)

j)

e)

k)

Figure 12. Structures generated by OSM model, 200х200х200 nm; a – e: fiber-like aerogel structures with
fiber radiuses: a) 4 nm, b) 5 nm, c) 8 nm, d) 10 nm, e) 12 nm; f –k: spherical globules containing aerogels with
globule radiuses: f) 4 nm, g) 5 nm, h) 8 nm, j) 10 nm, k) 12 nm

2.2. Modelling of CO2 (alcohol) diffusion
As a benchmark for CA of CO2 diffusion, the system described by Y. Özbakıra et al (2015) has been used.
According to Özbakıra et al., the mean diffusion coefficient of alcohol in CO2 in their experiments is
-8
2
2.5*10 m /s, which corresponds to the fixed free diffusion coefficient in CA. Based on this fact, one time step
in CA can be determined as follows:

∆ =

-

∆ℎ = 7.1 ∙ 10'"" s

Equation 7

Özbakıra et al. reported following ratio for - /
– 2.5/0.41. By numerically solving Equation 4 the drying
kinetics has been calculated for the set of - and
(Fig. 13). After that interaction energy for CA has to be
obtained for the current system via optimization of the CA’s parameters by comparing drying process times
calculated using PDE and CA. The interaction energy parameter of CA for the system described in the cited
paper is equal to 9300 J/mol.
The results of the drying kinetics modelling using CA is presented on Figure 13.
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4,0

time (10e-7 s)

Figure 13. Comparison of numerical PDE solution (based on data reported by Özbakıra et al.) to CA model
results.
In order to validate the obtained interaction energy E, another experiment can be performed for the aerogel of
different density and structure. By following the described approach, the numerical solution of PDE has to be
compared to the drying kinetics of CA that has to be run using determined interaction energy E and aerogel
structure used in the experiment.
By following the procedure described in Chapter 1.2.1, several CA parameters (time step, effective diffusion
coefficient, interaction energy) have to be determined based on experimental set up. These parameters can
be used to run simulation for the described system using different aerogel structures.

3. CONCLUSIONS
The developed systematic framework for aerogels structure modelling offers set of models allowing selection
of most suitable model based on such characteristics as specific surface area and pore size distribution. As
shown in benchmark study, the models produce different results meaning that these models can be used for
obtaining structures for different types of aerogels. Selected models can be relatively easily tuned by adding
new parameters (that would allow describing structure generation based on different aerogel characteristics in
more accurate way) into structure generation algorithms. The results obtained when using developed
framework were in good agreement with experiments meaning that selected models can describe real
systems quite accurately. The framework is implemented in a form of web-application that allows easily run
new computational experiments (without need to deal with configurations) and view results of modelling.
The developed cellular automaton model allows simulating the process of CO2 diffusion through the pores of
gels. All needed for CA simulation parameters can be determined for experimental data by using the algorithm
described in Chapter 1.2.2. In order to predict temperature dependence of the drying kinetics, at least two
experiments are needed to determine necessary CA parameters (enthalpy and entropy factors). CA model
has been validated against experimental data; the results of CA drying kinetics are in good agreement with
experiment. A console application that implements CA model has been developed. The software allows
obtaining the drying kinetics as well as images of CA state at different time steps for different aerogel
structures.
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