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Abstract. While the Discrete Exterior Calculus (DEC) discretization of the diffusive term of the Transport Equation is well understood,
the DEC discretization of the convective term, as well as its stabilization, is an ongoing area of research. In this paper, we propose
a local discretization for this term based on DEC and geometric arguments, considering the particle velocity field prescribed at the
vertices of the primal mesh. This formulation is similar to that of the Finite Element Method with linear interpolation functions
(FEML) and can be stabilized using known stabilization techniques, such as Artificial Diffusion. Using this feature, numerical tests
are carried out on simple stationary and transient problems with domains discretized with coarse and fine simplicial meshes to
show numerical convergence.

Keywords: Discrete Exterior Calculus, Finite Element Analysis, Transport Equation, Compressible and Incompressible Flow,
Convection, Advection, Diffusion.

1. Introduction

Discrete Exterior Calculus (DEC) is a relatively new numerical method for solving partial differential equations (PDE’s), based on
the discretization of the Exterior Differential Calculus theory of Cartan [1]. It was first proposed by A. Hirani in his PHD thesis [2]
and its accuracy has been studied in [3 - 5]. It has been applied to solve Darcy’s equation [6], Navier-Stokes and Poisson’s equations
[7 - 9], plasticity and failure of isotropic materials [10], and the transport equation with incompressible flow for advection-dominated
problems [11]. In particular, the authors of [11] showed that, in simple cases, the system of equations resulting from DEC are
equivalent to other numerical methods, such as the Finite Differences and Finite Volume methods, leading to a stable upwind DEC
variation, which involves the Lie derivative, also discretized in [12].

The transport equation, or Convection-Diffusion equation, is a linear parabolic partial differential equation which models the
transport of a scalar field due to diffusion and transport mechanisms (convection for heat transfer or advection for any substance)
in a fluid in motion. This equation arises in several applications and studies (see [13 - 14] for example) as well as in engineering
problems like air pollution and groundwater contamination, where the solute is transported by advection due to the particle velocity
field, which usually depends on time and spatial coordinates. Analytic solutions for this equation have been studied in depth and
remarkable advances had been made in the past few years, see for example [15 - 18]. Nevertheless, these solutions are commonly
limited to simple scenarios such as 1D domains or steady-state problems and are highly dependent on initial and boundary
conditions. Therefore, numerical approaches are usually preferred when tackling engineering problems.

Figure 1 shows a typical problem of groundwater contamination of a confined aquifer, where this equation is used to model the
spatial and temporal distribution of the plume’s concentration. Pollution might occur due to infiltration through the soil and/or the
confining rock. The plume’s form depends mainly on the ground water flow direction and magnitude, as well as the pollutant
diffusion coefficient.

Commonly, this type of problems are advection-dominated problems, since the magnitude of the particle velocity is greater
than the pollutant’s diffusion coefficient, leading to numerical instabilities for most of the mesh-based numerical methods for
solving PDE’s. In such cases, stabilization techniques such as the Stream-Upwind/Petrov-Galerkin (SUPG) [19] and Galerkin/Least-
Squares (GLS) [20] are employed. However, they may not be well suited for some problems and refining the mesh may yield
numerical stabilization at a high computational cost. Thus, the importance of trying to develop efficient numerical scheme becomes
evident.

In this paper, we propose a local DEC discretization of the Convection-Diffusion equation for compressible and incompressible
flow. This formulation is developed based on DEC and "natural" geometric arguments, assuming the values of the particle velocity
field are given at the nodes of the primal mesh, thus making it different form the discretization in [11]. Since our discretization on
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the Convection-Diffusion equation will not involve discrete dual-to-primal Hodge star operators, it can be developed in a local
manner similar to that of FEML (see [21]) together with its assembling technique, leading to an efficient implementation.
Nevertheless, as it turns out, our discretization needs to be stabilized, a process we carry out by introducing Artificial Diffusion.

The rest of this article is organized as follows: In Section 2 we review some basic DEC concepts which are essential in the
development of this proposal. In Section 3 we describe the procedure to compute the local DEC discretization matrix for the
Transport Equation. In Section 4, we show some numerical results on simple domains to show numerical convergence, considering
laminar, sinusoidal and rotational velocity fields. In Section 5 we present our conclusions. In the Appendix we present how the
artificial diffusion is calculated.

2. Preliminaries

Since there exist various detailed accounts of Discrete Exterior Calculus ([2 - 12]) and the Convection-Diffusion equation does
not involve discrete dual-to-primal Hodge star matrices, the whole discussion can be carried out in a local manner and we shall,
therefore, recall the necessary concepts accordingly (see [21 - 22]).

2.1 Vector fields and differential 1-forms
A smooth vector field u on an open domain Q C R? is a function that assigns a vector to each point(x,y) €, i.e.
E(XrY) = (ul(XIY)qu(XIY)) € RZ’ (1)

where the two functionsu, , u, are smooth. We can construct a so-called differential 1-form u’ using the dot product as follows. At
each point (x,y) € Q

Mb(x,y)(YIYYZ) = M(XrY) . (Y1:Y2) =U (X: Y)Y1 + uz(er)er (2)

where (Y,,Y,) € R? is an arbitrary vector.

The Hodge star of the 1-form u’ is defined by
(*Mb)(x,y)(y) =W (%,Y)Y; + Uy (%,Y)Y,, 3)

which is reminiscent of a 90° rotation in 2D, and is associated to the vector field (—u,,u,) . The exterior derivative of the 1-form u’is
defined by

ou, Ou

(Ao (V1 V) (20, Z2)) = |5 =5

Z, 7,

et[Y1 YZ], )

forany (Y,,Y,),(Z,,Z,) € R*.The exterior derivative of a 0-form or function ¢ is defined by

_9¢ 9y
(d)y ) (Y1, Y5) = ayl + aiyyzl (5)

a value equal to the dot product of the vector (Y;,Y,) with the gradient Vy(x,y) .

Groundwater flow
direction

Pollution Source
; Confining layers
(impermeable)

Pollution plume

- . - . - N ~ > > > g - E

Fig. 1. Groundwater pollution of a confined aquifer. Solute is transported by advection and diffusion, creating a pollution plume.
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2.2 From Vector Calculus to Exterior Differential Calculus

As described in [7], in order to develop a DEC discretization of a partial differential equation, we must first rewrite it in Exterior
Differential Calculus notation. Since we are going to be dealing with the 2D convection-diffusion equation, we will need to substitute
the following identities for the gradient, the divergence and the Laplacian operators (see [6] and [23] for a discussion about these
identities and differential forms):

Vo =dp,
V-u=+d+u’, (6)
V2 = xd x dop,

where ¢ is a scalar function (or a 0-form), uis a vector field, d is the exterior derivative and « is the Hodge Star. Thus, by substituting
eq. (6), the 2D isotropic homogeneous and stationary Convection-Diffusion equation:

V- (pu) =kV?p +q, @)
can now be written in terms of Exterior Differential Calculus as follows:
*xdx (Up)=kxdxdp +q, (8)

where ¢ is the scalar unknown function, uis the particle velocity field, k is the diffusion coefficient an q is the external source. It is
an elliptic equation which describes the transport of a scalar quantity due to transport processes known as convection, which is
modeled by the left-hand side of eq. (7), and diffusion for mass transport, or heat conduction, which in turn, is modeled by the
right-hand side of eq. (7).

2.3 Primal mesh

The next step is to discretize these operators over a given 2D well-centered primal mesh (simplicial complex). As in [21], the
DEC discretization of the convection-diffusion equation can be carried out locally (element by element) and then assembled as in

FEM. Thus, we will consider a single counterclockwise oriented triangle mesh [v,,v,,u,], such as the one shown in Fig. 2, formed by

the vertices [v,],[v,],[v,] and edges [v,,V,],[v,,v,1,[v,v,] .

2.4 Dual mesh
The dual cells for this mesh are defined as follows:

e  The dual of the 2-dimensional triangle[v,,v,,v,]is the 0-dimensional circumcenter [v,,v,,v,] of the triangle (see Fig. 3(a)).

e The dual of the 1-dimensional edges of the triangle is the 1-dimensional straight segment joining the mid-point of the
edge and the triangle’s circumcenter (e.g. the dual of the edge [v,,v,], denoted as [v,,v,]" is shown in Fig 3(b)).

e  The dual of the 0-dimensional vertices of the triangle is the 2-dimensional quadrilateral formed by the two mid-points of
its adjacent edges, the vertex itself and the circumcenter (e.g. The dual of the vertex [v,], denoted as [v,]" is the
quadrilateral shown in Fig. 3(c)).

2.5 Primal and Dual Forms

As mentioned [23], the discretization of a differential k — form is done by its integration over all the k — dimensional elements of
a primal (simplicial) mesh. In other words, the discretization of ak— form is a collection of values, one for each k — dimensional
element of the mesh. For example, a 0-form ¢ is integrated over each vertex [v,] of our primal mesh, which is equivalent to sample
¢ at the pointv, ,i.e.

= [o=wlv), 1=123 ®
[vi]

[v3]

[Ula V2, U3]

[vo]

[v1]

Fig. 2. Triangle [v,,V,,U,].Its edges are denoted as [v,,V,],[v,,V,],[U;,U,] .
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[vg] [v3]

[Uh Vo, ”0'3] [Ulv V2, UB}

[v2]

[Qll] [Ul}

[v1, va, V3]
D3
[v]
2!
[v1]
()
Fig. 3. Dual cells and edge orientation
In other words, we discretize ¢
P1
pro=|0p,|. (10)

3

Often we will denote the discretization of a field by adding a ~ to the given symbol. Similarly, a 1-form u’is integrated over the
oriented edges of the mesh:

W= [ 0= [uly,+ (0, ~ ), - v, 1y

[vi,v5]

i.e. the value of a line integral for the vector field.
By analogy, dual k — forms can be calculated by integrating along the k — dimensional cells of the dual mesh.

2.6 Discrete Exterior Derivative
The discrete exterior derivative maps discrete primal k — forms to discrete primal (k + 1) — forms [7]. Thus, in order to compute

the discrete exterior derivative, we calculate the analytical exterior derivative and integrate over the corresponding k — dimensional
elements of the mesh. For example, consider a 0-form « discretized over the vertices of the triangle shown in Fig. 2.:

@
a—a=|al (12)
Q3
since (da) 1-form, we can integrate over the edges of the triangle, i.e.
(a&)w = [da, 1j=123i=] (13)

[vi,v]
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and, using the Stokes Theorem, one has

[v;]
(dNa)[vv]: fda:fa':aj—ai Lj=123i=] (14)

[vi,v5] [v]

Thus, we can encode the local exterior derivative in matrix form as

-1 1 0
Dy,=|0 -1 1], (15)
1 0 -1

where the subscripts D, ; means we are taking the exterior derivative of a primal 0-form and obtaining a primal 1-form. Finally, the

exterior derivative which maps dual k- forms to dual (k + 1) — forms, D* satisfies:

D; =(-1yD;, (16)

(n—p),(n-p)+1 (p-1).p°
wherenis the dimension of the mesh. For example, in 2D, the dual discrete exterior derivative D;, is equal to —Dg, .

2.7 Discrete Hodge Star

As mentioned in [7], the discrete Hodge Star (;) maps primal k — forms to dual (n — k) — forms, and is defined as

v Ll 17)

where o is the discrete value of a primal k— form « over the k — dimensionali,, — element o, and o; is its corresponding dual cell.
The symbol|-|denotes the unsigned volume of the cell (the volume of a vertex is 1 by convention). Since the discrete Hodge Star
multiplies a discrete k— form by a ratio of volumes of primal and dual cells, it can be encoded as a diagonal matrix. In two
dimensions, we have two discrete Hodge Star matrices, one relating primal 1-forms to dual 1-forms, and another one relating primal
0-forms to dual 2-forms. The first one is given by (see Fig. 4(a)):

|[U1’U2]*| 0 0
[[v;,v,]1
|[v,, 5] |
M,=| © 1Y%l | o | (18)
Y [[v,,vs]1
0 0 | [vs,0,]" |
[[vs,v,]1

where the subscript means that we are mapping discrete primal 1-forms to discrete dual 1-forms. Similarly, the second Hodge Star
matrix discretization is given by (see Fig.4(b))

[[v.]"|

[[v:]1

(19)

[ [vs]1

The inverse of M, , is the matrix M, , that maps discrete dual 2-forms to discrete primal 0-forms.

[vs] [vs]

[, vg]

[v1, U2, V3] V1, Vg, V3]

[vs, v1]
[Uz]
[v1] [v1]

@) (®)

Fig. 4. Oriented 1-dimensional and 2-dimensional dual cells.
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3. The Convection — Diffusion DEC Discretization

Recall how the 2D isotropic homogeneous stationary Convection-Diffusion eq.(8) reads in Exterior Differential Calculus notation:
*dx (W) =k+dxdp+q

While it is well known how to discretize the diffusive and source terms (see [22]), the main subject of this paper is the discretization
of the transport term.

Note that the operator «d » on the right hand side is applied to a 1-form dy which will be discretized as a primal 1-form, since the
scalar field ¢ is discretized as a primal 0-form. This indicates to us that the differential 1-form wu’ must be discretized as a primal
1-form, i.e. a collection of real values assigned to each oriented edge. In order to do this, it is clear that we can do the following two
calculations on a given edge[v,,u;]:

a) Average the valuesy andy;,ie.

P+ @

S (20)

b) Integrate u’ over the edges of the triangle. Generally, the particle velocity field is sampled at the vertices, so it makes sense
assume its discretization at the primal vertices

U,
U, |- (21)
Us

I
1

Now, we interpolate the values of u over the edge[v,,v;]by

U(s) =+ (u; —u) (22)
| [Unuj] I
where s €[0,|[v;,u;]]] - By using the unit tangent vector T;;, defined as
v; -y, (
T, = , 23)
T [Ui:Uj] |

we can express the discretization of u’ over the edge [v,v;] as:

Uy = [ W(T)
[vi,v;]
fvi,v; ]l s
— Hi'I','+7(H'7Hi)‘I',‘ ds (24)
[ vyl N
U; + U
= f (Uj — Ui)’

where ﬁ’[w,]is the discrete value of the primal 1-form on the edge[uv;,v;]. As it turns out, it is the inner product of the
average of the values of the velocity field at the vertices with the vector given by the oriented edge.

Now, we multiply these two values so that the discretized version of the differential 1-form gag” is

Iy P+ @~
(@Eb)[uhu]] = 2 Lu [vi,v5]
(25)
® o5 || U + Y
= Y T'(”;*”i) .

This definition turns out to coincide with the definition of discrete wedge product of the primal 0-form ¢ and the primal 1-form U as
defined in [7]. Let:

~b ~b

1 u [v1,0,] u [v1,0,] 0
~b ~b

U= _5 0 u [v2,u3] u [vz,us] | (26)
~b 0 ~b
LI Y oy,

Thus, the discretization on the triangle of the 2D isotropic homogeneous stationary Convection-Diffusion equation becomes
M, o(~Dg )M, ,(~U)p = kM, ,(~D5; )M, , Dy, + 4, (27)
or, equivalently,
Dy.M, (U +kD,,)p = M,,4, (28)

A\\y,‘ Journal of Applied and Computational Mechanics, Vol. 6, No. SI, (2020), 1348-1363
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where:
R $1 ~ .
p=|p,| and q=|q,| (29)
P qs

3.1 Transient Problem
The transient isotropic and homogeneous Convection - Diffusion Equation is defined as:

2
P V(o) = RV g (30)
where pis a coefficient of the time derivative. We use the following implicit Finite Difference scheme for the discretization of the
time derivative, in order to take advantage of the less restrictive time step size:

~n+1 ~ ~n
ﬁMo,z + Dg,lMl,l(U + kDm) Y = Mo,z(q + ﬁ‘ﬂ ). (31)

4. Numerical Experiments

In this section, we show some numerical results on simple domains to show numerical convergence, considering laminar,
sinusoidal and rotational velocity fields. The numerical experiments were carried out on a computer with Intel Core i7-7700T with
2.9 GHz CPU and 8 GB of RAM. Gaussian Elimination was used to solve the system of equations obtained from DEC and FEML.

4.1 Sinusoidal Flux
For this first example, we consider a rectangular domain under the following conditions (see Fig. 5.):

e Diffusion coefficientk = 0.05.

e  Source term q =1 over disk of radius 0.4 and center in(1,2.5) .

e Dirichlet boundary conditions y = 0 over left, upper and bottom boundaries.

e  Right boundary with no condition.

e  Particle velocity u(x,y) = (x,sin(x)).
The meshes used for this numerical experiment varies from coarse to fine meshes and are shown in Fig. 6. The approximate DEC-
solution for this problem using the mesh shown in Fig. 6(d) has the contour graph shown in Fig. 7.
For comparison purposes, the result obtained with FEML using the finest mesh Fig. 6(d) is considered as the best approximation of
the analytical solution. Table 1 shows a comparison of the maximum temperature values obtained with DEC and FEML, the

discrepancy (DSP) between the DEC values and those of the best approximation of the analytical solution is also shown, as well as
the total execution time.

0.80

————- Dirichlet ¢ = 0.00
oo Free Boundary

@ g =100

Fig. 5. Domain considered for numerical tests

Table 1. Comparison of the maximum temperature values and assembly times obtained with FEML and DEC in the numerical simulation

Maximum Temperature Value Execution Time (sec)

Mesh #Nodes #Elements FEML DEC DSP FEML DEC
Fig. 6(a) 687 1272 0.77712 0.77092 0.16716 0.0185 0.020708
Fig. 6(b) 1529 2906 0.68976 0.69538 0.09162 0.093454 0.094232
Fig. 6(c) 5573 10852 0.63237 0.63545 0.03169 1.934143 1.943309
Fig. 6(d) 23351 46100 0.60376 0.60385 9x10° 78.519231 79.377225
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Fig. 6. Meshes used in the numerical simulation

Temperatures

: 0.60385
054895
0.49406
043916
-0.38427

- 0.32037
!0.2?448
- 0.21658
0.16469
0.10878

0.054895
0

Fig. 7. Solution obtained with DEC using the mesh shown in Fig. 6(d).

Figure 8 shows graphs of temperature values along a central horizontal line of the domain for all meshes as well as a comparison
with the best approximation of the analytical solution. This problem is unstable when the meshes shown in Fig. 6(a), Fig. 6(b) and
Fig. 6(c) are used to discretize the domain, and small oscillations can be seen in Fig. 8(a) and Fig. 8(b). These oscillations disappear
and both numerical methods converge to the same solution when finer meshes are used, as can be seen in Fig. 8.

Nevertheless, given the similarity between DEC and FEML local matrix formulations, a stabilization technique such as the well-
known Artificial Diffusion can be introduced to stabilize the problem (see Appendix A), smoothing the solution of both numerical
methods. Figure 9 shows a graph of temperature values of the stabilized problem with Artificial Diffusion for the meshes shown in
Fig. 6(a), Fig. 6(b) and Fig. 6(c). As can be seen in Fig. 9, most of the oscillations are damped out and similar results are obtained from
both FEML and DEC with this stabilization technique.

Figure 10 shows the time evolution of the solution obtained with DEC for the transient problem using the mesh shown in Fig. 6(b).
The time-related parameters used for this problem are:

e Time step size At=0.1.
e Finaltimet; =5.

e Time derivative coefficientp=1.
Additionally, Fig. 11 shows graphs of the evolution in time of temperature values for different time steps of the transient problem
solved with DEC along the same horizontal line as before, and a comparison with the stationary solution is also shown.

As can be seen in Fig. 11, small oscillations are present in each time step, since no stabilization technique was used during this
simulation. The solution of the transient problem converges to the same solution of the stationary problem, as expected.

A‘r" Journal of Applied and Computational Mechanics, Vol. 6, No. SI, (2020), 1348-1363
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Fig. 8. Temperature values along a horizontal section at the center-line of the domain for different meshes. (a) Graph for the mesh in Fig. 6(a); (b)
Graph for the mesh in Fig.6(b); (c) Graph for the mesh in Fig. 6(c); (d) Graph for the finest mesh.
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for the mesh in Fig. 6(a); (b) Graph for the mesh in Fig 6(b); (c) Graph for the mesh in Fig 6(c).
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Fig. 10. Contour graphs of the time evolution of the solution obtained with DEC for the transient problem. Times are: t=0.1 (Upper-Left), t=1
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Fig. 11. Temperature values for different time steps for the transient problem obtained with DEC using the mesh shown in Fig. 6(b), along the
central horizontal line of the domain.
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Fig. 12. Solution obtained with DEC using the mesh shown in Fig. 6(d)

4.2 Laminar Flow

For this problem, we considered the same geometry and meshes as the previous example, but now under the following
conditions:

e Diffusion coefficientk=1.
e  Source term q = 1 over disk of radius 0.4 and center in (1,2.5).
e  Dirichlet boundary conditions ¢ = 0 over left, upper and bottom boundaries.
e Right boundary with no condition.
e  Particle velocity u = (50,0) .
Therefore, this is an incompressible flow problem (V-u=0). As before, the solution obtained with FEML using the finest mesh is

considered as the best approximation of the analytical solution, for comparison purposes. The solution obtained with DEC using
the mesh shown in Fig. 6(d) is shown in Fig. 12.
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Table 2. Comparison of the maximum temperature values and assembly times obtained with FEML and DEC in the numerical simulation

Maximum Temperature Value Execution Time (sec)
Mesh #Nodes #Elements FEML DEC DSP FEML DEC
Fig. 6(a) 687 1272 0.019445 0.019847 4.191x103 0.019546 0.017288
Fig. 6(b) 1529 2906 0.017347 0.017552 1.896x10°® 0.095285 0.09365
Fig. 6(c) 5573 10852 0.016301 0.016316 6.6x10* 1.925717 1.943309
Fig. 6(d) 23351 46100 0.015656 0.015656 0 81.754731 82.810216
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Fig. 13. Temperature values along a central horizontal line of the domain for different meshes. (a) Graph for the mesh in Fig 6(a); (b) Graph for the
mesh in Fig. 6(b); (c) Graph for the mesh in Fig. 6(c); (d) Graph for the finest mesh.

Table 2 shows a comparison of the maximum temperature values obtained with FEML and DEC for all meshes, the discrepancy
value (DSP) between DEC and the best approximation of the analytical solution and the total execution time.

Figure 13 shows graphs of the temperature values obtained with DEC and FEML for all meshes, along a central horizontal line of the
domain, and a comparison with the best approximation of the analytical solution.

Again, for the meshes in Fig. 6(a), Fig. 6(b) and Fig. 6(c) both numerical methods are unstable for this problem, as can be seen in Fig.
13(a), Fig. 13(b) and Fig.13(c), where small oscillations are present in the solution. In this example, it is seen that DEC and FEML
behave almost identically for all meshes, as expected, since the gradient of the function obtained with DEC and FEML coincides (see
[21]). As before, Artificial Diffusion can be introduced to avoid the numerical oscillations due to instability. Fig. 14 shows graphs of
temperature values of the stabilized problem with Artificial Diffusion.

4.3 Rotational Velocity Field

In this example, the domain considered is a disk of radius 2 and center in (0,0) , under the following conditions (see Fig. 15):

e Dirichlet boundary conditions over the perimeter of the disk.
e  Source term q =1 over an internal disk of radius 0.25 and center in(0,1.5).

. Diffusion coefficientk = 0.02 .

Velocity field u = (y,—x).
The meshes used in this numerical simulation vary from coarse to fine and are shown in Fig. 16. Again, this is an incompressible
flow problem (since V-u=0), and the solution obtained with FEML using the finest mesh (Fig. 16(d)) is taken as the best

approximation of the analytical solution.

The solution obtained with DEC using the finest mesh shown in Fig. 16(d) is shown in Fig. 17.

Table 3 shows a comparison of the maximum temperature values obtained with FEML and DEC for all meshes, the discrepancy
between the DEC values and the best approximation of the analytical solution, as well as the total execution time.

Figure 18 shows graphs for the temperature values obtained with DEC and FEML along a vertical section passing over the center of
the domain; and a comparison with the solution obtained with FEML using the finest mesh, which is taken as the best
approximation for the analytical solution, is also shown. This problem is stable for all meshes and no stabilization is required. Like
in the previous case, there is a numerical convergence between DEC and FEML when fine meshes are used.
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Fig. 14. Temperature values of the stabilized problem along a central horizontal line of the domain for different meshes. (a) Graph for the mesh in

Fig. 6(a); (b) Graph for the mesh in Fig. 6(b); (c) Graph for the mesh in Fig. 6(c).
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Fig. 15. Domain considered for the rotational field example with diffusion coefficient k = 0.02 .

Additionally, Fig. 19 shows the time evolution of the solution obtained with DEC for the transient problem using the mesh shown
in Fig. 16(b). The time related parameters are:

Time step At =0.2..
Final timet; = 40.

Time derivative coefficient p = 0.1.

Table 3. Comparison of the maximum temperature values and assembly times obtained with FEML and DEC in the numerical simulation

Maximum Temperature Value

Execution Time (sec)

Mesh #Nodes #Elements FEML DEC DSP FEML DEC
Fig. 16(a) 687 1272 0.95136 0.99789 0.35247 0.021852 0.021614
Fig. 16(b) 5931 11560 0.68437 0.68646 0.04104 2.301375 2.309375
Fig. 16(c) 11935 23440 0.66832 0.66803 0.02261 14.490640 14.432847
Fig. 16(d) 23351 46100 0.64542 0.6456 1.8x10* 82.128805 80.945272
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Fig. 16. Meshes used in numerical simulations considering rotational velocity field
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Fig. 17. Solution obtained with DEC using the fines mesh (Fig. 16(d)).
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Fig. 18. Temperature values along a vertical section passing over the center of the domain for different meshes. (a) Graph for the mesh in Fig. 16
(a); (b) Graph for the mesh in Fig. 16(b); (c) Graph for the mesh in Fig. 16(c); (d) Graph for the finest mesh.
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Fig. 18. Temperature values along a vertical section passing over the center of the domain for different meshes. (a) Graph for the mesh in Fig.
16(a); (b) Graph for the mesh in Fig. 16(b); (c) Graph for the mesh in Fig. 16(c); (d) Graph for the finest mesh.
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Fig. 19. Contour plots of the temporal evolution of the solution obtained with DEC for the transient problem. Times are: t=0.2 (Upper-Left), t=2
(Upper-Right), t=5 (Bottom-Left) and t=36 (Bottom-right).
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Fig. 20. Temperature values for different time steps of the transient problem obtained with DEC, using the mesh shown in Fig. 16(b), along a
vertical section passing through the center of the domain.

Finally, Fig. 20 shows temperature values obtained with DEC along the same section as before, for different time steps of the
transient problem, as well as the solution of the transient problem. As can be seen in Fig. 20, the solution of both the transient and
stationary problems converge to the same solution.
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5. Conclusions

We have proposed a local discretization for the convective term of the Convection - Diffusion Equation for compressible and
incompressible flow using geometric arguments and known DEC matrix operators for the exterior derivative and the Hodge Star,
by considering the velocity field discretized at the primal nodes of the simplicial mesh. By considering the particle velocity
discretized in the nodes of the primal mesh and the local formulation of the terms involved, this method is well suited for real
applications, since the global system of equations can be assembled using parallel computing and the nodal velocity field obtained
with other techniques can be directly plugged-in. Using this feature, the transient problem was formulated using an implicit Finite
Difference scheme for the time integration to show numerical convergence to the stationary solution. Our results show similar
behavior of our method and FEML for coarse meshes. For finer meshes, both numerical schemes converge to the solution. When
convection dominated problems are considered, we have shown that Artificial Diffusion can be introduced to stabilize the solution.
Furthermore, no advantage was observed with respect to the execution time of both numerical methods.
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Nomenclature
% Hodge Star operator n Mesh dimension
At Time step p Permutation variable (equals ton—1)
[v,,U,,v,] Simplex q Source term
[v,v)] Edge, i,j = 1,2,3; i#j s Interpolation variable
[v,] Vertex, i=1,2,3 u Particle velocity field
d Exterior derivative operator U Discrete 1-form elemental matrix
D Discrete exterior derivative operator Uy, U, Scalar smooth functions
det Matrix determinant vy, Point in domain
k Diffusion coefficient X,y Cartesian coordinates
M Discrete Hodge Star operator Y, Z, Vector components, i=1,2
Greek Symbols

Q Domain - Line integral variable
® Scalar unknown function P Time derivative coefficient

Superscripts
b Flat operator (transforms vectors to 1-forms) N Dual of the cell/discrete operator
-~ Discrete value

Appendix

Artificial Diffusion

The stabilization technique used in this document is based on the one presented in [24]. The isotropic balancing dissipation has
the form

D =4I,
where

lulh

d=a R
2
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I is the identity tensor and | u| is the magnitude of the mean velocity vector of the element. The magnitude of § and the additional

error is determined by the parameter o . Typically, « is defined to be a function of the mesh, known as the Peclet number, defined
as:

where his the local mesh size, which may refer to the longest edge or the diameter of the circumsphere. As a rule of thumb,
stabilization is required whenever P, >2 and may take the form:

"]
a=min{l,—¢.
6

As can be seen, artificial diffusion depends only on the mesh size and the PDE's parameters, therefore, its value is independent of
the numerical scheme. As stated in [22], the local discretization of the diffusive term with DEC and FEML are roughly identical; this
means that the difference between both numerical methods lies in the discretization of the convective term.
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