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Abstract

A Finite Element Method formulation is developed for the solution of the anomalous diffusion
equation. This equation belongs to the branch of mathematics called fractional calculus; it is
governed by a partial differential equation in which a fractional time derivative, whose order ranges
in the interval (0,1), replaces the first order time derivative of the classical diffusion equation. In
this work, the Caputo integro-differential operator is employed to represent the fractional time
derivative. After assuming a linear time variation for the variable of interest, say u, in the intervals
in which the overall time is discretized, the integral in the Caputo operator is computed analytically.
To demonstrate the usefulness of the proposed formulation, some examples are analysed, showing a
good agreement between the FEM results the analytical solutions, even for small orders of the time

derivative.



1. Introduction

Although the origins of the fractional calculus go back to the origins of the so-called standard
calculus, only recently a great deal of attention had been given to this branch of mathematics:
consequently, a great development was observed both in its theoretical aspects as in what concerns
the numerical solutions for problems formulated from the fractional point of view. Initially, the
authors would like to mention and recommend the texts entitled Fractional Calculus I, 11, I, by
Beardon [1], available at the internet, and the report by Loverro [2], as examples of clear and
didactic introductions to this thought-provoking matter. Besides, among many others, the textbooks
by Miller and Ross [3], Oldham and Spanier [4], Ortigueira [5], Mainardi [6], Klages et al. [7], must
be cited. The enlargement of the range of applications is another consequence of the development
experienced by the fractional calculus, and an account can be found at Sun et al. [8], Machado et al.
[9].

With the aim of enriching the discussion about the use of numerical tools for the solution of
problems governed by partial differential equations with fractional time derivative, this work
presents a Finite Element Method (FEM) formulation for the solution of the anomalous diffusion
problem, with anisotropic media, in two-dimensions. The anomalous, or fractional, diffusion
equation presents a time-derivative of non-integer order, that belongs to the interval (0,1). By
employing the Greek letter o, to represent this non-integer order, then one has, 0 < a. < 1. By using
this notation, when o =1 the classical diffusion equation is recovered, which means that it can be
treated as the simplest case of the fractional diffusion equation.

Based on the authors’ previous works, concerned with the development of Boundary
Element Method (BEM) formulations for the solution of the anomalous diffusion equation with the
use of the Riemann-Liouville [10] and of the Caputo [11] representations for the fractional time-
derivative, the choice in the proposed FEM formulation fell on the latter: in [10], the interested
reader can verify that the Riemann-Liouville-based BEM formulation fails in providing accurate
results for o < 0.5, besides presenting a strong dependence on the time-step length; on the other
hand, in [11], the Caputo-based BEM formulation overcame all the deficiencies presented in [10],
that is, the formulation in [11] presented accurate results even for o as small as 0.05 and, very
important from the computation point of view, an independence from the time-step length. In what
concerns the definition of the fractional derivative, the authors would like to call attention to a
rather interesting discussion regarding the use of different representations for the fractional space
and time derivatives, found in the work by Huang et al. [12]. There the authors state that the
definition of the fractional derivative as the Riemann-Liouville operator “has several shortcomings.
First, it may cause hyper-singular improper integral. Second, the derivative of a constant is not zero.

Third, the fractional derivative involved in the initial condition is often ill-defined.” In what



concerns the use of the Caputo operator, one reads: “Besides, the Caputo method does not use the
fractional-order derivative in the initial condition, thus is convenient in physical and engineering
applications where the initial conditions are usually expressed in terms of the integer-order
derivatives.” This discussion can be used to justify, in great extent, the differences observed in the
BEM results found in references [10] and [11].

The proposed formulation, from now on, will be called CAD-FEM: C means Caputo, and
AD, anomalous diffusion. It is a Galerkin-type formulation. The use of the Caputo representation
for the fractional time derivative enables one to obtain the final CAD-FEM equation
straightforwardly. It is important to note that the fractional differential operators are non-local,
which means that not only the current, but all the previous states, contribute to the determination of
a future state of a given system. Consequently, the history contribution must be taken into account,
thus generating additional terms, that are summed up, in the CAD-FEM equation. As expected,
CAD-FEM is more time-consuming than standard FEM formulations. This drawback cannot be
avoided but can be minimized if the proposed formulation is able to present a small dependency on
the time-step length: this is what happens with the CAD-FEM, that is to say, the CAD-FEM proved
to be efficient from the computational point of view. Additionally, it also proved to be a reliable
tool: four examples were included and, in all of them, the CAD-FEM results showed good
agreement with the analytical solutions. Details concerning the type of element, the mesh, and the
time-step employed in the numerical analyses are given in the corresponding section.

Before finishing this introduction, a brief account of the works concerned with the matter
discussed here is given now. Works based on the Finite Difference Method (FDM) appear in a great
number, e.g., Murillo and Yuste [13], Meerschaert and Tadjeran [14], Li and Li [15], Celik and
Duman [16]. Other researchers, e.g., Agrawal [17], Deng [18], Huang et al. [12], and Zheng et al.
[19], used a framework of the FEM. Using the BEM as the underlying numerical framework,
Katsikadelis [20] and Dehghan and Safarpoor [21] must be cited. Meshless formulations have also
been employed, see for instance Kumar et al. [22], Zafarghandi et al. [23]. The works referenced
here constitute a small parcel of the vast and constantly increasing literature regarding the solution
of partial differential equations with fractional derivatives. For this reason, they must be looked
upon only as the works that, in some way, influenced the present work. It is not the authors'
intention to provide a detailed and comprehensive account of the published works, even because

such an enterprise would be impossible.



2. The Anomalous Diffusion Equation

The anomalous diffusion equation, for anisotropic media, reads:

o 2 2
ren 0,5 ®
X

In Equation (1), the scalar field, u = u(x,y,t), is function of the space-time variables x,y,t. To
shorten the notation, the coordinates (x,y) will be represented by X. Thus, u = u(X,t). Also, Dy and

Dy are the constant diffusion coefficients in the x and y directions, respectively.

a

The fractional derivative gf[‘u 0 <a <1, on the left-hand side of Equation (1), according to

a H

the Caputo definition is written as:

olu 1 j 1 6u(X,r)dT

ac T “ @
(l-a)y(t-1) or

In Equation (2), I'(...) is the Gamma function.

For a domain Q, with the boundary T" represented as: I' =T, T, the boundary conditions

are schematically defined as follows:

Dirichlet boundary condition: u(X,t) =0(X,t), over T, (3)
and
o ou ou .
Neumann boundary condition: gq(X,t) =D, &nx +D, any =q(X,t), over T, 4)
In Equation (4), nx and ny are the components of the unit outward normal vector to the
boundary.

The initial condition is defined as:

u(X,0) =ug(X) ()



3. The Finite Element Method

The Galerkin-based FEM equation, e.g., Bathe [24], Zienkiewicz and Taylor [25], is used as the

starting point for the development of the CAD-MEF formulation. As mentioned previously, the

classical diffusion equation can be treated as a particular case of a more general equation, which is

precisely the fractional diffusion equation.

The FEM equation that corresponds to Equation (1) is written as:

ocu
ata

Ku=f-M

In Equation (6), K is the stiffness matrix, M is the mass matrix, and f is the load vector.
If the interpolation, or shape, functions are represented by N1, No,...,Nn, then:
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To solve Equation (6), the variable t in Equation (2) is replaced by a discrete value, say

t.., = (n+1)At, where At is the selected time interval, and 0 <t <tn1, and it is assumed that u varies



linearly between two consecutive time steps. This assumption enables one to compute the integral
in Equation (2) analytically.

In a more suitable and simplified notation:u, =u(X,t,)=u, (X), one has:

U= (tk+1_T) u, + (T_tk)

u 13
At At 13)
and consequently:
au = Y — Uk (14)
ot At
Finally, the resulting expression for the Caputo derivative can be written as:
t t
“ f u, —u : u,—u
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The integrals in Equation (15) can be computed analytically, and the resulting expression is:

8gu 1 n-1 1 1
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Equation (16) can be rewritten concisely as:

(17)
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where;

1 1
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Note that Equation (16) is valid for n > 1. When n =0, it is written simply as:

OgU 1
o 7 [u—ug] (19)
ot” |t=t F(Z—(X)At
Equation (17) can be substituted into Equation (6), written assuming U = Un+1:
1 n-1
Ku,,, = f TR o)At M|u,,—u,+ ,Z:? Bnay oy (Ujia — Uj) (20)

After applying the boundary conditions to Equation (20), unknown values of u at time th+1,
i.e., Un+1, are determined. Regarding Equation (20), it is important to mention that: i) the presence of
the summation symbol is due to the non-local behaviour of the Caputo fractional operator: as
previously stated, the computation of the current values of u must take into account the history

contribution, and ii) the factor B ., ., is null when a. = 1.0, as expected, as this case corresponds

to the classical diffusion equation and, consequently, no history contribution must be taken into

account.



4. Examples
This section is concerned with the validation of the CAD-FEM formulation. In the four examples,
the CAD-FEM results are compared with the analytical solutions. The number of elements

employed in the discretization will be denoted by n,,, and the number of nodes, by n For each

nodes *

example, the analyses were carried out with a = 1.0, which corresponds to the classical diffusion
problem, and with o= 0.8, a = 0.5, a = 0.2, and o = 0.05. Reliable results were furnished by the
CAD-FEM formulation, even for the two smaller values of a. As expected, some independence on
the length of the time-step was observed, with the same At being adopted, regardless of the value of

.



4.1. Rectangular Domain with sinusoidal initial condition

In this first example, a bar with length L = = is subjected to an initial condition given by:

Uy (X)=sin x (21)

The boundary conditions are:

u0,t) =u(zt)=0 (22)

In fact, this is a one-dimensional problem, governed by a simplified version of Equation (1),

given below:
otu o
=D— 23
ot” ox* 23)
By assuming D = 1.0, the analytical solution reads, see Murillo and Yuste [13]:
u(x,t)=E, (—t“)sin X (24)

In equation (24), Ea(...) is the Mittag-Leffler function, see, for instance, Loverro [2],

defined according to:

®© Zk
E,(2)= ggm (25)

where z € C, and a is the fractional order of the derivative.

For a. = 1.0, Equation (25) reduces to:
E(z)=¢’ (26)

and Equation (24) becomes the well-known, and quite simple, the analytical solution for the

classical diffusion

u(x,t) =e"'sinx (27)



For the simulation of this one-dimensional problem through the two-dimensional CAD-

FEM, a rectangular domain constituted of an isotropic medium with D, =D, =D =1, and defined

over the region 0 < x < zrand 0 <y < #/2, was adopted. Dirichlet and Neumann boundary conditions

are required for a successful simulation, and are written below:

u(0,y,t)=u(m,y,t)=0 (28)
and

q(x,0,t)=q(x,m/2,t)=0 (29)

Equations (28) and (29) make clear the independence of the variable u regarding the y
direction.

The initial condition now reads:

Up (X, y) =sinx (30)

The mesh displayed in Figure 1 was adopted to perform the CAD-FEM analyses. It has

n, = 128 linear quadrangular elements and Nnodes = 153. The time-step is At = 0.005. The results for

u(n/2,n/4, t) are depicted in Figure 2, whereas the results along the x-axis, y = n/4, for the selected
times ts = 0.25 and t; = 2.0, are found in Figures 3 and 4. From Figures 2 — 4, one can notice a good
agreement between the CAD-FEM results and the analytical solution for each of the chosen values
of a, bringing some optimism in what concerns the capability of the CAD-FEM of furnishing

accurate results even for more complex analyses.



4.2. Rectangular Domain with Dirichlet boundary conditions
This is another one-dimensional problem, that can be interpreted as a heat transfer from the region
at x =0, where (=10, to the region at x = L, where G =0. The initial condition is null. Again, the
one-dimensional problem was simulated with the analyses being carried out in a rectangular domain
defined over the region 0 <x<L and 0<y<L/2, now with L =2. The same mesh of the first
example was adopted, only scaled to accommodate the different domain sizes.

For the rectangular domain, the Dirichlet and the Neumann boundary conditions are given,
respectively, by Egs. (31) and (32) below:

u(0,L/2,t)=10, u(L,y,t)=0 (31)
and

q(x,0,t)=q(x,L/2,t)=0 (32)

The initial condition is:

Uy(x,y)=0 (33)

The analyses were carried out with Dy=Dy=D =1.0, all with At=0.005. Results for
u(L/2,L/4,t) are presented in Figure 5. Results along the x-axis, y =1, for t; =0.25 and ts= 1.0 are

presented in Figures 6 and 7, respectively. A comparison between the CAD-FEM results and the

analytical solution, given by:

X) Uy&l [ (kn) ) (kax
u(x,t)=u0[1—tj— ZIE{ (Lj Dt )sm( i j (34)

showed a good agreement between them.

The computation of the analytical values cannot be accomplished straightforwardly, once
the argument of the Mittag-Leffler function in Eq. (34) grows faster than the converge of the series
and, even for a small k, the number of the terms in Mittag-Leffler series became prohibitively large.

However, with the use of the algorithm found at https://github.com/khinsen/mittag-leffler, which is



https://github.com/khinsen/mittag-leffler

a Python language version of a MATLAB® routine presented by Garrappa [26], this drawback was

successfully overcame.



4.3. Circular Domain with Dirichlet Boundary Condition

This third example can be succinctly characterized as follows: it is constituted by an isotropic
circular domain of radius R, with null initial condition and with a constant Dirichlet boundary
condition over the entire I'. From the above description, the problem is better represented
mathematically after adopting a polar coordinate system (r,0): now, u = u(r,t), and Equation (1) is

rewritten as:

o 2
9\ _ D a_l21+ 10u (35)
ot* or” r 8r

Note that Eq. (35) describes an axisymmetric problem with an isotropic medium.

In the polar coordinate system, the domain is defined accordingto 0 <r<Rand 0 <6 < 2,
and the null initial condition and the Dirichlet boundary condition are written, respectively, as:

Uy (r,8) =0 (36)
and

u(R,6,t) = (37)

The analytical solution reads:

20 34N pw
u(r,t)=ut- R;ﬁJMm L (-DAtY) (38)

where J,(...) and J,(...) are Bessel functions of the first kind and orders zero and one, respectively,

and the parameters An are the positive roots of the equation
J,(A,R)=0 (39)

The analyses were carried out with D =1.0, R=10, and (G4=10. The mesh, depicted in
Figure 8, was generated by GMSH®, see Geuzaine C and Remacle [27]; it has n, = 2806 six-nodes

triangular elements and Nnodes = 5741. The selected time-step is At = 0.1.



Results for u(r,ts), with ts = 1.0, 4.0, 20.0, 60.0, are depicted in Figures 9 — 13 for a = 1.0,
0.8, 0.5, 0.2, 0.05, respectively. Results for u(5,t) are depicted in Figure 14. Figures 9 — 14 provide a
good description of the influence of o in the results: as the values of o decrease, the same happen
with the values of u, for r <R. Also, it can be observed that the curves for different times become
closer to each other with increasing gradients towards the boundary. The results for a =0.05 fit
quite well in this description. At the end of the first example, the authors made a brief comment
about their optimism with the capability of the CAD-FEM to provide accurate results, even to more
complex problems. That optimism proved to be not exaggerated, as attested by the results presented

here, which are in good agreement with the not trivial analytical solution in Equation (38).



4.4. Square domain with initial sinusoidal condition
This last example consists of a square domain defined over the region 0 <x,y <L. The boundary

conditions are:
u(,y,t)=u(L,y,t) =u(x,0,t) =u(x,L,t)=0 (40)

The initial condition is defined according to:

U (X, y) = sm( i )sm(nl_yj (41)

The analytical solution, for an anisotropic medium, reads:

u(x, y,t) = Ea(—vzt“)sin(ﬁ_ ]sm[?j (42)

with:
v :% D, +D, (43)

Two media were considered: one isotropic, with Dy = Dy = 1.0, and one anisotropic, with
Dx = 1.0 and Dy = 0.1. For both media, L = 10.

In this last example, with the aim of providing a more comprehensive discussion regarding
the FEM results accuracy, a convergence study is also included. This study consists in computing
the relative L? error norm, E, for different meshes with increasing number of elements. The

following formula was adopted:

2 N 2
uanalytical —Ueey () \/J.(uanalytical —Ugeym ) do \/Z( U natytical — FEM )

E, = =1o E (44)

2 - N
u L2(Q) \/E[ (uanalytical ) dQ \/Z ( analytical )

i=1

analytical

where the analytical and the FEM solutions are represented, respectively, by u ,and Uggy, -

analytical



Three FEM meshes were employed. The first mesh has n, =100 linear quadrangular
elements and nnodes =121, see Figure 15; for the second mesh, one has n, =400 and Nnoges =441, see
Figure 15 and, finally, the third and more refined mesh, depicted in Figure 17, has n, = 1600 and

elements and Nnodes =1681. For ts =10 and ts = 15, the convergence study results are depicted in
Figures 18 — 19, for the isotropic medium, and in Figures 20 — 21, for the anisotropic medium. BEM
results, included for enriching the discussion in Figures 18 — 21, were also obtained employing
three different meshes, in such a way that to each one of the FEM meshes does correspond a BEM
mesh that has the same number of nodes. It should be noted, however, that the number of linear
triangular cells in the BEM meshes are always twice the number of linear quadrangular finite
elements, see Carrer et al. [11]. A careful examination of Figures 18 — 21 enables one to conclude
that although the use of more refined meshes produced very similar results for the error E> for both
FEM and BEM, in general the FEM errors are smaller than the BEM corresponding ones for the
less refined meshes. Two notable exceptions to this conclusion should be mentioned. Amazingly,
these exceptions occurred for a = 1, that is, for the classical diffusion problem, and are readily seen
in Figure 19, where the FEM error is greater than the corresponding BEM error, and in Figure 20,
where the BEM error stood much greater than all the others, not converging for an apparently
common value. Regarding Figures 18 — 21, note that BEM results present a higher rate of
convergence than FEM results. Relatively to the CPU time, the comparison between FEM and BEM
cannot be made, as the FEM analyses were carried out using a computer code developed in the
Python language, whereas for the BEM analyses the computer code used the FORTRAN language.

In all the analyses, the same time-step, At = 0.05, was employed, regardless the mesh.

The results for u(L/2,L/2,t) and u(x,5,10), are depicted in Figures 22 and 24, for the isotropic
medium, and in Figures 23 and 25, for the anisotropic medium. Finally, Figures 26 and 27 present
the results of u(x,y,10) for the two media. Once again, the CAD-FEM results are in good agreement

with the analytical solution.



Conclusions

A FEM formulation, called CAD-FEM, has been presented for the numerical solution of the
anomalous diffusion problem, with anisotropic media, in two dimensions. This problem is governed
by a partial differential equation with a fractional time derivative of order o, with 0 <o < 1. If, in
the governing equation, one assumes o = 1, then the classical diffusion equation is recovered. One
of the pursued objectives of this work was the development of a formulation capable of providing
reliable results, even for small orders of the fractional time derivative, that is, for small values of a.
Another task that deserved attention was related to the computational efficiency, due to the non-
local behaviour of the fractional operators. The use of the Caputo operator turned possible the
development of such a formulation: the CAD-FEM meets the two above pursued objectives, as
reliable results were obtained for fractional derivatives as small as 0.05, and the time-marching
process demonstrated independence on the time-step length, with all the analyses, in each example,
being carried out with the same At. The results presented here are encouraging and, no doubt,
stimulate the continuity of this research. Further improvements directed towards the reduction in the
computer time are always desirable and remain the subject of future research: one possibility that
seems plausible to achieve this goal is the use of increasing variable time-steps, mainly when the
solution of the problem is reaching the steady-state. The diffusion-advection problem, whose
governing equation presents space fractional derivatives, is a matter that also deserves attention and,
indeed, is a challenge to be faced soon. Anyway, it was demonstrated here that the FEM can be

used as a powerful tool in the solution of fractional calculus problems.
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Caption to the Figures

Figure 1. Rectangular mesh with no = 128 linear quadrangular elements and nnodes = 153, employed

in the first and in the second examples.

Figure 2. Domain under initial condition: results for u(n/2,n/4,t).

Figure 3. Domain under initial condition: results for u(x,n/4,0.25).

Figure 4. Domain under initial condition: results for u(x,n/4,2.0).

Figure 5. Domain with Dirichlet boundary conditions: results at u(L,L/2,t).

Figure 6. Domain with Dirichlet boundary conditions: results at u(x,L/2,0.25).

Figure 7. Domain with Dirichlet boundary conditions: results at u(x,L/2,1.0).

Figure 8. Circular domain: mesh with na = 2806 six-node triangular elements and Nnodes = 5741.

Figure 9: Circular domain: results for u(r,ts), with ts = 1.0, 4.0, 20.0, 60.0, and o = 1.0.

Figure 10: Circular domain: results for u(r,ts), with ts = 1.0, 4.0, 20.0, 60.0, and o = 0.8.

Figure 11: Circular domain: results for u(r,ts), with ts = 1.0, 4.0, 20.0, 60.0, and o. = 0.5.

Figure 12: Circular domain: results for u(r,ts), with ts = 1.0, 4.0, 20.0, 60.0 and o = 0.2.

Figure 13: Circular domain: results for u(r,ts), with ts = 1.0, 4.0, 20.0, 60.0, and o = 0.05.

Figure 14: Circular domain: results for u(5,t).

Figure 15. Square Domain: mesh no = 100 linear quadrangular elements and Nnodes = 121.

Figure 16. Square Domain: mesh no = 400 linear quadrangular elements and Nnodes = 441.



Figure 17. Square Domain: mesh na = 1600 linear quadrangular elements and Nnodes = 1681.

Figure 18. Square domain, isotropic medium: convergence study at t = 10.

Figure 19. Square domain, isotropic medium: convergence study at t = 15.

Figure 20. Square domain, anisotropic medium: convergence study at t = 10.

Figure 21. Square domain, anisotropic medium: convergence study at t = 15.

Figure 22. Square domain: isotropic medium, results for u(L/2,L/2,t).

Figure 23. Square domain: anisotropic medium, results for u(L/2,L/2,t).

Figure 24. Square domain: isotropic medium, results for u(x,L/2,10).

Figure 25. Square domain: isotropic medium, results for u(x,L/2,10).

Figure 26. Square domain: isotropic medium, results for u(x,y,10). (a) a = 1.0, (b) o = 0.8,
(¢) a=0.5, (d) a=0.2, (e) o = 0.05.

Figure 27. Square domain: isotropic medium, results for u(x,y,10). () a. = 1.0, (b) o = 0.8,
() a=0.5,(d) aa=0.2, (e) a =0.05.
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