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Abstract: Physical processes occurring in devices with distributed variables and a turbulent tide
with a dispersion of mass and heat are often modeled using systems of nonlinear equations. Solving
such a system is sometimes impossible in an analytical manner. The iterative methods, such as
Newton’s method, are not always sufficiently effective in such cases. In this article, a combination of
the homotopy method and the parametric continuation method was proposed to solve the system of
nonlinear differential equations. These methods are symmetrical, i.e., the calculations can be made
by increasing or decreasing the value of the parameters. Thanks to this approach, the determination
of all roots of the system does not require any iterative method. Moreover, when the solutions of the
system are close to each other, the proposed method easily determines all of them. As an example
of the method use a mathematical model of a non-adiabatic catalytic pseudohomogeneous tubular
chemical reactor with longitudinal dispersion was chosen.

Keywords: pseudohomogeneous catalytic tubular chemical reactor; dispersion; multiple stationary
states; homotopy method; parametric continuation method

1. Introduction

Physical processes and phenomena occurring in devices with distributed variables
and a turbulent tide with a dispersion of mass and heat are modeled using systems of
differential equations. For stationary states, these are Ordinary Differential Equations
(ODE’s). Examples of such apparatuses are tubular chemical reactors with longitudinal
dispersion. Systems of ordinary differential equations of the second order are used to
describe them [1]. The analytical solution of these equations is impossible due to their non-
linearity. Therefore, various types of numerical methods are used to determine stationary
solutions of such systems [2,3]. However, not every numerical method is useful and
effective; for example, Newton’s iterative method is completely useless when there are so-
called multiple stationary states [1]. Determining all states (all solutions) using Newton’s
method is practically impossible, especially when these states are located close to each
other and there are many of them.

One of the numerical methods that allow for easy determination of all stationary
solutions of the system of nonlinear equations is the parametric continuation method.
This method does not require any iteration procedures. Moreover, this method allows
obtaining a solution by increasing or decreasing the parameter value. For this reason, it
can be considered a symmetrical method. It was used, among others, in [1], where the
stationary states of the reactor were determined in the given range of the variability of
selected control parameters of the apparatus.

If the task is not to determine the stationary states of the reactor in a given range
of variability of the control parameter, but the task is to determine these states for the

Symmetry 2021, 13, 2324. https:/ /doi.org/10.3390/sym13122324

https:/ /www.mdpi.com/journal /symmetry


https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0002-9440-7914
https://orcid.org/0000-0002-0235-0878
https://doi.org/10.3390/sym13122324
https://doi.org/10.3390/sym13122324
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/sym13122324
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym13122324?type=check_update&version=1

Symmetry 2021, 13, 2324

20f7

set values of all parameters of the apparatus, then the combination of the parametric
continuation method with the homotopy method is perfect. Its idea is to construct a special
function dependent on an additional parameter p in such a way that with a continuous
change of the value of this parameter from p = 0, we get all the solutions for p = 1. In
the event that these solutions are ambiguous, the homotopy curve must pass through
p = 1 many times. This means that the curve is then a hysteresis loop, as shown in the
corresponding graphs in this paper.

Studies using the homotopy method can be found in the scientific literature, for
example, articles [4-14]. However, the parametric continuation method, as used in this
paper, was not used there. The method used in the cited literature consists of changing
the homotopy parameter p by the assumed increase in Ap. Then, at each step, the system
of equations is solved iteratively using Newton’s method. This is quite inconvenient for
two reasons. The first is that iterating the equations at each step significantly increases
the computation time. The second, more important, reason is that this method is useless
when the system of equations has an ambiguous solution, i.e., it has many roots [11]. The
search for each of them is associated with a change of initial values. The homotopy curve
must then turn around several times. This means that the increment of Ap must change the
sign. However, it is difficult to predict when this sign should be changed. The parametric
continuation method used in this work is devoid of all these drawbacks. This method has
also been described and used in [1,15]. This is described in detail later in this paper.

As an example of the application of the described method, the mathematical model of
a non-adiabatic catalytic pseudohomogeneous tubular chemical reactor with longitudinal
dispersion was taken. Such a reactor is described by a system of second-order ordinary
differential equations with appropriate boundary conditions.

This article is structured as follows. The subject of the work was outlined in the first
part. The second part describes the mathematical foundations of the discussed methods.
The following sections describe the chemical reactor model and present the results. The
last part is the Conclusions.

2. Mathematical Foundations of the Method

The problem concerns the determination of solutions to the following system of
equations:

f(x)=0. 1)
Assuming that for p = 0 x = x*, then the homotopy function takes the form:
Elxp)=f0)+(p-1Df(xD) =0 2

where x* is any vector, it is obvious that the searched solutions of Equation (1) are found
only on the p = 1 line. To get to this line, Equation (2) should be carried out from point x*
for p = 0 to point x for p = 1, which are solutions of the system of Equations (1).

The following parametric continuation method can be used for this purpose:

Xpp1 = X — EﬂAp sign(det]:k), (3)
Pk+1 = i+ Apsign(det i), 4)
where:

x = {x;}, ©)

_J 9f;
- {ax]}' ©

w = {fi(x7)} = const. @)
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The sign of the determinant of the Jacobi matrix, sign(det Ji), indicates the direction
of changes in the homotopy parameter p. B

3. Determination of the Solutions of the Chemical Reactor Model

The method presented above was used to determine the stationary states of a non-
adiabatic catalytic tubular chemical reactor with longitudinal dispersion. The model
assumes that the gas temperature is equal to the catalyst temperature. This means that
we are dealing then with a pseudohomogeneous reactor. Assuming that a single chemical
reaction takes place in the reactor, the mathematical model of such an apparatus is written
in the form of two second-order differential equations:

Mass balance:

da 1 d%«

azm@‘i‘q}l(ﬂé,@), (8)
Heat balance: )

de 1 d°©

E = @@“‘@2(“/@)/ (9)

where 0 <z < 1.
The following boundary conditions are associated with the above equations:

2(0) = ﬁ%zzd (10)
®(0) = %%Z:d (12)
%Z:l 0. (13)

Assuming that a single A — B type reaction takes place in the reactor, the functions
related to reaction kinetics and heat transfer are as follows:

d = Da(l—zx)”exp{(’yﬁfe)) }, (14)
D, = Py —0—5(@1-1—@) (15)

By introducing additional variable definitions:

U = a, (16)
w=, 17)
and:
v =0, (18)
=2 (19)

a system of four first-order differential equations is obtained:
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du
- = (20)
du
TZZ = Peppur — P (1/!1, 01), (21)
dov
5 = (22)
do
dizz = PeHvz — <I>2(u1,vl), (23)

with the appropriate boundary conditions:

Pepup(0) — uy(0) =0, (24)
uz(1) =0, (25)
Pepv1(0) —v2(0) =0, (26)
02(1) = 0. (27)

It can be shown that the forward integration of the above equations (i.e., from z = 0
to z = 1) is numerically unstable. The integration, therefore, has to go backwards (from
z = 1to z = 0). The initial values for this integration will, therefore, be: u1(1) and v;(1), as
well as up(1) = 0 and v,(1) = 0. According to Equation (2), the individual functions of the
homotopy can be defined based on the boundary conditions in Equations (24) and (26) as
follows:

Fi[u1 (1), 01(1)] = Pepru1 (0) — ua(0) + (p — 1)[Pemui (0) —up(0)] =0, (28)
Fp[u1(1),01(1)] = Pepv1(0) — v2(0) + (p — 1)[Perrv1 (0) — 03(0)] = 0 (29)

The parametric continuation procedure, therefore, takes the following form:

uipe (1) ] [ wx(1) ] .
[ oren1 (1) } = [ orx (1) ]k:%Apmgn(det]:k), (30)
Pk+1 = Pr + Apsign(det Ji), (31)
where:

9F, 9F,
]= [ T outd ] (32)

- Bul(l) aUl(l)

_ | Pemui(0) —u3(0) | _

w = [ Peyv;(0) —03(0) | = const. (33)

The adopted calculation method is as follows. Any values of u](1) and v (1) and
u3(1) = 0 and v} (1) = 0 are assumed. As a result of one-time integration of Equations
(20)~(23), u7(0) and 7 (0) are obtained, which are then used in Equations (28) and (29).
These values are constant for the entire calculation process. At the same time, these are the
initial values for the continuation procedure, i.e., 11 0(1) = u(1) and v19(1) = vj(1). The
searched solutions of the reactor model lie on the p = 1 line. The partial derivatives in the
Jacobi matrix, Equation (32), should be determined numerically.

4. Calculation Results

Depending on the values of the model parameters, the reactor has single or multiple
stationary states. In this study, these parameters were selected so that the reactor was
characterized by more complex solutions, i.e., three states. For example, the following
values of the reactor model parameters were adopted: v =14, § =2, n = 1.7, Pey; =
200, Pey = 100, Da = 0.0435, 6 = 3, ©yg = —0.05. The results of the calculations are
shown in Figure 1. As this figure shows, the tested reactor model has three different



Symmetry 2021, 13, 2324

50f7

solutions, which should be read for p = 1. This means that the reactor has three different
stationary states. It should be noted that for different values of 1] (1) and v; (1), a different
homotopy curve is obtained. However, they must all intersect at the same point on the line

p=1
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Figure 1. For the assumed parameters, the reactor has three different stationary states.

5. Discussion

Various known numerical methods can be used to solve systems of equations in the
form of Equation (1). The simplest of them are iterative methods, which include, e.g.,
Newton’s method or the Chun-Hui He method [16]. However, these methods require a
lot of iterations and thus use a lot of computer time to get the final solutions. Thus, their
use becomes ineffective. Moreover, iterative methods cannot cope when the system has
ambiguous (multiple) solutions (see Figure 3 in [17]). The approach proposed in this paper
is devoid of the above drawbacks.

As for the homotope method, it requires a series of calculations for each value of
the p parameter separately. Iterative methods are also used for these calculations, the
same as described in the previous paragraph. This approach is, therefore, also numeri-
cally time-consuming. It requires many iterative calculations to obtain the final solution.
Modifications of the homotope method known from the literature, such as the perturbative
homotopy method [18], do not solve this problem. Only using the homotopy method
in conjunction with the parametric continuation method causes the final solution to be
obtained immediately, regardless of the number of multiple stationary states. Instead of
looking for solutions for Equation (2) for successive values of the p parameter, the solution
is obtained step by step from Equations (3) and (4). Thus, there is no need to perform any
additional iterative calculations.

6. Conclusions

The presented work presents the homotopy method for determining the solutions of
the mathematical model of a non-adiabatic catalytic pseudohomogeneous tubular chemical
reactor with longitudinal dispersion. Such a model is written by means of second-order
differential equations with boundary conditions. The solutions sought are the stationary
states of the reactor. The proposed method consists of carrying out homotopy F functions
from the homotopy parameter p = 0 and further along the lines determining the zeroing
of these functions. These lines can be obtained using the parametric continuation method.
The advantage of this approach is that the determination of the partial derivatives of the
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