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Abstract-This paper presents a series of numerical simulations of
a porous reactor, where a generic reaction between reagents is
carried out, generating a product. All numerical simulations were
performed by using the software COMSOL Multiphysics, which
made use of the Navier-Stokes and Brinkman equations. These
equations were utilized to govern the fluid flow in the numerical
simulation. Throughout the simulations, several initial
parameters were altered to evaluate their impact on the reactor
efficiency based on the concentration of component
C. Furthermore, other parameters such as the distribution of
speed and geometry in the equipment were taken into
consideration, and an optimal configuration for the case is
demonstrated.
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1. INTRODUCTION

This works aims to study the effects of some process
parameters in a reactor of porous media, to provide industrial
improvements, and to maximize the obtained product for the
same reactor or similar equipment. Although the type of reactor
studied in this work has several applications for expelling gas
into the atmosphere, it is treated in a generic manner in order to
reach a conclusion and extend it to any similar reactor. As an
example, this type of reactor has several applications in
industries, including internal combustion engines [1-3] where
the post-treatment of exhausted gases can be numerically
simulated [4-7]. In this paper, a generic case is assumed with a
simple chemical equation to analyze this type of reactor, and
the way its properties influence its performance, when the
species A4 and B react to form the species C:

A+B-C (1)

Since this reaction only occurs in a porous catalyst and the
intention is to treat generic cases, the initial porosity is assumed
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as 0.3 and fixed with a low permeability established as 107,
comparable with the permeability of brick or leather, which are
in the range of 107 to 10™"°. This paper uses a modeled reactor
with porous media as provided by COMSOL™, with the
adaptation shown in Figure 1.

Fig. 1. Model of the reactor of porous media showing the inlet and outlet.

This paper's main idea is to numerically simulate the
process of heterogeneous catalyzing between two species of
reagents. It happens when the species A is injected into a
reactor through a perpendicular tube while the species B gets
into the tube by the tube’s main entrance (Figure 1). Both are
partially mixed into the reactor before they pass through the
porous media, where a reaction occurs and the third species C
is obtained. This reaction happens with the transport of ideally
inert gas in the reaction. So, it is expected with the simulations
and improvements implemented to decrease the concentration
of the species B being expelled out of the equipment. As
described previously, this type of reactor can be utilized in
combustion engines to reduce gas emissions to the atmosphere.
Further, several equations that govern the phenomenon are
presented, also the main parameters utilized (chemical reaction,
system geometry, mesh, etc.), and lastly, the obtained output is
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shown. In addition, this work shows the way the sequence of
analysis of the parameters is involved in the problem and the
consequent optimization can bring benefits to the process and
the economy by reducing operating costs.

II.  FLOWIN POROUS MEDIA

A. Transport of Diluted Species

A diluted species has a very small concentration when
compared with a solvent fluid. Consequently, mixture
properties such as density and dynamical viscosity may be
considered equal to the solvent's. The equation of mass
conservation used to calculate the transport of diluted species
by diffusion and convection is given by [9]:

AV tu-VG =R, ()

where C; is the species concentration (mol/m’), R;is the
reaction rate of species i (mol/(m’-s)), u is the fluid median
velocity (m/s) and J; is the diffusive flow vector (mol/(m?s)).

B. Brinkman’s Equations

Brinkman’s equations are an extension of Darcy’s equation
that describes the movement of a slow flow in porous media. It
describes the dissipation of kinetic energy by the viscous
shearing from Navier-Stokes equations, which describes the
fast-flow movements throughout free channels. So, these
equations calculate the fast movements of fluids in porous
media with kinetic potential by velocity, pressure, and gravity
into the flow. The flow in porous media is governed by the
equation of continuity and momentum, converging to
Brinkman’s equation [9]:

2 (ep) + V- (o) = Q. (3)
i(z—?+ (u- V)%) =-Vp+V- [é{uVu + (V)T —
gu(V . u)I}] - (K_l[l + i—g>u +F (4)

where p is the dynamic viscosity of the fluid (kg/(m:s)), u is
the velocity vector, p is the density of the fluid (kg/m’), p is the
pressure (Pa), &, is the porosity, xis the permeability of the
porous medlum (m?), and Q,, is a mass source or sink

(kg/(m’s)).
III. MODELING THE PHENOMENA

The model for the phenomena of transport to diluted
species utilized here is composed of the Navier-Stokes and
Brinkman equations (as mentioned above). Here, an isothermal
situation is adopted and the used gas transported is Nitrogen. In
terms of geometry, it complies with Figure 2, where: H = 0.01,
R=0.01, H,=0.003, Ra = 0.0004, Ha = 0.002, Rai = 0.0002,
D =0.005,d=0.003 (all in meters), that will be used in Case 1.
In terms of mesh building, the physical type of the element was
considered, therefore, the "normal" mesh type was used, which
has 166,645 domain elements, 16,556 boundary elements, and
758 edge elements. It is important to highlight that this work
does not aim at a particular reaction, but rather a generic case is
demonstrated. Although in this simulation the kinetics of the
reaction is governed by a generic equation, it is important to

understand that a specific and real case requires a particular
kinetics analysis. The expression that follows is the one utilized
in this paper for the generic analysis:

E

R, =Af'€(_m) -C,-Cg (5

where R, is the formation rate of species C (mol/(m’-s)), Af is
the frequency factor (m*/(s-mol)), E is the activation energy
(J/mol), Rg is the universal constant of gases (J/(mol-K)), Tj,
is the isothermal temperature of reaction (K), C, and Cy are the
concentrations (mol/(m™s)).

H

Fig. 2. Geometric parameters of the reactor.

IV. RESULTS AND DISCUSSION

Even though the presented simulations came from
innumerable combinations of the concentrations as inlets for
each species, the velocity of each species, the adopted
isothermal conditions, and the area of the region where the
mixture occurs (Hp), only the main results are presented in the
paper.

A. Casel

For this case, the following parameters are considered: € =
0.3, x= 107 m’ v, = 0.025 m/s (velocity of input A) Vg, =
0.025 (velocity of input B), Df, = Df, = Df, = 10 m’/s
(diffusion coefficient of the species), C, = 7 mol/m’ (initial
concentration of species A) and C; = 1 mol/m’ (initial
concentration of species B). The concentration of species B
(Figure 3) is homogeneously distributed in the reactor, except
in the entrance duct of species A, where the concentration is
zero. We notice that in the upper part of the reactor inside and
just after the porous media where the concentration of B drops
approximately to 0.7 mol/m®. Albeit this happens due to the
system reaction, the lower part of the reactor remains

practically the same as the initial concentration.
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Case 1: Distribution of the concentration of species B (mol/m’).

Fig. 3.
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Fig. 4. Case 1: Distribution of the concentration of species € (mol/m’).

The way the reaction happens is shown in Figure 4. In the
upper part of the reactor, almost there isn’t any formation of
species C in the lower region. This matches with the result
presented in Figure 2, where species B has its concentration
reduced in the upper region of the reactor. Note that, soon after
the porous media, species C starts to become homogeneous in
the solution. By the dimension of the high of the duct (Figure
5), it is possible to observe with more precision the
concentration of the species B in the outlet of the reactor,
which is between 0.78 mol/m’ and 0.94 mol/m’. Takmg into
consideration that the main objective of the process is to have
the reduced concentration of the species B expelled from the
reactor, it is not so efficient, since the substance entered the
reactor where the initial concentration was 1 mol/m’ and had a
maximum reduction of 20%.
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Fig. 5. Case 1: Concentration of species B in the reactor outlet.
B. Case?

Compared with Case 1, a change in velocity of v, = 0.075
m/s is adopted. The increase of the entrance velocity of species
A in the reactor resulted in the consumption of species B being
much more pronounced than verified in Figure 6. Nevertheless,
since the duct entrance radius was kept the same, it resulted in
araise of the velocity and consequently a proportional increase
of the flow of species A, which means that 3 times more
reagent 4 would be required to produce a change in
concentration. This condition is not satisfactory since it would
end up elevating the cost of the process.

0

Fig. 6. Case 2: Distribution of the concentration of species B (mol/m’).

C. Case3

Compared with Case 1, here the C4 is assumed to be 10
mol/m?. In this case, changing only the C,, resulted in a highly
reduced variation of the limits presented in Figures 5 and 7.
This means that the superlor limit of approximately 0.94
changed to 0.92 mol/m’, and the 1nfer10r limit from 0.78 to
0.74. Both generate a very small "gain" when compared with
an increase in the concentration of the species A.
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Fig. 7. Caso 3: Concentration of species B in the reactor outlet.
D. Case 4
In this simulation a change of T;;, =400 K is adopted.
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Case 4: Distribution of the concentration of species € (mol/m’).

Fig. 8.

An increase of the temperature (isothermal) in the system
favors the reaction (Figure 8), raising substantially the
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generatlon of'a species C, which reaches close to triple 1ts value
at its maximum point, 0. 59 mol/m’ versus 0.22 mol/m’ in the
parameter of Case 1. However, high heating, with an increase
of 100 °C might be costly and even making unfeasible to build
a reactor due to the needed material thermal properties
requirements.

E. Cases

In this simulation a change of H, = 4 mm is adopted.
Likewise Case 3, this case (Figure 9) does not result in an
expressive benefit in the decreasing of the species B in the
reactor outlet, but still ends up with an increase of 33% in the
size of the porous region.
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Fig. 9. Case 5: Concentration of species B in the reactor outlet.
F. Case6

In this simulation, a change of 4 = 1 mm is adopted. An
increase in the distance of entrance of species A (Figure 10)
towards the porous media in the reactor almost does not bring
change to the process, even though it helps in the
homogenously of the solution, which can be seen by the
concentration of the species C. The formation happens in a
more distributed shape in the porous media.

-

Fig. 10.
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Case 6: Distribution of the concentration of species € (mol/m’).

G. Optimization

Although most of the considered changes brought positive
advantages, those resulted in a cost increase on the project
coming from more expensive materials needed to build the
reactor. This happens because the reactor had to withstand
either extreme conditions or a considerable jump in the energy

consumption or the reagents. A possible solution tested was to
add these changes on a reduced scale, indeed, increasing the
velocity of entrance of the species A by 0.05 m/s rather than
tripling its value. Making use of the following parameters: v,
= 0.030 m/s, C4, = 8 mol/m®, Ra = 0.45 mm, Rai = 0.25 mm,

Tiso =350 K, Hp =3.5 mm, d = 1 mm, the results are presented
in Figure 11.
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Fig. 11.  Optimization: Concentration of species B in the reactor outlet.

The results are satisfactory since a reduction of the
concentration of B of approximately 50% can be obtained
when compared with the inlet concentration.

V. CONCLUSIONS

This paper made use of many numerical simulations to
analyze the way the geometrical and physical-chemical
properties of a reactor of porous media could influence its
efficiency, analyzing them separately or in a group. It was
concluded that many of the changes suggested resulted in good
results or at least some impact on the reactor operation manner.
However, many of them bring problems with applications like
a need for more specific and expensive materials to build the
reactor, something that ends up as economically unfeasible. By
applying minor changes in the parameters that could result in a
decrease in the residual concentration of species B, the process
was optimized rather than opting for a change in only one
parameter.
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