N
N

N

HAL

open science

Numerical modeling of diffusion within composite media

Miljan Milosevic

» To cite this version:

Miljan Milosevic. Numerical modeling of diffusion within composite media. 2nd ECCOMAS Young

Investigators Conference (YIC 2013), Sep 2013, Bordeaux, France. hal-00855843

HAL Id: hal-00855843
https://hal.science/hal-00855843
Submitted on 30 Aug 2013

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00855843
https://hal.archives-ouvertes.fr

YIC2013
Second ECCOMAS Young Investigators Conference
2-6 September 2013, Bordeaux, France

Numerical modeling of diffusion within composite media
Miljan Milosevi¢

Belgrade Metropolitan University — Bioengineering Research and Development Center, BiolRC
Prvoslava Stojanovica 6, 34000 Kragujevac, Serbia

miljan.m@kg.ac.rs

Abstract. Within biological systems, which contain complex and composite media, diffusion may depend not only
on internal geometry, but also on the chemical interactions between solid phase and transported particles. New
hierarchical multiscale microstructural model for diffusion within complex media is presented. Hierarchical
modeling approach is then employed to construct a continuum diffusion model based on a novel numerical
homogenization procedure, using which we evaluate constitutive material parameters.
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1 INTRODUCTION

In complex biological media diffusion transport is affected by molecular interactions with the surface, and
predictions following Fick’s law may become inaccurate. MD modeling and experiments have shown that
diffusion of molecules in nanochannels is affected by proximity to a solid surface [1]. Therefore, modeling of
these transport regimes needs novel approaches that could bring molecular scale information into complex
macroscale models. An ideal scenario is to properly transfer MD information to macroscopic models. Hierarchical
(multiscale) modeling approach [2], [3], which couples MD and Finite Element Method (FEM), offers this
possibility. We will then introduce a multiscale hierarchical model for diffusion at the microstructural level.
Further, we formulate a ‘continuum’ model which employs the results obtained by the microstructural model for
diffusion within the RV. The continuum model is based on constitutive parameters, which include equivalent
‘bulk’ diffusion coefficients and equivalent distances from an imaginary surface. Constitutive parameters depend
only on the structural geometry and the material properties of the diffusing constituents.

2 METHODS
2.1 MD simulations and scaling functions for diffusion coefficient
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Figure 1: Calculated glucose diffusivity (A) and scaling functions of the proximity to the silica surface for several
concentrations (B); according to [1].
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MD simulations for calculating diffusion coefficient in nanochannels were carried out within [1],[2]. Diffusion
coefficients were then calculated by using the mean square displacement <r”>. The diffusivity along the surface
normal (z-direction) was evaluated, from the surface up to the middle of the nanochannel. The diffusivity results
include dependence on distance from the wall and glucose concentrations (Figure 1A).

The MD calculated diffusivity is normalized with respect to the “bulk” value D, , corresponding to diffusivity far
from the surface, where influence of the surface is negligible. Calculated scaling function is shown in Figure 1B.

2.2 Finite element model

We here consider unsteady diffusion where the diffusion coefficient depends on both concentration and spatial
position of a point within the model. FE solution procedures for nonlinear diffusion problems have been well
established and successfully used in various applications (e.g. [4],[5],[6]). The basic mass balance equation, which
also includes Fick’s law in equation, is transformed into the incremental-iterative system of linear balance
equations for a finite element [6]:

(iM +n+1K(i1)jAC(i) — n+1QS(i71) + n+1QV(i) _n+lK(i—l) n+1C(i—1) _
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In our FEM model we have incorporated concentration and interface effects. Implementation of the incorporated
expression is illustrated in Figure 2. Note that linear interpolation between scaling curves is used.
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Figure 2: Determination of diffusion coefficient at a spatial point P using dependence on concentration and
surface effects. a) The “bulk” value is determined from the curve D(c); b) the scaling function is evaluated from
family of curves. Linear interpolation curves S(c,h) is adopted; according to [7].

2.3 Generalization of the hierarchical model to porous media

The main idea here is to determine equivalent diffusion parameters of a homogenous porous medium which
capture the internal structure of a composite medium in a way that diffusion properties are preserved. To achieve
this, we first take a reference volume around a material point (in a form of a cube) around that point, Figure 3a,

and discretize it into finite elements (Figure 3b).
Fibrous medium

FE model of reference volume

Figure 3: Concept of extension of hierarchical model to porous medium with fibers. a) Fibrous medium with
reference volume at a material point P; b) Reference volume discretized into finite elements; according to [3],[8].
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2.4 Numerical homogenization procedure and continuum model

We introduce a novel numerical homogenization procedure to determine the appropriate diffusion properties of a
continuum model with a given microstructure. The basic condition governing this procedure is the equivalence of
mass fluxes (through any surface in the diffusion domain) for the microstructural and continuum model, at any
time during diffusion process.

Next, we calculate diffusion through the reference volume using equivalent quantities of a porous homogenous
medium within the RV. The porosity n is evaluated from the internal structure of the RV. For each diffusion
direction i (i.e. X,y,z), the steps are as follows: First we calculate mass release using initial diffusion using given

D,, C . Then, perform changes on the value D, until the mass release curve is close enough to the true curve,

when the value is D, . After that, using D,

calculate initial mass release curve taking into account
equivalent values of the transformation matrix T and equivalent distance from the solid surface ﬁo .. Finally,

search for the distance h when difference between the calculated and true mass release curves is within a selected
error tolerance. In the above calculations of the equivalent transformation matrix and initial equivalent distance
FO . aweighted procedure, which takes into account volumes belonging to FE nodes, is implemented [3],[8].

3 RESULTS

3.1 Dependence of equivalent parameters on concentration range and concentration gradient

For given solvent and diffusing particles we show that material parameters of the continuum model (equivalent
diffusion coefficients and equivalent distances from surface) only depend on the geometry of the microstructure
and its material characteristics [3]. To demonstrate this statement, we take a reference volume (RV) with solid
silica nanofibers with fibers diameters of 10nm, angle of fiber direction is 75 degrees and porosity equal to 80%.
For this model we change the boundary conditions to achieve various mass release curves.

3.2 Effect of total fiber’s area in RV on values of equivalent parameters

In order to check influence of total fibers’ surface area we used tree different configurations of internal
microstructure, consisting of fibers which direction is orthogonal to direction of diffusion. All examples are
approximately with 80% porosity. Input parameter for each example, together with calculated values of total
surface areas and total volume of solid phase in system, are given in table 6.

Table 1: Equivalent diffusion coefficient and equivalent distance from the surface results for three examples with
different fiber’s area, and same porosity.

Example D" D" Surface Area [ «m’ ] H,
1 4.33908e+7 2.78251e+6 0.010050 1.6768E-3
2 4.33800e+7 2.77214e+6 0.007634 1.9002E-3
3 4.34844e+7 2.87622e+6 0.005026 2.2727E-3

According to results for 5gﬁ from table 1 it can be concluded that equivalent diffusion coefficient of free
diffusion depends on porosity (results for 53“ are approximately the same for all three examples). Result for
equivalent distance from the surface H, show that H, depends on total surface area in the system (H,
decreases with increasing of total surface area).

4 CONCLUSIONS

Our approach, consisting of a microstructural model and numerical homogenization procedure is general and
robust, and offers new possibilities in modeling diffusion through complex materials, including molecular
transport in biological systems (e.g. intercellular spaces and tissues).

The presented methodology can serve as a tunable platform for constructing intricate multiscale hierarchical
diffusion models with additional complexity and effects, such as multiple molecule types (e.g. different
proteins/ligands), multiple surfaces (e.g. various cell types with different receptors), and various media (e.g.
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different solvents). These multiscale models provide a basis for a deeper, more accurate representation of
fundamental transport processes occurring throughout nature.

Numerical homogenization procedure presented in this work is analogous to homogenization procedures
previously presented in linear and nonlinear solid mechanics, heat transfer and diffusion, where different types of
RV were used (e.g. [9],[10],[11]). Previous homogenization procedures have limitations due to the special
assumptions made regarding microstructure (e.g. periodicity) as well as relying on various asymptotic expansions
of analytic forms. Our method is not only general, but also includes concentration-dependent parameters within a
wide range of concentrations over which diffusion occurs.

ACKNOWLEDGEMENT

This project has been supported with federal funds from NASA under the contracts NNJO6HEO6A and
NNX08AW91G, Department of Defence under the contract DODW81XWH-09-1-0212, as well as funds from
State of Texas Emerging Technology Fund, Nano Medical Systems (NMS), Alliance of NanoHealth (ANH), and
University of Texas at Houston. The authors acknowledge the Texas Advanced Computing Center (TACC) at The
University of Texas at Austin for providing HPC resources that have contributed to the research results reported
within this paper.

The authors acknowledge support from Ministry of Education and Science of Serbia, grants Ol 174028 and IlI
41007, City of Kragujevac, and from FP7-ICT-2007 project (grant agreement 224297, ARTreat).

REFERENCES

[1] Ziemys A., Grattoni A., Fine D., Hussain F., Ferrari M., Confinement effects on monosaccharide transport in
nanochannels, The Journal of Physical Chemistry B (2010) 132-137.

[2] Ziemys A., Kojic M., Milosevic M., Kojic N., Hussain F., Ferrari M., Grattoni A. (2011). Hierarchical
modeling of diffusive transport through nanochannels by coupling molecular dynamics with finite element
method, Journal of Computational Physics, 230, 5722-5731.

[3] Milosevic M. (2012), Numerical Modeling of Diffusion in Composite Media, Ph. D. Thesis, Faculty of
Engineering Sciences, University of Kragujevac.

[4] Bathe K.J., Finite Element Procedures. Prentice-Hall, Inc., Englewood Cliffs, N.J., (1996).

[5] T. Hughes, The finite element method: linear static and dynamic finite element analysis. 2000, New York:
Dover Publications.

[6] Kojic M., Filipovic, N., Stojanovic, B. and Kojic N. (2008), Computer Modeling in Bioengineering,
Theoretical Background, Examples and Software, J Wiley and Sons, Chichester.

[7] Kojic M., Milosevic M., Kojic N., Ferrari M., Ziemys A., On diffusion in nanospace, JSSCM, Vol. 5/ No. 1,
2011/ pp. 84-1009.

[8] Kojic M., Milosevic M., Kojic N., Ferrari M., Ziemus A., Numerical modeling of diffusion in complex media
with surface interaction effects, Contemporary Materials, 111-2 (2012), 153-166.

[9] Nicolas M. O., Oden J. T., Vemagantia K. and Remacle, Simplified methods and a posteriori estimation for the
homogenization of representative volume elements, J. F., Comput. Methods Appl. Mech. Engrg. 176, 265-278
(1999).

[10] Chapman S. J., Shipley R. J., Jawad R., Multiscale modelling of fluid flow in tumours, Bull. Math. Biology
70, 2334-2357 (2008).

[11] Yu W., Tnag T., Variational asymptotic method for unit cell homogenization of periodically heterogeneous
materials, Int. J. Solids Struct. 44 (22-23), 7510-7525 (2007).



