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Abstract

In the current study the transient diffusion behavior in a two-dimensional porous domain with varying mass
transfer coefficients using COMSOL Multiphysics 6.1 was examined. The mass transfer diffusivity was varied
from 5 m/s to 10 m/s in the interval of 2.5 m/s. A series of simulation carried out with various mass transfer
coefficient in the timesteps size varied between 0 ms to 100 ms. A computational model was developed using
COMSOL Multiphysics to simulate the transport phenomenon, governed by the mass conservation equation and
appropriate boundary conditions. The left boundary was set as a constant concentration source, while the right
boundary employed a Robin condition. The transient concentration distributions, average flux, and total flux
streamlines were analyzed for different mass transfer coefficients. The results revealed that higher K values lead
to increased concentration gradients and faster diffusion front propagation. In addition to above the raise in the
K also plays an crucial role in the rapid boundary concentration depletion, higher peak fluxes, and earlier
occurrence of peak flux. However, there is no massive improvement either in the concentration and average flux
were noted across wide range of time dependent analysis when the mass transfer coefficient is varied.
Nevertheless, for a precise porous dilution application it is mandate to understand the flow of total flux. Thus,
the current study provides the limelight to understand the impact of accurately modeling mass transfer boundary
conditions on species transport rates in porous domains.
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1.Introduction

Engineering and scientific researchers are focusing on species transport in porous media [1]. This process
involves controlling the motion of the particles, fluids, and organic matter with the help of porous materials.
This method employs materials like soil, rock, and synthetic structures [2]. In environmental engineering, this
method helps prevent contamination of groundwater [3]. Industry waste like harmful chemicals and poisonous
water can move through the soil like porous media, so researchers can understand the movement of chemicals
and avoid contamination of groundwater and agriculture land. In the biochemical field, this process is used to
deliver the drugs to a particular location of the human body [4]. Because drug use, like cancer, will affect the
rest of the organs as well, this porous media transport helps with drug delivery in the exact location of the
affected area. which results in increased safety and better treatment. In chemical engineering, porous media play
a vital role in the design of catalysts [5]. This catalyst is made of porous material to increase the efficiency of
chemical reactions.

The modelling diffusion of heterogeneous porous media is complex due to its material, size, shape, and
connection [6]. Here, heterogeneous media are constructed in an irregular pattern, so the movement of the
molecules is not uniform. The pathways of pores are large in some places and very small in others. So this
variation will play a major role in modelling porous media. and due to the non-uniform size and shape of the
pores, it is difficult to analyse the movement of substances in the medium. The impact of transport properties
changes throughout the design due to the non-uniform shape and size of the material [7]. In the conventional
method, it considers uniform properties for all mediums, but with this approach, it is not possible to develop an
efficient medium. While analyzing the structural heterogeneity of design, an advanced mathematical model and
computation facilities are required [8]. A simple model assumes uniformity throughout the system, which will
lead to failure. While creating an accurate mathematical model, it needs specific information about the structure,
which is not possible to obtain [9]. The collection of accurate data on heterogeneous media structures is
challenging. Approaches like imaging and tomography will provide good results but are not accurate [10].
Without accurate results, it is not possible to create accurate models.

The mass transfer coefficient will play a major role in species transport flow rate prediction [11]. This coefficient
value determines how fast substances move from one region to another. a high value of the mass transfer
coefficient, which will give a faster diffusion rate. The variation of the mass transfer coefficient will influence
the species transport rate [12]. The concentration of gradients that develop in the porous medium depends on
the mass transfer coefficient. Higher values of coefficient level provide flatter gradients due to their faster
surface movement. Lower values of the coefficient create steeper gradients.

The computational model is used in the transient diffusion process. COSMOL and Multiphysics are mainly used
in complex geometry and transport for flexibility and faster operation [13]. The diffusion process changes over
time, which will be determined by the computational model and provide details of substance movement in the
medium. This model solves the equations and provides the concentration profile and dynamics of the system
[14]. With the help of a computational model, real-world practical applications of geometrical shapes are solved,
and an exact simulation of diffusion is obtained. In the case of analytical methods, it is complex to compute.
The properties, such as diffusivity, are not constant, and they will change across the medium. This will be done
by the computational model and provide solutions for real-time applications. Applications like COSMOL will
provide the flexibility of customization and, with the help of this, fix the boundary conditions and material
properties and test the various scenarios [15]. With the help of computational models, the concentration of
profiles can be generated in the form of graphs and animations. Simulations of the computational model provide
a cost-effective approach instead of real-time experiments [16]. It allows researchers to test different scenarios
without a physical setup. So computational models play a major role in studying the diffusion process.
Previous studies on species transport in porous media concentrated on fluids and substance movement in the
material, like rock and soil. Which helps in predicting the contamination of soil and water. Some research is
focused on the chemical reaction between the porous medium and the solution, which will affect the porous
transport. Other studies show how microbial reactions happen inside the media and influence the transport
process [17]. In spite of the advancement of porous studies previously done, some notable gaps are also there
regarding heterogeneous media, mass coefficients, and scale effects. The objectives of the present study focus
on the impact of mass transfer coefficients and how the various coefficient values affect concentration over the
time period. To test the heterogeneous porous media with various mass transfer states. and check the average
flux of species developed in the medium and how it affects the mass transfer coefficient.



2. Methodology and Modeling
A two-dimensional model was developed in COMSOL Multiphysics 6.1 to simulate the transport of a dilute
chemical species through a porous square domain with circular voids [18]. The geometry consists of a 0.8 mm
x 0.8 mm square containing an 8x9 array of circles, each with a diameter of 0.06 mm and spaced 0.1 mm apart.
The Chemical Species Transport interface was used to model the transient diffusion and convection of the dilute
species through the porous domain [19]. The governing equations solved were the mass conservation equation
for the species concentration ¢ given by 1,
oc/ot +V-(-DVe) +u-Vec =R

where D is the diffusion coefficient (m?/s), u is the velocity vector (m/s), and R is a reaction rate expression for
the species (mol/(m?3s).
The following boundary conditions were applied, No Flux to all exterior boundaries of the domain, to represent
no species transfer across those boundaries [20]. Left boundary set to a constant concentration of cmax = 3 mol/m?3
to act as a continuous source. At the Right boundary set to Outward Flux with a mass transfer coefficient kf =
10 m/s and 0 mol/m3external concentration, to allow species outflow
Key input parameters to the model were:

e Diffusion coefficient D2 = 1e-5 m?s in the porous domain

e Diffusion coefficient D1 = 2.15e-6 m?/s in the circular voids (to simulate slower diffusion)

e Initial concentration c0 = cmax*exp(a * (-(x/0.4mm)?)) with peak concentration cmax=3mol/m?® and decay

constant a=1000 to provide a non-uniform initial distribution highest near the left boundary
e Porosity epsilon = 0.4002 as a material property
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Figure 1. Mesh details a) coarse b) fine c) extra fine

The domain was discretized using a Free Triangular mesh with size coarser, fine and very fine resulting in 5780,
8730, and 12456 domain elements and 532, 1059, and 3456 boundary elements. Figure 1 shows the mesh
comparison between all the models. The time-dependent study was solved from 0 to 100 ms with a maximum
time step of 2 ms. A Fully Coupled solver using the PARDISO direct solver was selected with a Relative
Tolerance of 0.005. Derived values, tables and plots were set up to post-process the results. Average species flux
was evaluated on the right boundary using a Boundary Average. A surface plot was generated to visualize the
2D concentration field over time. 1D point graphs plotted both the concentration on the left and right boundaries
as well as the average outflow flux on the right boundary vs. time. Data was also tabulated for the average flux
and concentrations.

3. Results and discussion

3.1 Transient concentration distributions for diffusion models with varying mass transfer coefficients.

The transient concentration distributions for diffusion models with varying mass transfer coefficients K (2.5
m/s, 5 m/s, 7.5 m/s, 10 m/s) illuminate the spatiotemporal evolution of species concentration over a 50 ms
simulation period. These models address the two-dimensional transient diffusion equation (dc/ot = V-(DVc))
[21] subject to the initial condition cO(x,y) = cmax*exp(-a(x/L)?), where cmax=3 mol/m?3, a =1000, and L=0.4
mm, representing a Gaussian distribution peaking near the left boundary (x = 0). Boundary conditions
significantly influence the concentration evolution. The left boundary (x = 0) employs a Dirichlet condition with
¢ = cmax, maintaining a constant source. The right boundary (x = L) features a Robin condition, -Ddc/0x=K(c
- cext), where D is the diffusion coefficient, K is the mass transfer coefficient, and cext = 0 is the external
concentration. This boundary condition represents a mass transfer resistance inversely proportional to K, where
increasing K decreases resistance, facilitating faster concentration depletion at the boundary.
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Figure 2. Concertation for various model across different timesteps

Figure 2 shows the effects of the concentration on various timestep of different models. The effect of K on
concentration profiles is evident in surface plots. Lower K values (K, K2) yield smaller concentration gradients
(Oc/0x), indicating slower diffusion. The concentration front, marked by the steepest gradient region, progresses
more slowly into the domain. On the contrary, higher values notes for Ks and K4 due to larger gradients and
more rapid diffusion front advancement. The diffusive flux, J=-DVc, quantitatively demonstrates that larger
gradients increase flux magnitude.
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Figure 3. Difference in the Concentration case for K2, k3 and K4 models compared to K1.



Differences in diffusion rates produce distinct concentration distributions over time. Figure 3 represents the
difference in the Concentration case for K2, K3 and K4 models compared to K1. By t =50 ms, models with K3
and K4 exhibit more uniform concentrations, as higher mass transfer rates at the right boundary expedite
equilibration. The impact of K is quantified by comparing each model's concentration to the K1. The difference
cKi(t) - cKi(t) grows almost linearly over time, with the K4 model showing the largest nonconformity, followed
by K3 and K2. At the timestep of t = 100 ms, these differences reach approximately 2.66 mol/m?, 2.47 mol/m?,
and 2.28 mol/m?, respectively.

One-dimensional concentration plots at the boundaries provide further numerical insights and also empathize
the difference between each case. At x = 0, concentration remains at cmax due to the Dirichlet condition. At x
=L, concentration c(L,t) decays more rapidly and to lower values with increasing K. The analytical solution for
c(L,t), derived using Laplace transforms and the semi-infinite medium approximation, is c(L,t)~ cmax *
erfc(L/ \/4Dt)*exp(-KL/D), where erfc is the complementary error function. This expression shows explicit
dependence on K, with larger K resulting in faster exponential decay.

3.2 Discussion of Average Flux

Average flux results provides insights into species transport rates across the right boundary, governed by the
mass transfer boundary condition -Ddc/0x = K(c - cext). The flux J, representing species transport per unit area
per unit time, is driven by the concentration gradient per Fick's law, J = -DVc [2].

0,010
Ny

0.008 ~

o

o

o

(o>}
1

Average flux (mol/m?s)
=4
i

0.002 ~

0.000 -

Time steps (ms)

Figure 4. Average flux for various model across different timesteps

Figure 4 shows the average flux for various model across different timesteps. One-dimensional plots of average
flux versus time reveal the dynamic behavior of diffusive transport. Initially, flux is zero since the concentration
front has not reached the boundary. As the front arrives, flux rapidly increases due to the steep concentration
gradient. As gradient is most distinct, then decaying as the concentration field becomes more uniform. Results
reveal that K significantly affects flux behavior irrespective of the cases. Higher K values yield higher peak
fluxes. A larger K reduces boundary mass transfer resistance, enabling rapid species removal and steeper
concentration gradients. The peak flux for the K4 model (K = 10 m/s) nearly doubles that of the K1 model,
which eventually shows the substantial impact on maximum transport rate.

The peak flux occurrence time is also influenced by K, with higher K values resulting in early peaks. The
analytical solution for flux at the right boundary, J(L,t), obtained by differentiating the concentration solution,
is J(L,t) = -D * cmax /N((zDt)) * exp(-L(4Dt)) * (1+ KL/D). The above expression indicates flux dependence
on both D and K, with larger K shifting peak flux to earlier times.
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The decay from peak flux to steady state is more rapid for higher K, as evidenced by steeper declines in flux
curves. At long timestep size, flux approaches a steady-state value Jss = -D * (cmax - cext) / (L + D/K),
dependent on both D and K. Larger K results in marginal increase in the higher steady-state fluxes due to a long-
time concentration gradient. Compelling all together, it is evident that K relative impact on steady-state flux is
less noticeable than on transient behavior. Figure 5 reports the difference in the average flux case for K2, k3 and
K4 models compared to K1.
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Figure 5. Difference in the average flux case for K2, k3 and K4 models compared to K1.
Flux difference plots relative to the Ki: model provide direct comparisons of K's impact. The flux difference
AJ Ki(t)=1J Ki(t) - J_Ku(t) starts at zero, peaks, then decays towards a small, non-zero steady-state value. Peak
differences are substantial, with the K4 model showing a maximum difference of nearly 0.005 mol/m?/s, almost
doubling the flux compared to Ki. These differences underscore K's significant influence on species transport
rates, particularly during early diffusion stages when concentration gradients are steepest.

3.3. Contour Plots of Concentration, Average Flux, and Total Flux Streamlines.

The transient concentration distributions and average flux results demonstrate the of the mass transfer coefficient
K on transient diffusion reported the behavior significant impact in a transient concentration distributions and
average flux results in a two-dimensional porous domain. Higher K values shows the increased concentration
gradients which means the faster diffusion front propagation, and rapid boundary concentration depletion,
compared to Ki model.

Differences in concentration profiles are evaluated by surface plots which indeed provides a comprehensive
analysis of spatiotemporal concentration. The average flux analysis predicts the K critical role in governing
species transport behavior across boundaries. Higher K values result in higher peak fluxes. Flux differences
relative to the Ki model quantify these effects, emphasizing the importance of accurately modeling mass transfer
boundary conditions in diffusion problems. Combining one-dimensional flux plots and relative difference plots
offers a thorough quantitative analysis of K's impact on species transport rates in porous domains.

The contour plots of concentration, average flux, and total flux streamlines for the diffusion models with varying
mass transfer coefficients (Ki = 2.5 m/s, K> = 5 m/s, Ks = 7.5 m/s, Ka = 10 m/s) provide an in-depth visual
analysis of the spatial and temporal of species transport over a 50 ms simulation period. These contours help to
understand the local behavior of the diffusion process and also assists to predict the impact of the mass transfer
boundary condition.
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when K=7.5 m/s

The concentration plots illustrate in figure 6-8 the two-dimensional distribution of species concentration at
various timesteps. At t = 0 ms, all models start with the identical initial profile, reporting the peak concentration
of 3 mol/m® near the left side of the boundary. As timestep size increases, the contours reveal the propagation
of the diffusion front from left to right. The contour lines represent iso-concentration curves, with higher
densities indicating steeper gradients. The effect of K on the concentration distribution is evident from the series
of figures. The concentration front advances more progressively, maintaining a relatively high concentration
near the left boundary for a longer duration for both K1 and K2. However, K3 and K4 result in sharper gradients
and faster diffusion. The concentration front moves more rapidly towards the right boundary, and the overall
concentration levels decrease more quickly.

The contour lines represent iso-flux curves, with higher densities indicating regions of higher flux. At t =0 ms,
the flux is zero everywhere, as the concentration gradient is initially zero. As the diffusion front propagates, the
flux contours reveal the areas of highest species transport. The impact of K on the flux distribution is significant.
Higher K values lead to higher flux magnitudes, as evident from the more intense colors. The flux is highest
near the right boundary, where the mass transfer condition is applied. As K increases, the peak flux region
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becomes more concentrated near the boundary and extends further into the right side of the domain. This is

mainly due to the higher K enhances the rate of species
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Figure 10. Total flux streamline model for various timesteps of a) 0
K=2.5 m/s

removal at the boundary.
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The total flux streamlines contours provide a directionality and magnitude of species transport effects on the K.
The streamlines represent the paths along which species are transported indicating the relative flux magnitude.
Figure 10-13 shows the total flux streamline model for various timesteps of 0 ms, 2 ms, 6 ms, 10 ms, 20 ms, 50
ms. when K=10 m/s at t = 0 ms, the streamlines tubes are uniform and parallel, reflecting the initial concentration
gradient. As diffusion progresses, the streamlines bend and converge towards the right boundary, showing the
direction of net species transport. The effect of K on the streamline patterns is notable. For K1 and K2 model,
the streamlines are more evenly distributed and maintain a relatively uniform direction. This indicates a more
gradual and balanced transport of species across the domain. However, the model K3 and K4, the streamlines
become more concentrated and curved near the right boundary owing to the influence of the mass transfer
conditions. In addition to that, strong flux towards the boundary were the other key reasons to consider. As the
flux increases this leads to the acceleration in the removal of species. As the timestep size increases, the
streamline patterns evolve differently for each K value. For lower K, the streamlines maintain a more uniform
distribution, indicating a slower approach. For higher K, the streamlines rapidly concentrate near the right
boundary and then become more evenly distributed.

4. Conclusion

The study provides detailed analysis of the effects of varying mass transfer coefficients on the transient diffusion
and convection of a dilute chemical species 2D porous domain. The results demonstrate the significant impact
of the mass transfer boundary condition on the spatiotemporal evolution of species concentration, average flux,
and total flux streamlines.

» Higher mass transfer coefficients result in increased concentration gradients, faster diffusion
front propagation, and rapid boundary concentration depletion. The concentration profiles
illustrate that larger K values lead to sheer gradients and more uniform concentration
distributions over time which help the system to reach faster equilibration.

» The average flux analysis reveals that higher K values yield higher peak fluxes and earlier
occurrence of peak flux due to reduced boundary mass transfer resistance. The flux differences
relative to the lowest K model quantify the substantial impact of K on species transport rates,
particularly during early diffusion stages.

» The contour reveals the local behavior of the diffusion process and the influence of the mass
transfer boundary condition. Higher K wvalues result in more concentrated and curved
streamlines near the right boundary, indicating accelerated species removal and transport
towards the boundary.

In summary, accurately modeling the mass transfer boundary condition is crucial for correctly predicting
species transport behavior in porous domains. The study highlights the need for careful consideration of
mass transfer coefficients in diffusion-related applications and processes involving porous media. The
current study helps the diffusion model is the catalytic reactor industry, particularly in the design and
optimization of heterogeneous catalytic reactors involving porous catalysts.
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