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August 11, 2021

Abstract

In this paper, we apply the characteristic finite volume method (CFVM) for solving a
convection-diffusion problem on two-dimensional triangular grids. The finite volume method
is used to discretize the equation while the finite element method is applied to estimate
the gradient quantities at cell faces. The numerical analysis of the convergence has been
implemented for the CFVM in one-dimension. The approximate Ly norm of the error is
derived to determine the errors for the approximate solution. The accuracy of four piecewise
linear reconstruction techniques, namely, Frink, Holmes-Connell, Green-Gauss, and least-
squares methods are investigated on structured triangular grids. Numerical evidence shows
that the least-squares method is the most accurate of all methods for smooth initial condition
problems. For discontinuous initial condition problems, the Frink and the Holmes-Connell
methods give a spurious oscillating solution in the vicinity of the discontinuity upstream of
the discontinuity, and the Green-Gauss and least-squares methods give a spurious oscillating
solution in the vicinity of the discontinuity downstream of the discontinuity. Moreover, the
amplitude of the oscillation could be amplified on the finer grid sizes.

Keywords: characteristic finite volume method, convection-diffusion equation, piecewise linear
reconstruction, two-dimensional triangular grid

1 Introduction

Research on numerical methods for solving convection-diffusion equations is of great importance
since these equations are a basis for describing physical phenomena where particles, energy,
or other physical quantities are transferred inside a physical system due to diffusion and con-
vection processes. These equations are also used to describe advection-diffusion processes in
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environmental science, e.g., pollutant transport in the atmosphere, oceans, rivers, or groundwa-
ter [25, 12, 5]. Convection is usually defined as the movement of a fluid due to heat, advection
is usually defined as the movement of a substance due to the movement of a fluid transport
medium, and diffusion refers to the dispersion of some substance through the physical domain
of some other substance, e.g., the dispersion of a pollutant through a river. Generally, the scale
of the diffusion is smaller by several orders of magnitude compared to the size of the advective
flow field. The accurate simulation of such processes requires numerical methods that are able
to compute if sharp layers exist without the occurrence of spurious oscillations.

Many methods have been proposed to overcome the instability and inaccuracy of numerical
solutions of convection-diffusion equations. Methods which are usually used to solve convection-
diffusion equations include the finite difference method, the finite element method, and the finite
volume method. The principle of the finite difference method is to select some discretization
points, then to assign one discrete unknown and write one equation per discretization point [18].
Also, the derivatives of the unknown are replaced by finite differences using a Taylor-series
expansion. The finite difference method becomes difficult to use when the coefficients involved
in the equation are discontinuous. For the finite element method, the domain of the convection-
diffusion equation is discretized into a set of elements and the method of weighted residuals is
usually applied to obtain a set of equations for each element, which are then assembled to form
the system of equations. The solution at the element nodes are then obtained by solving the
system of equations [19, 35]. The accuracy and the stability of this method needs to be further
improved to achieve an accurate transient convection-diffusion solution [8]. For the finite volume
method, the domain is discretized into a set of regions called control volumes. The divergence
theorem is then applied to derive the system of equations. Higher-order temporal and spatial
discretizations can also be used to obtain a more accurate solution. In the finite-volume method,
discontinuities of coefficients are not a problem if the mesh is chosen so that the discontinuities
of the coefficients occur on the boundaries of the control volumes [9].

In recent years, many researchers have used finite volume methods. Some examples of this re-
search are as follows. In 2003, Aboubacar and Webster [1] proposed a cell-vertex hybrid finite
volume-element method that is implemented on triangles and applied to the numerical solution
of Oldroyd model fluids in contraction flows. They found that a linear finite volume stress rep-
resentation with discontinuous stress gradients, and incorporating locally reduced quadrature at
the re-entrant corner could enhance the stability properties of the numerical scheme. In 2006,
Pudykiewicz [24] derived a finite volume algorithm for obtaining the solution of an advection-
diffusion equation on a sphere based on the principle of semi-discretization. The monotonicity
of the scheme was achieved with explicit adaptive dissipation. In 2008, Gao and Yuan [13] pre-
sented a characteristic finite volume element method for multiple space, nonlinear, convection-
dominated diffusion problems. The calculus of variations, the commutating operator, and the
theory of prior estimates was adopted in their proposed scheme. In 2011, Ten Thije Boonkkamp
and Anthonissen [28] proposed a finite volume scheme for advection-diffusion-reaction equa-
tions. Their scheme included a new integral representation for the flux of the one-dimensional
advection-diffusion-reaction equation which was derived from the solution of a local boundary
value problem for the entire equation including the source term. In 2012, Zhang et al. [34]
presented a fourth-order finite volume method for solving the advection-diffusion equation with
an AMR-enabled multigrid solver. The fourth-order Runge-Kutta method was used for the time



integration. The fourth-order accuracy was used to approximate face-averaged values from cell-
averaged values. In 2013, Filimon et al. [10] proposed an iterated defect correction approach
to achieve higher-order accuracy for the approximation of steady-state solutions. The scheme
applied a posteriors to estimate the local discretization error of the lower-order finite volume
scheme. This estimate was then used to iteratively shift the solution to higher-order accuracy
by polynomial reconstruction. In 2013, Chen et al. [6] presented the concept of a two-grid fi-
nite volume element method combined with a modified method of characteristics for analyzing
semi-linear, time-dependent, advection-dominated diffusion equations in two space dimensions.
The solution of a nonlinear system on the fine-grid space was reduced to the solution of non-
linear and linear systems on the coarse-grid and the fine-grid, respectively. In 2014, Arachchige
and Pettet [2] introduced a new method for numerically solving the advection-reaction-diffusion
systems in one space dimension based on the usual finite volume method with a third order un-
winding scheme for discretizing the advection term in space. A new linearization technique for
the temporal integration of the nonlinear source terms was proposed to provide a very effective
method in terms of computational cost for the simulations. In 2015, Liu et al. [17] applied a
two-grid algorithm to decompose a nonlinear advection-dominated diffusion-reaction equation
into a small nonlinear system on a coarse grid and a linear system on a fine grid, as previously
proposed by Chen et al. [6]. The modified upwind finite volume element method was then used
to approximate the solution of the systems. In 2016, Tambue [27] applied a finite volume method
with a two-point flux approximation on regular meshes to solve an advection-diffusion-reaction
problem with a nonlinear reaction term. Exponential time differencing of order one was then
applied for temporal discretization. In 2017, Lin and Zhang [16] proposed a high-order finite-
volume scheme for solving a steady-state advection-diffusion equation with nonlinear Robin
boundary conditions. A generic algorithm for generating third-order, fourth-order, and even
higher-order explicit ghost-filling formulas was used to enforce the nonlinear Robin boundary
conditions in multiple dimensions under the framework of finite volume methods. In 2017, Yang
and Tine [33] proposed a hybrid finite volume scheme where the construction of the numerical
flux appeared as a combination of the WENO and Anti Dissipative Method fluxes for transport
type equations. This property of the numerical flux is very suitable for deriving the long term
asymptotic behavior of the solution of population dynamics models as previously shown in nu-
merical simulations of polymerization/depolymerization type models. In 2018, Xu [32] proposed
a modified finite volume method to solve convection-diffusion-reaction problems. The scheme
was much more accurate and stable than the conventional finite volume method without widen-
ing the computational stencil. Some undetermined coefficients were introduced in discretizing
the equation and then determined analytically by making the truncation error of the numerical
scheme vanish and by expressing the higher order derivatives of the unknown function with lower
order ones through the governing equation. Recently, Lan et al. [15] proposed a new positive
finite volume scheme for two-dimensional convection-diffusion equations on deformed meshes.
The convective flux was approximated using available information of the diffusive flux to keep
the upwind property and obtain second-order accuracy. This method did not need to introduce
any slope limiting technique.

The outline of this paper is as follows. In section 2, we summarize an explicit characteristic-
based finite volume element method developed by Phongthanapanich and others that can pro-
vide stabilized numerical solutions for pure advection and advection-dominated diffusion prob-



lems [20, 13, 21, 22, 23]. The idea of this method is to derive a convection-diffusion equation
along a characteristic path. The explicit cell-centered finite volume method is then employed
to discretize this characteristic-based equation. The weighted residuals finite element method is
then used to approximate cell-face gradient quantities. In Section 3, we analyze the convergence
of the method for a one-dimensional example. In section 4, we examine the accuracy and ro-
bustness of four piecewise linear reconstruction techniques, e.g., Frink [11], Holmes-Connell [14],
Green-Gauss [4], and least-squares methods [3] on structured triangular grids for three test
cases. These cases consist of (1) mixing of hot with cold fronts [20, 29], (2) rotation of a
Gaussian pulse [22], and (3) triangular wave flow [29]. Finally, in section 5, we give conclusions.

2 The Numerical Scheme

2.1 The characteristic unsteady convection-diffusion equation

The governing partial differential equation for the two-dimensional unsteady convection-diffusion
problem is

@+V-(v¢—sv¢):0 in QxT,

ot
QZ)(CL',O) :(;50(1') I'GQ,QCR2,

where ¢ is the scalar quantity, v = v(x) is the given convection velocity vector, € > 0 is the
diffusion coefficient, and ¢ € (0,7 for T < co. The boundary conditions are

¢=gp in Op,
687(;5 =gy in 00y, @)
On

with 09 = 9Qp U 00N with 0Qp U QN = 0.
If a moving coordinate is assumed along the path of the characteristic wave, x’ with a speed of
v, the change of variable x to x’ is expressed by dx’ = dx - vdt. By applying a characteristic
approximation to trace advection in time as explained in Refs.[20, 22, 23] to Equation (1), we
obtain

9¢

o~V (Vo) =0, (3)

where all terms are to be evaluated at x'=x'(t). We then discretize the time with time steps At
and define ¢™ = ¢(t"), where t" = nAt, n = 0,1,2,.... Then, by carrying out a Taylor-series
expansion, the convection term reappears in the equation along with an additional second-
order term. This term acts as a smoothing operator that reduces the oscillations arising from
the spatial discretization of the convection term. The fully explicit characteristic unsteady
convection-diffusion equation is then given by

(1)

2
" — " = —At(v- V") + eV - VoI + (&)

v-V(v-V¢"). (4)

Together with the use of the divergence-free assumption (V-v = 0), Equation (4) can be written

finally in the conservation form as

(At)®
2
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2.2 The finite volume method

The computational domain is first discretized into a collection of non-overlapping control volumes
Q, = Q,7i = 1,...,N, that completely cover the domain such that = Ui\ilﬁi,Qi # 0 and
Q;NQ; =0if i # j. To obtain the finite volume equation, Equation (5) is then integrated over
the control volume €; to yield

/Q , (¢t — ") dA = /Q | <—At [V (vg" —eVe™)] + <A2t>2v- v (v- wn)]) dA.  (6)

Then the divergence theorem is applied to the spatial terms to yield a fully explicit characteristic-
based scheme for solving Equation (5) in the form

Ny
n n At -~ n n n At n n n
b; = o — 1 | Z ’ Ly ‘ n;; - l:(vij¢ij - €V¢ij) - 7vij (vi'- Ve )] ) (7)
j=1

Q;

where Ny is the number of adjacent cell faces, |§2;] is the measure of €;, I';; is the segment of
the boundary 0f2; between the two adjacent control volumes Q; and 2; and |I';;| is the measure
of I';j. The quantities at the time ¢" are defined by

no__ o (4my 1 <. ™) dx
o =it = i | 900 )i Q
and
ij = i (t")- (9)

Finally, the scalar quantities at the cell faces, ¢, are approximated by applying a Taylor-series

expansion in space such that

I RO R EL
N o7 + (xij — %) - ng;?, otherwise
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where v is the scaled normal velocity at I';;, and | I'{; | is the cell characteristic length.
Moreover, the gradient term, V(b%, is approximated by the weighted residuals method which
is commonly used in the finite element technique [29], and the time-step within each control
volume i for Equation (7) is determined from

. Te. |12
Atszin( 42 | ,’ 2! ) (11)
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where 0 < C < 1.

The upwind schemes require flow states to be specified on the left and the right of a control
surface. The first-order accurate spatial discretization gives a constant solution inside each
control volume. The piecewise linear reconstruction must be applied to each control volume to
achieve second-order accuracy. The main aim of this research is to compare the accuracy and
robustness of four piecewise linear reconstruction techniques, e.g., Frink, Holmes-Connell, Green-
Gauss, and least-squares methods for a computational domain discretized into a triangular grid.



Frink’s linear-reconstruction method [11] can explicitly evaluate the gradient for a triangular
grid due to the invariant geometric properties of the grid, e.g., a line from a node through the
cell-centroid will intersect the midpoint of the opposite face, and the distance from the cell-
centroid to the face-midpoint is one-third of the distance from the face-midpoint to the opposite
node. The scalar values at the cell-face of two adjacent grids (¢, ¢r) are calculated by

(¢zl + ¢22)
2

¢R—¢]+[W—¢j3]7

¢L—¢z+|: —¢i3],

(12)

where ¢; and ¢; are assumed to be the solutions at the cell-centroids, ¢, ¢k, where k =1,2,3,
are the solutions at the nodes of the left and right cells, respectively, and ¥; and ¥; are limiter
functions [4, 30, 26]. The value at a node may be computed by inverse-distance weighting or by
the pseudo-Laplacian method [11]. The inverse-distance weighting from a cell-centroid to the
cell nodes that preserves the principle of positivity can be expressed as

Zl /Z |1"J’ (13)

where ¢; are the surrounding cell-centered values of the node n , |r;| is the distance from the
cell-centroid to node n, and N, is the number of the surrounding cells.

Otherwise, the pseudo-Laplacian method proposed by Holmes and Connell [14] can be used to
determine nodal quantities such that

|51

Ne N
On = Z(wj¢j)/z¢j7 (14)
J=1 J=1

where the weights w; are determined from
wj =14 Ag(@5 — Tn) + Ay(Yj — Yn), (15)

and the Lagrange multipliers, A, and A, are defined by

N. N. N. N,
S @iz Wi —vn) YW —wn) — > (Wi —yn)? > (x5 — T)
N j=1 j=1 j=1
’ Ne N¢ Ne 2 ’
S (@i wn)? D (i —yn) = D (@ — z0) (Y — vn)
7=1 7j=1 7=1
N¢ N¢ N¢ N (16)
D (@ — )y —yn) Y (w5 —m0) = Y (25— 20)* D (4 — )
N\, — Jj=1 j=1 j=1 j=1
v N¢ N N¢ 2
S (@i —xn)? D (i —yn) = | D (5 — ) (Y — vn)
7j=1 7=1 7j=1



The Green-Gauss approach [4] approximates the gradient of ¢ as the surface integral of the
product of ¢ with an outward unit normal vector over a control volume such that

1
Vo =— ¢ndS. (17)
Q Joo

For the center-centered scheme, the gradient at the center of cell i of the triangular grid [4] can
be obtained from

3
Vo, = % ;(% + or)nipASi, (18)
where the summation extends over all faces of the cell with volume 2. The n;; is the outward
unit normal vector and AS;; is the k-face area of the cell 7.
Lastly, the least-squares approach [3] is based on the use of a Taylor-series expansion for each
edge which is incident to the cell-centered ¢. The linear reconstruction term along the common
edge between control volume ¢ and j can be computed as

Vi rij = ¢j — i, (19)

where r;; is the vector from cell-centered i to j. By applying Equation (19) to three neighboring
cells, we obtain the following system of linear equations

Azin Ay 58 v=19 d2— o. (20)
Axiz  Ays % 3 — i

Finally, it is worth comparing the finite volume method (FVM) and discontinuous Galerkin
method (DGM) concerning their efficiency. Moreover, DGM gives error estimates in stronger
norms and with less regularity [7]. They are identical to finite volume schemes in the case of
the formal first order (degree k& = 0), and their computational costs are the same. However,
for higher-order, DGM uses nonconformal ansatz functions whose restrictions to single cells are
higher-degree polynomials. DGM with & = 1 may yield similar results as a piecewise linear
reconstruction technique, but the effort for computing the fluxes for DGM is higher than for
FVM.

Azy Ay { s } b1 — @

3 Convergence of the characteristic finite volume method for
one-dimensional convection

The analysis of the convergence of the scheme defined by (7) presents a few difficulties, that we
analyse for the case of a one-dimensional problem and a non-uniform mesh. Let 2 = R. We
intend to approximate the pure convection equation with a constant convection velocity v > 0,
o¢ 9 09
Tiv. - - B
NG T
We remark that, defining ¢ini(z) = ¢(x,0) for all = € R, the solution of (21) is given by

d(x,t) = dini(T — vt).

0. (21)



Although we don’t include a diffusion term in the continuous equation, we include in the scheme
a diffusion term, which is vanishing with the size of the mesh, and which plays a central role in

the convergence proof. We assume that an increasing sequence (z; 41 )iez C R is given such that

2
L We assume that there exist h > 0, measuring
the size of the mesh, and 8 € (1, +00), measuring the regularity of the mesh, such that

lim; 4 o0 x; 1 = *o0, we define h; = x,
2

1
Bh > h; > Eh for all i € Z. (22)

This means that the ratio of the sizes of any pair of control volumes is bounded by below and
above. We then define the mesh (£2;)iez by Qi = (v;_1,2,,1). The center of gravity of Q; is
2 2

1 +xi+%), and there holds |€2;| = h;. Then, for i € Z, we let z;; = Tipl forj=i+1.

z; = 3(z

The initial condition is approximated by
Vi € Z, ¢) = dimi(zi), (23)

and Equation (7) becomes, in this 1D case,

ntl _gn Ao
vieZ vneN, o P 9% | > !Fijlmj(v%( -

< f— SSEVe) —eVen) = 0. (24)
j=it1

with [T = 1, ofs = v, v]' = v, fi; = £1 for j =i+ 1, and
n n no__ 4n
i1~ Pia no._ ¢j o;
. V¢ij =
Ti+1 — Ti—1 Tj — Ty

Ve =

The vanishing diffusion term is defined by ¢ = vSh. For j = i + 1, using the fact that the
upwinding direction is from ¢ to ¢ + 1, we can write

hi %1 — G0y

We then set
¢i+% = </’ij - TV@' - ;V@j =¢; + ai(¢z‘+1 —¢iq) + 9i+%(¢i - ¢5i+1)7 (25)
with o; = W_&x”l) and 0, 1 = xﬁ}ix In the following, we will assume that
i i— P i i
v < Ceqh, (26)

for the value C.g (which only depends on ) defined below in (34). Using C.q < %, iyl — T =
%(hZ + hi—i—l) and Ti4+1 — Lj—1 = %(hi—l + hi+1) + hi, we obtain

0<ao;<-and1<6,,.<p% (27)

+3

N~



From (25) and (24), we get

¢ — o1
N

Note that (28) makes clear the finite volume structure of Scheme (24) and that, due to the
negative coefficient in the dependence of (b?f ; with respect to ¢ ,, no L* bound can be proved
2

Vi€ Z, ¥neN, h; +o(@f 1 — ¢} 1) =0. (28)

2

on the scheme.
We can state the following convergence result.

Theorem 3.1 Let us assume that, letting ¢ be the solution to (21) and defining ¢imi(z) = ¢(x,0)
for all x € R, the function ¢ € C%(R) has a compact support. Let T >0 and B € (1,400) be
given, and let h € (0,1) and N € N* be given such that N = T /N satisfies (26) where Ceq is
defined by (34). For a given mesh defined as above, and satisfying (22), let ¢}, for all i € Z and
n € N, be the solution of Scheme (23), (25) and (28). Then there exists C > 0, only depending
onT, v, ¢ and B such that

1|2 < Ch, (29)

where ||V ||z, the approzimate L% norm of the error at time T, is defined by
e 72 = > hi(d — (i, T))*.
€L
Proor

Let us compute the consistency error, obtained by replacing ¢!' in the scheme by ggf = (x5, nX).
We obtain

n+1 n
OO, — B ) = iR (30)

€L
VieZ, VneN, hy—t+——— N 1

with
Oy 1 = O (@ — B 1) T, 1 (O —0041), 07 1 = Oy i (O — O o) +0,_1 (91 —0}).

Expressing g/i)\? = Oni(z; —vnde), for any j = i — 2,...,9 + 1, as a Taylor expansion from
xi0 = x; —vnN, we find that

-~ 1
O,y = Gui(wi0) + (5 (i = Av) = B) Gl (w0) + hiRRE,

and
~ 1
By = Gi(wio) + (5 (—hi — &) = BR)Glui(wi0) + hi R,
with
Vi € Z, Vn € N, \Rn | < Cozh,

for some Cp , > 0, depending only on a bound of |¢! .|, on v and on . This leads to

ini

0(@F 1 — 0 1) = hiv(@lu(i0) + Ry — RY).



We have P
¢@ _.¢ﬂ 7
S = vbh(@io) + R
with
Vi€ Z, VneN, R

< CO,tAtv

for some Cp; > 0, depending only on a bound of |¢!/.| and on v. Gathering the above results,

we get that there exists Cy > 0, depending only on a bound of |¢!/;|, on v and on j3, such that

Vi€ Z, ¥n € N, |R} < Coh.

Accounting for the fact that the support of ¢in; is compact, and assuming that A < 1, we get
that there exists C; > 0, only depending on a bound of [¢{.|, on the support of ¢ini, on v and
on f3, such that
Vn €N, Y hi (R})? < C1h?, (31)
€L

~

We then denote e = ¢ — ¢}, and we obtain, by subtracting (28) from (30),
n+l en

VieZ VYneN, pi %

N —e! 1) =vh R}, (32)

Civl = ei +ai(efys —eiq) + 91‘—}—%(6? — €341)s e?_% = ey +aimi(ef —eloy) +0,_1(eiy — ),

Vi€ Z, e = 0. (33)

Let us notice that, due to the compact support assumption, for any n € N, the number of i € Z
such that e} # 0 or R} # 0 is finite. We multiply (32) by Atel, and we sum on ¢ € Z and on
n=20,...,N — 1. This leads to T} + T, = T3 with

N-1
T = Z Z hi(eltt —eMyer,

n=0 (€Z

N-1
Ty = Aw Z Z(eﬁré —e

n=0 i€Z

)ei's

and

N-1
T3 = MNw Z Z hlB?R?

n=0 i€Z
We have, thanks to a discrete integration by parts, that

N-1
— n n n
Ty = Ao E E eH%(ei —€h)-

n=0 i€Z

10



Since there holds

1 1 1
ef(el —efy) == (el — =(ef1)* + s (e —efy)?,
2 2 2
we get
N-1 1
Tp=NMvY > ((5 01 —ai)(ef - ef1)” + au(ef —ef 1) (el —efty)).
n=0 i€Z

Using the inequality

1
(e —eiq)(ef —efyq) > —5((6’? — el )2+ (e — e?ﬂ)?)a

we obtain, using (27),

N-1 N-1
1 1 1
Ty = Ao Z Z(i TO0i1 —ai— 5(0%' + i) (e —efy)? > §NU (e — i)’
n=0 icZ n=0 i€Z
Using the relation
n+1 ny ,n 1 n+1\2 1 n\2 1 n+1 n\2
(ef " —ei)ei = 5(%’ ) —5(61‘) 5(%’ —e)’,
we get
T, — hi, N2 = hi n+1 n\2
1—25(61) _ZZE(% —e€)"
1€Z n=0 (€Z

We now use (32) and (27). We get
3 1
hile ! — e < vt (%€} — el + (5 + B2)el — | + 5lefy — il + Rl RY|)-

Applying the Cauchy-Schwarz inequality, we obtain

2 Ap2
N A L NU T
2/ .n n 2 3 2 n n 2 1 n n 2 n\2
x (5 (e —eiy1)” + (5 + B8°) (e’ —eiq)” + 5(6171 —ei o)+ hi(R}) )
This yields, under the condition h < 1,
h, V2 A2 N-1 N-1
1> S e PO 0 pap s gy (24267 3 (e - )+ Y Yo R,
€L n=0 i€Z n=0 i€Z

We now choose Ceq in (26) such that the terms in (e}

" —e"q)? in Ty + Ty are non-negative.
Indeed, there holds
o B AN?

2 2
5 o (2+28°+B)(2+28%) >0,

11



under condition (26), provided that

1
B(2+28%+ B)(2+26?)
We thus obtain the existence of Co, only depending on £ such that

N-1
T +Ty> ) %(ew — Cout Y > " hi(R})?.

1€EZ n=0 (€Z

1
Ceg = which is such that Cey < 5 (34)

Gathering the above relations, we obtain

N-1 N—-1
S BN - ot 3 S (R < o Y S halef1B7

1€EZL n=0 i€Z n=0 icZ

We apply the inequality ab < %(a2 + b?) to the right-hand-side of the above inequality, and we
multiply by 2, which yields

> hiel) <UNZZh + (1 +2Cy) UNZZh (R™)?

1€EZ n=0 i€Z n=0 i€Z

Applying (31), we deduce

N-1
ST hi(eM)? <o ST hiel)? + (1 4+ 2C2)0TCrR%.

1€EZL n=0 {€Z
We remark that all the preceding inequalities hold, replacing N by any value in {1,..., N}.
Therefore we can apply Lemma 3.1, and we obtain
> hi(el)? < e'T(1+ 2Co)vTChh?,
1€EZ
This proves (29), and concludes the proof of the theorem.

Theorem 3.1 (Discrete Gronwall lemma) Let N € N*, "> 0 and & = T/N. Let b > 0
and v > 0 be given, and let (an)n=0,..N be non-negative real values with ag = 0 and

n—1
an < vAtZak—i—bforn €{0,....,N}
k=0
Then
ay < be'T
ProoOF

We set A, = ZZ;& ap forn=1,...,N and Ay = 0. We then have
Ap — A1 <vAA, 1+ b,

and therefore A, < (1 +vA)"Ap + ((1112%)"1 D~ b((1+”At)n D < b(ezzt—l) since Ag = 0 (recall

that (1+ )" <e” for 2 > 0 and n < N). This finally leads to
any < vNAx +b < b(e'T —1)+b=be'T.
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4 Test Problems

In this section, three examples of pure convection and convection-dominated diffusion problems
are examined to evaluate the accuracy and robustness of four piecewise linear reconstruction
methods. These examples are (1) the mixing of hot with cold fronts, (2) the rotation of a
Gaussian pulse, and (3) triangular wave flow. All examples in this section were tested on
structured triangular grids. For all numerical solutions, we use a triangular grid discretization
of the domain, and assume that the limiter function ¥ = 1 (equation (12)).

4.1 Mixing of hot with cold fronts

The first example is a pure-convection problem of the mixing of hot with a cold fronts [20, 29].
The computational domain is Q = (—4, —4) x (4,4) and the velocity field is given by

) Ji z fi

70385 T 7 0.3%5”

VvV =

(35)

where 7 = /22 + y2 is the distance from the origin and f; = 20)  The initial condition is

cosh?(r)

specified by
do(x) = —tanh(%). (36)

The exact solution is

_ Yy It T . f
#(x,t) = — tanh (2 coS <0.3857“t> — 5 sin (0.3857“t>> . (37)

The 2D and 3D plots of the exact solution at the final time ¢ = 4 are shown in Figures 1 and 2,
respectively. The corresponding numerical solutions obtained from the three uniform grids S1
(16x16), S2 (32 x 32), and S3 (64 x 64) compared to the exact solution along the line y = 0
are depicted in Figures 3- 5, respectively. The Lo-norm error of the solutions obtained by using
four piecewise linear reconstruction techniques are shown in Table 1. We can see that the Frink
and Holmes-Connell methods gave the most accurate solutions on grids S1 and S2, while the
least-squares method gave the most accurate solution on grid S3. The Green-Gauss method
gave the worst solution on all grid sizes.

Table 1: Comparison of Lo-norm errors for problem 4.1.
llell L, S1 S2 S3
Frink 0.004848248 | 0.001285789 | 0.0002236133
Holmes-Connell | 0.004848264 | 0.001285792 | 0.0002236136
Green-Gauss 0.005117222 | 0.001370439 | 0.0002785007
Least-Squares 0.004879665 | 0.001295393 | 0.0002080393
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Figure 1: Exact solution at the final time of problem 4.1: 2D plot.

Figure 2: Exact solution at the final time of problem 4.1: 3D plot.

4.2 Rotation of Gaussian pulse

The second example is the rotation of a Gaussian pulse around the domain Q = (—0.5, —0.5) x
(0.5,0.5). We started the test using the pure convection problem with the initial condition

¢(x,0) given as [22]
("I: — xc)2 + (y — yc)Q) ,

202

#(x,0) = exp (— (38)
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Figure 3: Comparison of the solutions of problem 4.1 on grid S1

Mixing of hot with cold front 32x32
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Figure 4: Comparison of the solutions of problem 4.1 on grid S2

where (z., y.) = (—0.25,0) and o = 0.0447 are the center coordinates and the standard deviation,
respectively. The rotating velocity field v(x), with the angular velocity of 4 rad/s is given by

u(x) = —4y and wv(x) = 4x. (39)

The 2D and 3D plots of the exact solution at the final time ¢ = 7/2 are shown in Figures 6 and
7, respectively. The comparison between exact and numerical solutions obtained from the grids
S2, S3, and S4 (128x128) along the line y = 0 are illustrated in Figures 8- 10, respectively. The
comparison of the Ly-norm errors in the solutions is given in Table 2. We may conclude that
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Figure 5: Comparison of the solutions of problem 4.1 on grid S3

the last-squares method gave the most accurate solution and the Green-Gauss method gave the
least accurate solution. On grid S4, the Lo-norm error value of the solution obtained using the
least-square methods is about 100% better than the Frink and the Holmes-Connell methods,
and 440% better than the Green-Gauss method.

Table 2: Comparison of the Ls-norm errors for problem 4.2: Pure convection.

el

S2

S3

S4

Frink

0.001100730

0.0002354509

0.00003324699

Holmes-Connell

0.001100731

0.0002354509

0.00003324699

Green-Gauss

0.001080318

0.0002938341

0.00007430981

Least-Squares

0.0008085976

0.0001357213

0.00001689011

This example is repeated again as a convection-dominated diffusion problem by setting the
The exact solution of this test at the same final time is

diffusion coefficient of ¢ = 1072

determined by [31, 22] as

¢(x,0)

202 + 4te ¢

202 (
xp | —

16

(x—z)*+ (y —

Ye)?

202 + Ate

(40)
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Figure 6: 2D plot of the exact solution at the final time of problem 4.2: Pure convection.

Figure 7: 3D plot of the exact solution at the final time of problem 4.2: Pure convection.

The 2D and 3D plots of the exact solution, are shown in Figures 11 and 12, respectively. The
comparison between exact and numerical solutions obtained from the grids S2, S3 and S4 are
illustrated in Figures 13- 15. The comparison of the La-norm errors, are shown in Table 3. As
we found for the pure convection case, the least-squares method gave the most accurate solution
for all grids. On grid S4, the La-norm error values of the solutions obtained by the least-squares
method is about 123% better than the Frink and the Holmes-Connell methods, and 530% better
than the Green-Gauss method. Finally, we note that the Frink and the Holmes-Connell methods
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Figure 8: Comparison of the solutions of problem 4.2 on grid S2: Pure convection.

Rotation of Gaussian pulse 64x64
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Figure 9: Comparison of the solutions of problem 4.2 on grid S3: Pure convection.

gave the same Lo-norm errors for these tests.
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Figure 10: Comparison of the solutions of problem 4.2 on grid S4: Pure convection.

Figure 11: 2D plot of the exact solution at the final time of problem 4.2: Convection-Diffusion.
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Figure 12: 3D plot of the exact solution at the final time of problem 4.2: Convection-Diffusion.
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Figure 13: Comparison of the solutions of problem 4.2 on grid S2: Convection-Diffusion.

4.3 Triangular wave flow

The last example is the so-called triangular wave flow problem [29]. This is a pure-convection
problem with an initial discontinuous flow profile. The computational domain is a unit square
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Figure 14: Comparison of the solutions of problem 4.2 on grid S3: Convection-Diffusion.
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Figure 15: Comparison of the solutions of problem 4.2 on grid S4: Convection-Diffusion.

of @ =(0,1) x (0,1). For the initial condition, ¢o(x) is set to zero. The boundary conditions at
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Table 3: Comparison of La-norm errors for problem 4.2: Convection-Diffusion.
llel| Ly S2 S3 S4
Frink 0.0009283025 | 0.0001863148 | 0.00002602896
Holmes-Connell | 0.0009283033 | 0.0001863148 | 0.00002602896
Green-Gauss 0.0009172858 | 0.0002428729 | 0.00006169527
Least-Squares 0.0006557170 | 0.0001008259 | 0.00001165540

t = 0 are prescribed by

2(y—0.25), 0.25<y < 0.50
$(0,y) =<{2(0.75—y), 0.50<y<0.75. (41)

0, otherwise

The velocity field is given by v = 0.05i.

This example is used to evaluate the robustness of the piecewise linear reconstruction techniques
against the scalar discontinuity on four grids (S1,52,53,54). For the coarse grid S1 (Figure 16), all
methods gave nearly identical solutions without oscillation. For grid size S2, a slight oscillation
occurs as shown in Figure 17. For S2, the Frink and the Holmes-Connell methods gave identical
solutions along the line y = 0.5 with relatively small oscillations, while the solutions for the
Green-Gauss and the least-squares methods gave larger oscillations. For the finer grids S3 and
S4, the oscillations were apreciably larger as shown in Figures 18 and 19. Finally, the results
in Figures 18 and 19 show that the Frink and the Holmes-Connell methods gave oscillating
solutions downstream of the discontinuity while the Green-Gauss and the least-squares gave an
oscillating solution upstream of the discontinuity.
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Figure 16: Comparison of the solutions of problem 4.3 on grid S1.
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5 Conclusions

This paper presents an explicit characteristic finite volume method for solving the convection-
diffusion equation in a two-dimensional domain. The method combines the characteristic-based
scheme developed for the finite element method with the finite volume method for deriving
the discretized equations from the convection-diffusion equation. The convergence of numerical
solutions of the finite volume equations has been studied for four piecewise linear reconstruction
techniques, namely, Frink [11], Holmes-Connell [14], Green-Gauss [4], and least-squares [3]. An
analysis of the convergence of the scheme for a one-dimensional problem has been given in
Section 3. The accuracy and robustness of the four linear construction techniques has been
tested on three examples, namely, mixing of hot with cold fronts [20, 29], rotation of a Gaussian
pulse [22] and triangular wave flow [29], for the special case of a triangular grid discretization of
the domain. It was found that the least-squares method provided the most accurate solution for
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Figure 19: Comparison of the solutions of problem 4.3 on grid S4.

all examples, with the Frink and the Holmes-Connell methods giving nearly identical solutions
of lower accuracy. For all examples, the Green-Gauss method gave the least accurate solutions.
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