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1 Write the HDG formulation of the problem

An equivalent strong form can be written over the broken computational domain as:

(V- (kVu) = s in Q;, and fori =1,...,ny,

U = Up onI'p

n- (kVu) =t onI'y (1)
n- (kVu)+vyu=g onlpg

[un] =0 onI’

([n-Vu] =0 onl

Where the two last equations correspond to the imposition of the continuity of the primal
variable u and the normal fluxes respectively along the internal interface I'.

The HDG formulation solves the problem in two phases. First, an element-by-element
problem is defined with (q, u) as unknowns defined as:

V-q=s in ;,

q; + kVu; =0 in ), @)
u; = Up on 082; NT'p,

U = U on 0Q,\I'p,

fori=1,.. ng.
Second, a global problem is defined to determine u. The imposition of the so-called
transmission conditions,:

[n-q] =0 onT
n-q=—t onI'n (3)
n-q=7ut—¢g onlpy

1.1 Weak form

The weak formulation for each element equivalent to (2) is:

_(Vvﬂqi)Qi + (Ua n; - Cii)@Qi = (1%8)91-

—(w,qi)o, + (V- W,u)q, = k(n; - W,UD>anrD + Kk(n; - w, ﬂ>aQ,-\rD



where the numerical traces of the fluxes q; are defined, element-by-element as:

. ni-qit+T7(w—up) ondNTp
e { n;-q; + 7i(u; — @)  elsewhere ()

with 7; being a stabilization parameter.

The weak form of the global problem is defined by « € M(I' UT'y UT'g) for all u €
M(T'UTy UTR) such that:

Nel Mel Nel

Z<M> n; - 4i)on\o0 + Z(M, n; - d; +t)oa,nry + Z<M> n; - d4; + g — YW)on,r, =0 (6)

n=1 n=1 n=1

Replacing into @ we have:

Nel

Z {(M, n; - qi)&Qi\FD + <M; Tiuz‘>8Qi\FD - <M, Tia>8§2i\FD - <M77@>aﬂer}
n=1

Nel

= - Z {(M? g>8§2ir‘11‘3 + <:u7 t>BQ,ﬂFN} (7)

1.2 Spatial discretization

The following discrete finite-element spaces are introduced:
WH(Q) = {w € [L2(Q))% wla, € [PP()]? Y} C W)
2

V) = {v € [Lo(Q)]% v]a, € PP(Q) YO, cV(Q) (8)
MI(S) = {p € [La(S)]2 plr, € PP(T) VU € S CTUINY © M(S)

The variables u, q, and u are approximated as:

Nel

a~q' =) N €W (9)
n=1
Tel
U%Uh:ZNjUj th (10)
n=1
Nel
a~i =Y Nji; € MMTUTyUTR) orM*(D) (11)
n=1

The weak form of the local problem gives rise to the following system of equations for

each element:
Auu Auq u; . fu Auﬁ -
[K,qu Aqu[Qi]_[qu}i—l_{ﬁAqﬁLuz (12)



Applying the interpolation to (|7)):

Nel MNel

> (1AL AL, | |+ sl o [Af] 8 = 3 (10 + (6],

(13)

In the above equation the matrices AL, and ff are associated to the Robin boundary

condition of the problem and are defined as:

nt

Afi=— > 7Y Na()N"()w)

oQ;N'r g=1

== Y > N(Egx(E))w]

o00;NC'r g=1

After substituting the local solution in :

Ko =f
with
. Nel A A 1 A
_ T T uu uq uii B R
K—A[Auﬁ Aqﬁ ]7‘|:K}A,£q Aqq:|i [HAqﬁ:|i+[Auu]i+[Aﬁﬁ}i
and
N el A A . )
— A Rl T T uu uq '
f_é[fu]i—i_[fﬁ]i [ Ada Aqﬁ]z’[ﬁqu Aqu [/‘quL
2 Results
Considering:

u(z,y) =k log((z + a)?) + cos(b(y —7)*)

With the following data: k=14,7y=22,a=1and,b=3

We can first plot the above function (14)), and take it as a reference.

(14)



u(x,y)=k log((x+a)?) + cos(b(y- 7 )?)
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Figure 2.1: Plot of the function

Analytic expression for up, t, and g were computed using the MATLAB symbolic tools.

7In ((z+1)%)

+0.8638 y=20
7 7 ((§+ 1))
- 104543 y=1
Neumann (y=0)
t = —30.7280

Robin (y=1)

7T ((x+1)%)
B 25

g —15.1638

Corresponding expressions were introduced in the existing functions analyticalPoisson.m
and sourcePoisson.m for the computations of the source term and the exact solution,
which also includes the computations for the Dirichlet boundary values.

New functions were added for the mathematical expressions for ¢ and g: neumanPoisson.m
and robinPoisson.m, respectively.

Now we have to separete the faces in which we are going to apply the boundary conditions,
for this a new function called ExtFace_class.m was introduced. This new function divides
the external boundary faces into Neumann, Dirichlet and Robin.



First, it is shown for a linear approximation different meshes:

HDG solution: u ] HDG solution: u*
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Figure 2.2: Comparison of the solution u and the postprocessed solution u* using a linear
approximation different meshes.

It is possible to observe how, for a greater number of elements, the error decreases. In



the following table we can see it clearly comparing the errors obtained:

Number of elements
32 512 2048
Error u | 6.111686e+00 | 1.335498e+-00 | 3.804581¢e-01
Error u* | 1.199813e+00 | 3.129223e-02 | 4.110906e-03

Table 1: Comparison of the error of the solution u and the error of the postprocessed
solution u* using a linear approximation with different meshes.

In the following graphs we compare two meshes used with a approximation polynomial
of degree 2:
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Figure 2.3: Comparison of the solution u and the postprocessed solution u* using a
quadratic approximation different meshes.

In the following table we can see the comparison of the error values for the different types
of meshes.



Number of elements
512 2048
Error u | 3.055186¢e-01 | 4.043895¢-02
Error u* | 4.084938¢-03 | 2.593626e-04

Table 2: Comparison of the errors of the solution u and the postprocessed solution u*
using a quadratic approximation different meshes.

It is important to note how for 512 elements we have a minor error for a linear approx-
imation in the postprocessed solution and a linear polynimial approximation compared
to the solution for 512 elements and quadratic approximation.

In the following graphs, we compared two meshes used with an approximation polynomial
of degree 4:
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Figure 2.4: Comparison of the solution u and the postprocessed solution u* using a fourth
order polynomial approximation different meshes.



The following table shows the comparison of the error values for the different types of
meshes.

Number of elements
512 2048
Error u | 5.356439¢-03 | 1.946896e-04
Error u* | 4.258941e-05 | 7.506174e-07

Table 3: Comparison of the errors of the solution u and the postprocessed solution u*
using a fourth order polynomial approximation different meshes.

An h-convergence study of the error of solution and the post-processed solution is per-
formed.
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Figure 2.5: Error of the solution and the post-processed solution in the £5(2) norm as
a function of the characteristic element size h for different values of the approximation
degree p

The colors represent the polynomial degree. As can be seen as the number of elements
in the mesh increases, the error decreases. Something very important to emphasize are
the improvements of the HDG methodology in the postprocess computation, where the
solution u * that is shown with dashed lines gains precision.
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