Available online at www.sciencedirect.com

. . JOURNAL OF

v ScienceDirect COMPUTATIONAL

sl PHYSICS
ELSEVIER Journal of Computational Physics 222 (2007) 332-352

www.elsevier.com/locate/jcp

Third-order-accurate fluctuation splitting schemes for
unsteady hyperbolic problems

G. Rossiello, P. De Palma *, G. Pascazio, M. Napolitano

Dipartimento di Ingegneria Meccanica e Gestionale, Centro di Eccellenza in Meccanica Computazionale, Politecnico di
Bari, Via Re David 200, 70125 Bari, Italy

Received 16 March 2006; received in revised form 26 June 2006; accepted 27 July 2006
Available online 11 September 2006

Abstract

This paper provides a two-dimensional fluctuation splitting scheme for unsteady hyperbolic problems which achieves
third-order accuracy in both space and time. For a scalar conservation law, the sufficient conditions for a stable fluctuation
splitting scheme to achieve a prescribed order of accuracy in both space and time are derived. Then, using a quadratic
space approximation of the solution over each triangular element, based on the reconstruction of the gradient at the three
vertices, and a four-level backward discretization of the time derivative, an implicit third-order-accurate scheme is
designed. Such a scheme is extended to the Euler system and is validated versus well-known scalar-advection problems
and inviscid discontinuous flows.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Fluctuation splitting (FS) schemes using a compact stencil have been developed and applied successfully for
the last 15 years to compute a wide range of compressible steady flows with shocks [1-9]. The FS (also called
residual distribution) approach is based on a cell-vertex tessellation of the computational domain and on a
continuous reconstruction of the solution over linear (triangular/tetrahedral) elements. Only recently, the
properties of these schemes have been studied also on quadrilateral meshes [10,11]. The method is based on
three fundamental steps: (i) evaluating the residual, namely, the flux balance over each computational cell;
(1) distributing the residual contributions (signals) among the vertices of the cell using suitable coefficients;
(iii) updating the solution at each node by summing up all contributions from the triangles sharing that node.
More recently, attention has been paid to generalizing FS schemes to unsteady flows, a non-trivial task, inso-
far as a consistent mass matrix is needed to achieve an order of accuracy higher than one. Several approaches
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have been pursued by different research groups to design second-order-accurate FS schemes [12-16]. Ferrante
and Deconinck [13] employed a flux-corrected transport (FCT) procedure [17] applied to the triangle signals in
combination with a Crank—Nicolson time integration. More recently, Csik et al. [15] and Abgrall and Mezine
[16] proposed two implicit approaches in the framework of space-time residual-distribution schemes, extend-
ing non-linear FS schemes to continuous space-time elements. Such schemes are successful in eliminating spu-
rious oscillations but cannot drive the residual to machine-zero in the iterative procedure. In Ref. [18], the
authors provided an alternative implicit scheme based on a dual-time-stepping procedure and a general for-
mulation of the consistent mass matrix, using a new limiting procedure to achieve monotone solutions. Such
a procedure is similar to the FCT one, insofar as it allows to control the solution locally, so as to avoid the
creation of spurious extrema; more importantly, it is employed at each node, after collecting the residual con-
tributions from the neighboring elements, rather than at each triangle. In this way, the limiting procedure does
not prevent the residual from reaching machine-zero (a feature which is fundamental for the use of any iter-
ative solver) and may be employed in conjunction with any residual distribution scheme. On the other hand,
with respect to the non-linear schemes of [15,16], this FCT-like approach needs the evaluation of two solutions
(lower-order and higher-order ones) at each time step.

The aim of the present work is to provide a stable FS scheme with third-order accuracy in space and time, a
goal which is being pursued also by other research groups. The basic step to increase the order of accuracy in
space beyond two is to increase the degree of the solution approximation over each element (which is linear for
a second-order-accurate scheme). This can be achieved following two strategies: (i) employing more general
Lagrangian elements with a higher number of degrees of freedom (more than three), as proposed in [19,20];
(1) reconstructing the gradient of the solution at the three vertices of each element using the value at the sur-
rounding cells [21,22]. Concerning the time accuracy, one can either reconstruct the solution in space and time
[19,20] or discretize the time derivative by suitable finite differences and then integrate it in space [21,22,18].
The sufficient conditions for an FS scheme to be (r + 1)th-order accurate in the case of steady problems have
been derived in [19]. On the other hand, for unsteady problems various error estimates have been provided in
the recent literature, without any rigorous proof, which are inconsistent [16,23,20]. Therefore, in this paper,
the procedure proposed in [19] for steady problems is generalized to unsteady ones so as to provide the correct
sufficient conditions for the accuracy of an FS scheme to achieve order (r + 1) in space and time, in the case of
a finite difference discretization of the time derivative as well as in the case of a space—time approach. Then, a
third-order-accurate scheme is proposed, in which the desired space accuracy is achieved by reconstructing the
gradient of the solution at the vertices of each element and the time one is obtained by an implicit scheme
employing a four-point backward finite difference formula. Such a scheme is validated versus well-known sca-
lar-advection problems. Then, it is extended to the solution of the Euler equations and applied successfully to
compute unsteady inviscid flows with or without discontinuities. Finally, a weak formulation of FS schemes is
provided in the appendix, which shows how such schemes can be recovered within the finite-element
framework.

2. Scalar advection

Consider the two-dimensional scalar conservation law:

Ou

—+V-F=0 1
5T ()
withu:0 - R, @ =Qx[0,4+c[,QCR’, F= (f(u),g(u))”. For linear advection, the flux vector can be
expressed as F = Au, where 4 = (a,b)” is the advection velocity. For a divergence-free advection velocity,

Eq. (1) governs the advection of a scalar quantity.
2.1. Fluctuation splitting schemes
The spacial computational domain, €, is divided into cell-vertex triangular elements, 7, the generic node

being labeled i, and time is discretized into levels, labeled n, with increment A¢. For the steady case, explicit
FS schemes are obtained by three main steps:
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(i) evaluating the fluctuation, ¢*, namely, the flux balance over the cell:

d)T,n — / V. F(u")dQ, (2)
T
(ii) distributing the fluctuation among the nodes j of each triangle:
¢;" = (Bl")" with > Bl = (3)
JjeT

where ¢ " is the signal from triangle T to node j;
(iii) updating the solution at each node i by summing up all contributions from the triangles sharing that
node:

u;1+l — Xn |S| Z¢Tn (4)
T2i

where |S;| is the area of the dual-cell, S;. In Appendix A a derivation of the FS discretization from the weak

formulation of Eq. (1) is provided. The first two steps, namely, the residual evaluation and distribution, are

essential for the accuracy of the scheme at steady state. Assuming that the unknown varies linearly over each

cell, the discrete fluctuation can be evaluated as:

Zk i, k= /l n;t;, (5)

n; and /; being the inward unit normal to the edge opposing node j and its length, respectively. Distributing
such a ﬂuctuatlon using bounded coefficients, ﬁ a Linearity Preserving (#Z) scheme is obtained, namely,
a scheme which preserves an initial exact linear solutlon thus being second-order accurate in space for homo-
geneous advection equations [24]. Several FS schemes have been designed, the final goal being a monotone and
second-order-accurate scheme, an impossible task for any linear scheme [1]. Most of such schemes are of the
(multi-dimensional) upwind type, namely, they are obtained by assigning to each downstream node j, k; > 0, a
fraction [3/7 of the cell fluctuation. In the trivial configuration of Fig. 1a, the entire fluctuation is assigned to the
only downstream node and the resulting FS scheme is both positive and second-order accurate. For the non-
trivial configuration of Fig. 1b, different choices of the distribution coefficients ﬁj.T characterize the different
schemes.

For the present study, the following FS schemes are of interest: (1) the N scheme, which is the optimal
first-order-accurate upwind scheme [1]:

3 _
kT u;
¢1/V = _k;r(u/ - uin)a Uin = Zb];l ]—j’ (6>
X Ej:lkj

where k; = max(0,%;) and k; = min(0, k).

‘out
< out

in)
S2
a b

Fig. 1. Definition of inflow and outflow points: (a) One target case, and (b) two target case.
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(2) The non-upwind FS Lax—Wendroff (LW) scheme [24]:

1 At
LW _

o1 = (54 5ppiie )7 =B )
where |7] is the area of triangle 7. Such an explicit scheme achieves second-order accuracy in space and time
[14].

(3) The second-order-accurate upwind control volume (UCV) scheme [24]:
1 2 K
o = ( : )qs = By ®)
! 373 >0l

2.2. Accuracy conditions for FS schemes

In this section, the analysis provided in [19] for a steady equation is recalled and then generalized to the case
of an unsteady scalar conservation law, to determine the sufficient conditions for an FS scheme to provide a
truncation error of @(A"™") in both space and time. In particular, two approaches are analyzed using either a
space—time discretization or a backward finite-difference formula for the time derivative. Consider the follow-
ing partial differential equation defined in the d dimensional domain Q:

with the corresponding weak form:
/ 0L (u)dQ =0, (10)
Q

where ¢(x) is any % function with compact support in R?. Given an approximate tessellation of the domain,
with linear dimension /%, the numerical method can be written as follows: find u;, Vnodei € Q, such that

/Qco,-gh(uh(uj))dQ:Z(Df(uj) o, (1)
where
#w) = [ 02w ) de, (12)

w; being a weight function with compact support defining the scheme, the summation is extended to the ele-
ments sharing node 7, and " is a polynomial representation based on the computed nodal values u;, with
J€E E!

In order to evaluate the accuracy of the scheme, consider the polynomial representation of the exact solu-
tion of Eq. (10), " = u" ( %), so that the truncation error reads:

Yo - / (u)dQ|,

Esi

(13)

where the second term vanishes since u indicates the exact solution. On the other hand, following [19], the first
term can be written as:

ZQD;Z(pE ZZ@iqu:ZZ‘PiF;E+ZZ(Pi((Df_Ff)

Esi i Esi i Esi i Esi

/(ph,iﬁh )+ > g (#f —TT). (14)

i Esi

! Notice that u; can be either the values of the degrees of freedom in the element or interpolated values using degrees of freedom from
surrounding elements.
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In the equation above, the following definitions have been used:

QDh = Z@i‘//w (15)
:/Ewiyh(uh)dg, (16)

where /; is the Lagrangian basis function of degree r.
Consider the case of a steady conservation equation:
Lu)=V-Fu) =0, (17)
where u: Q@ — R, with Q C R?.
According to Eq. (11), the scheme reads:

/wV F (u => ¢/ () =0. (18)

T>i

For an (r + 1)th-order-accurate approximation F” of F, the first term on the right-hand side of Eq. (14) can be
integrated by parts to give

/Qq;hV-Fh(uh)dQ:/m (ph(Fh(uh)—F(u))-ndé—/gwph-(Fh(uh)—F(u))dgz(o(h’“). (19)

The second term on the right-hand side of Eq. (14) can be arranged as follows:

S el -1 = ZZM—FT ZZ Vel —17)

i T>i i€l ieT
= Z > (o= o)) Z > (¢, — @) (20)
i€T ie€T

where ¢* indicates the value of ¢ in an arbitrary point of triangle 7. In Eq. (20), the following equivalence has
been used:

D b= 10 (21)
ieT ieT
Thanks to the above assumption on F" and integrating by parts over the element, like for Eq. (19), one has:
7= / YY) = | Y (F' () — F(u)) -ndt - / V- (F'(u) — F(u)d@ = o). (22)
T or T
Since the number of elements is ¢(h~) and
@ —¢" = 0(h), (23)
it turns out that:

Z > (g — )T =0r). (24)

i€l

Therefore, from Eq. (20), if ¢/ = O(h"*), then

DD el — ) =0 (25)
i Tai
In conclusion, the truncation error is ¢(A"™') if an (r + 1)th-order-accurate approximation F" is used and if
d) = O(K""); the latter condition on the signals can be fulfilled provided that a suitable approximation of
the space integral is employed for computing the fluctuation and bounded distribution functions are used.
The analysis above, due to [19], can be extended to a space-time approach by defining

ZL(u) —%—!—V F(u) =V,-G(u) =0, (26)
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with V, =2t + V and G = (u, F)”, and writing Eq. (11) as

+00
/wlyh( (1)) dO = / /wl,,%’h () dQdt = &f (u)) (27)
e

Esi

where E and ®F indicate the space-time elements and signals, respectively, and / is the linear measure of E. All
of the steps taken in Egs. (14)—(25) can be carried out again with the above definitions, leading to the following
conclusion: the truncation error is ¢(4*') if an (r + 1)th-order-accurate approximation G” of G is used and if
@&F = O(F""""). The latter condition on the signals can be fulfilled provided that a suitable approximation of
the space-time integrals is employed for computing the fluctuation and bounded distribution functions are
used. Notice that the requirement on the signals for (r + 1) accuracy in space-time is one order higher than
that for the steady case, since the integration is now performed in the d + 1 domain, see Eq. (27). On the other
hand, the condition on the degree of the polynomial interpolation u/(x, 7) remains r in both space and time.
Consider now

Lﬁ(u):%nLV F(u)=0 (28)
with a discretization of the time derivative using a backward multi-step scheme. Eq. (11) gives
h .
/ o, (a”a(t"f) +V- Fh(uh(u,))> d2 =" () =0, (29)
Q T>i

where both terms in the integral must be computed at the same time level, leading in general to an implicit
scheme.

The accuracy conditions are derived again from Eq. (14) where the integration (and distribution) has to be
considered only over the space domain. Therefore, using a constant Az, proportional to the spacial grid-size /,
the first term on the right-hand side of Eq. (14) reads:

/Qwhv-Fh(uh)dQJr/ 66—th /aquh(Fh(uh)—F(u))~nd€—/QVgoh-(Fh(uh)—F(u))dQ

Q
ou"  Ou
- = 0l r+1
+/qo <6t 6t> dQ = oYy, (30)

this result comes from Eq. (19) provided that a reconstruction is used which is (r + 1)th-order-accurate in time
for du"/0t and (r + 1)th-order-accurate in space for u". Notice that this conditions are needed in addition to the
one required for F”,

The second term on the right-hand side of Eq. (14) can be written again as in Eq. (20) where, according to
Eq. (16),

T hyoh ou'
I = [ y;|V-Fu")+—|dQ

h
)~ Flw) -t [ i @) - R+ (G- 5 ae G1)

In the equation above, the first two terms on the right-hand side are @(h"™) like for Eq. (22), whereas the last
term is O(h""*") due to the assumption on the time derivative approximation. Therefore,

rr=om (32)
and

PP C: =0

i T>i

provided that @ = O(h"*"). In conclusion, for the case of the unsteady advection equation, the truncation error
is O(h") if: an (r + 1)th-order-accurate space reconstruction is used for F” and «”; an (r + 1)th-order-accurate
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finite difference discretization in time is employed for (du/0t); and ®! = ¢(h"*"). The latter condition on the
signals can be fulfilled provided that a suitable approximation of the space integrals of both the unsteady and
steady terms is employed for computing the fluctuation and bounded distribution functions are used. In general,
the signals are to be computed implicitly.

It is noteworthy that the above analysis can be extended straightforwardly to the case of an advection equa-
tion with a source term [25], whose treatment and accuracy requirements are similar to those of the time
derivative.

2.3. Steady problems

2.3.1. Third-order-accurate FS schemes

The analysis described above allows one to design higher-order-accurate space-discretization schemes,
using a cell-residual evaluation based on a higher-degree polynomial reconstruction and a distribution step
with bounded coefficients. The following conditions are sufficient for an FS scheme to achieve third-order
accuracy at steady state for smooth solutions on a grid with spacing / in two dimensions (d =2, r = 2):

RI: the fluctuation over each triangle 7 needs to be computed such that
o' = / V-F'(u")dQ = —/ F'(u") -ndl =0+ O(h"),
T or

n being the inward unit vector normal to the edges of 7.
R2: the distribution coefficients, ,BI.T , must be bounded, so that, because of R1, d)ir = ﬁir ¢ =0+ (9(h4).

Condition R2 can be satisfied using classical FS schemes with bounded coefficients, such as the previously
shown LW and UCYV ones [24]. Condition R1 can be fulfilled via a quadratic polynomial reconstruction of u
and a contour integration using only cell-vertex values, the mid-point values on each edge being evaluated by a
reconstruction involving the neighboring cells [21,22]. To this purpose, the gradient of the solution at each
vertex is employed (superscript / is omitted for brevity):

1 -1
Vu,- s — |T| VMT, (33)
TSI &

T>i

where the gradient over each element is evaluated as:
1 3
Vur = 3T ; un;l;. (34)

The parabolic function along the edge can thus be defined, allowing one to evaluate the sought mid-point va-
lue as:

u, +u, Vu, —Vu
umid‘j = 2 £ + 8 £ : (xp - xm)7 (35)

where m = (j — 1)mod 3 and p = (j + 1)mod 3. The same formula was derived in Ref. [21] using a least-square-
fitting technique.

The fluctuation is computed using the Simpson formula on each edge; for the case of constant advection
velocity, one has:

3

A-nd.
o' =->" gf Lty + Bttmia; + 10y). (36)
=1

In the present study, all computations have been performed using uniform Cartesian grids, the quadrilateral
cells being divided into two triangles by alternating diagonals.
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2.3.2. Steady linear advection of a cosine-shaped function

The numerical accuracy of each scheme has been verified by computing the steady linear advection of a
cosine-shaped function with advection velocity 4 = (2, 1) in the [0, 1]Xx [0, 2] domain with periodic boundary
conditions, corresponding to the exact solution u = cos[n(x — 2y)]. Fig. 2 provides a mesh-refinement study
using a sequence of five grids starting from 2 = Ax = Ay = 1/10. The results obtained using the UCV distri-
bution coefficients in conjunction with the present third-order-accurate scheme (FS3) are shown, together with
those of the second-order-accurate scheme (FS2) employing a linear reconstruction of the solution. The third-
order-accurate scheme provides fourth-order convergence for both the L, and L., error-norms, due to a well-
known cancellation property of the Simpson integration formula (36), which integrates exactly polynomials of
degree three.

2.4. Unsteady problems
2.4.1. Third-order-accurate FS schemes

For the case of unsteady problems, an implicit scheme based on a dual-time-stepping technique [26] is
employed:

. A A
u;1+1,k+1 _ u?+1,k _ |ST| Z(“iTCT + ﬁiT(bT)nH,k _ u;m,k -~ |ST| Z(Clr + ¢iT)n+1,k7 (37)
o Tai o Tsi

where the explicit Euler integration is used in the dual time 7, the superscripts # and k indicate the physical and

fictitious time levels, respectively, and

[ 0u
r Ot

is the unsteady residual. At each new physical time level n + 1, Eq. (37) is iterated until the solutions at pseu-

do-time levels k + 1 and k coincide within a prescribed tolerance. The time derivative is discretized by a back-

& do, (38)

2 :
ﬂ.)l:._ -3 -
= B
g B
0 B
o)) -4 B
<)
- B
5. 5 f
> B
=) -
:F 6 L, - FS2
2 B L_- FS2
| i L, - FS3
T L_- FS3
_87\\\\\\\\\\\\
-3 -2 -1 0
Log [h]

Fig. 2. Mesh-refinement study for the steady scalar problem: L, and L., error-norms for the second- and third-order-accurate schemes.



340 G. Rossiello et al. | Journal of Computational Physics 222 (2007) 332-352

ward finite-difference formula. In order to obtain a third-order-accurate scheme in space and time, the conclu-
sions of Section 2.2 indicate the following sufficient conditions:

(1) compute the time derivative using a third-order-accurate backward four-level scheme:

du\ Tl = 18u! 4+ 9! — 2w
ot i_ 6At '

(39)

(2) employ a quadratic reconstruction of the solution over the cell so that the unsteady residual reads:

- @ g (Z_l:) ; (40)

mid,j

(3) evaluate the steady residual, ¢, using a quadratic reconstruction of the flux as described in the previous
section;
(4) compute the signal so that ®" = (' + ¢! = 0+ O(n*).

Considering the simplest choice of distributing the entire residual by means of the same scheme, namely,
using bounded coefficients with o = ,BI.T [21,22], condition (4) is satisfied but stability problems are experienced
due to insufficient dissipation. Therefore, an alternative distribution procedure is provided here, which shows
good stability properties, while maintaining third-order accuracy in both space and time. Consider a linear
reconstruction (r = 1) of the numerical solution over each element, u,, and define u, as the difference between
the actual reconstruction of second degree and the linear one, u, = u — u,. The steady and unsteady residuals

are split into two contributions, ¢’ = d)? + d); and {’ = QT + CqT , Where q’)f and C[T are the fluctuations com-
puted using u,, and qS; and Cg are the higher-order corrections, namely,

¢, =¢" —¢; and (=0 (. (41)
Therefore, the fluctuation can be written as

ol =0+ +¢7 + ¢y (42)
It is noteworthy that qﬁf and ¢: are ((h*), since, for a linear reconstruction of the solution, one has

¢ZT:/TV~F(u[)dQ:f/ F(u,) -ndl =0+ O(1);

orT

moreover, since ¢’ = O(h*), it follows from Eq. (41) that d>qT = ((h*). This is confirmed by the numerical re-
sults shown in Fig. 3, which refer to the steady problem described in Section 2.3.2, where the steady fluctuation
is seen to be ((4°) instead of ((h*) for the aforementioned property of Simpson’s rule, in agreement with the
results of Fig. 2. For a linear reconstruction of the solution in space, u,, one has:

0 +¢, :/T <aa—u:+V~F(u[)> dQ =0+ O(h).

On the other hand, it can be easily demonstrated that CqT = O(h*). In fact, as already shown for the last term in
the right-hand side of Eq. (31):

ou"  Ou ou"  Ou ou’
A 4o = -Vt [ Dadgo = o). 4
/r(at @t>d /r<@t ®t>d +/r o 42 =00) “3)

Since

Ou!  Ou oo
/T(at —al‘)dQ—(/(h ), (44)

from Eq. (43) it follows that:
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1 A
2f j‘ 2f
-3 | ?/ -3 (/
-4 - %74 41
o osE g o | "o sf
- - Z A @ gt <Z
> -6 ! = -6
S L T g
- v 2, - r
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Fig. 3. Mesh-refinement study for the steady scalar problem: fluctuation accuracy for the third-order-accurate scheme (left) and the
second-order-accurate scheme (right).

ou’
= / a—t”dQ = O(h"). (45)
T
Finally, the signals are evaluated as
1
T+ = B+ 0+ 9 0 (46)

A slightly increased numerical dissipation renders such a scheme stable and does not alter its order of accu-
racy, since the accuracy requirements are still fulfilled. The distribution coefficients, ﬂ,.T , of the UCV scheme
have been used to obtain the present numerical results; it is noteworthy that only negligible differences are
observed using different ¥ 2 distribution schemes. Notice that the proposed third-order-accurate scheme is
different from the one provided in [21,22] in two points: (i) a third-order-accurate discretization of the time
derivative is employed here instead of the second-order-accurate formula of [21,22]; (ii) the distribution step
is performed according to Eq. (46). Finally, it is noteworthy that the cost of one iteration employing the pro-
posed third-order-accurate scheme is 1.7 and 2.5 times greater than those of the second-order-accurate FS
scheme and of the FS-LW one, respectively.

2.4.2. Accuracy study: advection of a double-sine function
The accuracy of the proposed scheme has been verified by computing the unsteady linear advection of a
double-sine-shaped function (see Fig. 4),

u = sin(2mx) sin(2my),
with 4= (1, 2), in the periodic domain [0, 1]x [0, 1] up to #=1. Four different schemes have been used,

namely:

(1) the explicit second-order-accurate FS Lax—Wendroff scheme (LW);
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Fig. 4. Double-sine-shaped function for the unsteady scalar test case.

(2) the implicit second-order-accurate scheme, obtained by using a consistent mass matrix approach and the
UCYV scheme [18] (FS2);

(3) the implicit third-order-accurate scheme with o = ﬁl.T , using the UCYV distribution coefficients (FS3up);

(4) the implicit third-order-accurate scheme defined by Eq. (46), using the UCV distribution coefficients
(FS3).

A sequence of five grids has been used, starting from 4 = Ax = Ay = 1/16 and Ar = 0.02, and halving both
the space and time steps. It is noteworthy that, using the third-order-accurate schemes, about 10 inner itera-
tions are needed to reduce the L., norm of the residual to 107'°. The L, and L., norms of the errors are
reported in Fig. 5, which confirm the accuracy of all schemes. Notice that the curve referring to the simple
of = B! scheme is truncated to the 128 x 128 grid, since instabilities arise when refining the mesh further,
which forbid to obtain the numerical solution. Finally, Fig. 6 provides the accuracy of the fluctuations.

The global fluctuation, T+ (;’)T, and the term CqT are (0(h4), whereas the linear fluctuation, CZT + (;’)ZT, and the

quadratic correction, ¢Z , are only O(h*), in perfect agreement with the previous theoretical findings.

2.4.3. Circular advection of a hump
The circular advection of a smooth hump
cos’(2nr) for r < 0.25 5 2
! {0 for r> 0257 X0
in the square domain [—1, 1T with 4= (—2ny, 2nx), is computed using a grid with Ax = Ay = 1/32 and
At = 0.0025. The hump follows a circular path and returns to its initial position at = 1.

Figs. 7-9 provide the solutions obtained using the linear and non-linear versions of the following three
schemes: the Lax—Wendroff scheme (LW); the implicit second-order-accurate scheme (FS2) referred to as
MM-CU in Ref. [18]; the implicit third-order-accurate scheme (FS3) of Eq. (46). The non-linear version of
each scheme is obtained applying the limiting procedure described in Ref. [18], with the explicit N scheme pro-
viding the low-order solution at each step; no change is needed when applying the limiting procedure to the
third-order scheme. It is noteworthy that, using either the linear or the non-linear third-order-accurate
schemes, about 50 inner iterations are needed to reduce the L., norm of the residual to 107'°. The results pro-
vided in Figs. 7-9 clearly show the superior accuracy of the third-order-accurate schemes: the dispersion error
is lower than that of the second-order-accurate implicit scheme. This appears more clearly from the vertical
cuts through the exact centre of the hump (i.e., x = —0.5):
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Fig. 5. Mesh-refinement study for the unsteady scalar problem: L, (left) and L., (right) error-norms for the second- and third-order-
accurate schemes.
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Fig. 6. Mesh-refinement study for the unsteady scalar problem: fluctuation accuracy for the third-order-accurate scheme.
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Fig. 7. Rotating hump: Lax—Wendroff explicit scheme solutions; linear (left) and non-linear (right) versions.
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Fig. 8. Rotating hump: solution provided by the second-order-accurate implicit scheme of [18]; linear (left) and non-linear (right) versions.
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Fig. 9. Rotating hump: solution provided by the third-order-accurate implicit scheme; linear (left) and non-linear (right) versions.



G. Rossiello et al. | Journal of Computational Physics 222 (2007) 332-352 345

[ Exact [
L LW L
0.8 r FS2 0.8 r
[ ———— FS3 [
06 0.6
=] L =] L
0a [ 0a |
02 [ 02 |
0 e 0 Sesoseed
02 A R S B oYY P R AR R
-0.5 -0.25 0 0.25 0.5 -0.5 -0.25 0 0.25 0.5
a y b y
Fig. 10. Comparison between second- and third-order-accurate schemes for the case of a rotating hump: vertical cut at x = —0.5, for r = 1;
linear (left) and non-linear (right) versions.
s b 1
i i Exact
3 3 ——— FS2
0.8 C 0.8 r FS3
06 | 06 [
=] L =] L
04 | 0a |
02 | 02 [
0 0 ¢
o ¥
_0.27‘H‘lwwlwwlwwl _0.27‘H‘lwwlwwlwwl
-0.5 -0.25 0 0.25 0.5 -0.5 -0.25 0 0.25 0.5
a y b y

Fig. 11. Comparison between second- and third-order-accurate implicit linear schemes for the case of a rotating hump: vertical cut at
x = —0.5, after 5 (left) and 10 (right) revolutions (i.e., t =5 and ¢ = 10, respectively).

e Fig. 10a and b provide the solutions obtained with the above linear and non-linear schemes, respectively,
after one revolution of the hump (¢ = 1);

e Fig. 11a and b provide the solutions after 5 and 10 revolutions, respectively, obtained using the second- and
third-order-accurate implicit schemes; the lower numerical errors (both dispersive and diffusive) of the latter
scheme are evident.

It is noteworthy that the linear scheme defined with o/ = f/ being unstable, cannot provide any solution for
this test case.

3. Euler equations

The extension to systems of conservation laws of the present third-order-accurate implicit scheme is pre-
sented. The Euler equations are written in conservative form as

oU oF oG
o wm (47)
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where
p pu pv
u + pu? uv
U— p . F= pTp C G= p ) (48)
pv puv p+pv
pE pul pvH

are the vectors of the conservative variables and of the fluxes in the x and y directions, respectively. In Eq. (48),
p is the density, p is the pressure, u and v are the Cartesian velocity components, E is the specific total internal
energy, and H is the specific total enthalpy.

In order to discretize the system by an FS scheme, Eq. (47) needs to be rewritten in their quasi-linear form:

oU oU dU
E_—(A§+Ba—y)7 (49)

where A = 0F/0U and B = 0G/oU are the Jacobian matrices.
The fluctuation over each triangle 7 is defined as

oU oU
T = — A—+B—|dS. 50
/( o ay) (50)

For a second-order-accurate scheme, a linear variation of the parameter vector Z = /p(1,u,v, H )"07 over each
triangle is assumed; therefore the discrete fluctuation can be evaluated analytically, as

U  _oU
«DT:—<A§+B$>|T, (51)

the bar indicating suitable cell-averaged values [27]. The fluctuation @7 is then rewritten in terms of appropri-
ate fluxes through the sides of each triangle (see [28,3], for details) as

3 3
0.
O ==Y SAnU; ==Y KU, 62)
= =1
where
1 - _
Kj =54, (Any; + Bny,). (53)
Due to the hyperbolic nature of the system, K; can be written as
K;= (EKZKZK)J. = (EKZ;ZK)J. + (EKZ,;ZK)J. =K/ +K;. (54)

In Eq. (54), Rg; and Ly ; are the right and left eigenvector matrices of K, whereas A ;and A, ; are the cor-
responding positive and negative eigenvalue matrices. In such a way, it is possible to provide linear matrix FS
schemes for the Euler system, which retain the same properties of the corresponding scalar ones. Introducing
the following vector:

v (207) (e, &

the linear matrix N scheme [28,3] is obtained as:

@ = —K}[U; - Un). (56)
The matrix LW scheme does not require any splitting and is simply given as
1 At
oW = (1 4+ —K;|o" =B""Vo'. 57
y (3 o _,) j (57)

Finally the matrix UCV scheme is given as



G. Rossiello et al. | Journal of Computational Physics 222 (2007) 332-352 347

-1
1 2
VY = 31+3<Z|Ki|> K| =BV, (58)

i=1

where |K,| = (EK|ZK|1_4K)Z'-

In order to extend to the Euler system the third-order-accurate scheme described in the previous section, a
quadratic variation of the parameter vector, Z, is assumed, by reconstructing the gradient VZ; at each vertex,
using Eq. (33). The spacial fluctuation is computed by a contour integral using Simpson’s formula

1
O = =" [ F(Zy) + 4T (Zuias) + F (Z,)] - L,
JeT
where & = (F, G) and the notation of Eq. (36) has been employed. The unsteady residual is obtained by inte-
grating over 7, namely

oU 7| oU

T _ _ = — -

’ */Tazds 3 Z <6t>
Jjer

where the time derivatives are evaluated using the third-order-accurate backward four-level scheme of Eq.
(39).

Finally, the distribution step is accomplished using a matrix generalization of the scalar scheme. The dual-
time-stepping formulation of the resulting implicit system to be solved is the following:
At
|Si]

mid,/

n+lk+1 __ n+1.k
U; =Uurtt -

Z(,{,T + ¢?")n+l,k _ U,-l+17k et Z(MTIPT + BT(DT)n+l,k

T3i l l T3i l l

with bounded distribution matrices B] and M. Also in the case of the Euler equations, the choice M = B
leads to a third-order-accurate scheme with poor stability. Therefore, the scalar distribution in Eq. (46) has
been generalized to the case of the system as

1
v+ o] = Bl(¥] + 0] + &) +3 7. (59)

3.1. Results

In this section, numerical results for the Euler equations are discussed; all computations have been per-
formed again using uniform Cartesian grids, the quadrilateral cells being divided into two triangles by alter-
nating diagonals.

Firstly, an accuracy study is performed by computing the advection of a two-dimensional vortex super-
posed to a uniform flow with (p,u,v,p) = (1,./7,0,1), with y = 1.4. The vortex is given in polar coordinates
(r, 0) as:

_2 .
u = ere® " sin ),

*

v = —ere®™) cos 0, (60)

* (V - 1)62 20(1-1%)
r= 4y © ’
where T =7r/0.05, ¢ = 0.3, « = 0.204, and 0 is the counter-clockwise angle, measured with respect to the hor-
izontal direction. Computations have been performed up to # =0.2 in the domain [0, 2] %X [0, 1], using a se-
quence of five grids, starting from &= Ax = Ay = 1/20 and Ar=0.0125, and halving both the space and
time steps. In Fig. 12 the scheme is seen to be third-order accurate and it is markedly more accurate than either
the FS Lax—Wendroff explicit scheme or the second-order-accurate implicit one of Ref. [18]. The results refer
to the linear schemes, since the limiting procedure does not affect the accuracy on sufficiently smooth test cases
as verified numerically in [18]. It is noteworthy that, using the third-order-accurate scheme, about 10 inner
iterations are needed to reduce the L., norm of the residual of the continuity equation to 107",
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Fig. 12. Accuracy study: vortex advection problem.

Then, the third-order-accurate implicit scheme has been tested, in its non-linear version, versus a severe
shock—vortex interaction problem, the results being compared again with those obtained by the second-
order-accurate schemes. The interaction between a stationary shock, with upstream conditions (p,u,v,p) =
(1,1.1,/7,0,1)(M; = 1.1), and the vortex described in Eq. (60) has been computed in the [0, 2]x [0, 1] domain
using Ax = Ay = 1/100 and Az = 0.0025. Figs. 13-15 show the pressure contours at times z = 0.2 and ¢ = 0.4,
obtained using the non-linear LW, FS2, and FS3 schemes, respectively. Due to its low dissipative error, the
present third-order-accurate scheme provides a sharp shock-capturing and a well-preserved vortex after the
interaction (¢ = 0.4). It is noteworthy that, using the third-order-accurate scheme, about 80 inner iterations
are needed to reduce the L., norm of the residual of the continuity equation to 107"

Finally, a very severe test case has been considered, namely, the two-dimensional Riemann problem studied
in [29]. The initial solution consists of four constant values in four quadrants chosen so that each pair of data
gives a single shock wave, the interaction at the corner producing a complex structure, see [29] for details. The
problem has been solved in the square domain [0, 1T up to the final time # = 0.8. Also for this test case, using
the third-order-accurate scheme, about 80 inner iterations are needed to reduce the L., norm of the residual of
the continuity equation to 10~ Fig. 16 provides the density contours obtained using the non-linear third-
order-accurate scheme on a grid with 100 x 100 and 200 x 200 quad-cells, the time step being equal to

Fig. 13. Shock-vortex interaction: pressure contours (Ap = 0.02) at ¢ = 0.2 (left) and ¢ = 0.4 (right); solution provided by the explicit Lax—
Wendroff scheme.
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Appendix A. Weak formulation of FS schemes

Let us introduce the weak formulation of Eq. (1), which embraces both continuous and discontinuous solu-
tions. Consider the space of %} functions with compact support in R? x [0, oo[; for any scalar function ¢ € %y
one has:

oo Ou
/ / — 4+ V- -FlepdQdt=0. (A1)
0 g2 | Ot

The explicit updating formula (4) for an FS scheme can be derived starting from Eq. (A.1) considering for each
node i a function ¢(X, 7) = {(t)w{x), with ¢(¢) =1 in the interval [z, t + Atz], otherwise ¢(t) = 0. Eq. (A.1) is
rewritten as

t+At au T
/ > / —+V -Flo’dQd: =0, (A2)
t Tsi YT 6

where o] is the restriction of w; to the triangle 7. Therefore, one has

t+At t+At
/ / —dde+Z / /wfv-Fdez = 0. (A.3)
T>i t T

T>i

The steady term at the left-hand side of Eq. (A.3) is written as

t+At

¢l () de =AY ¢!, (A.4)

Taz ! T3i

where an explicit integration with ¢! (f) = ¢!” has been chosen, and the signal to node i is defined as
qSiT’" = / o!'V-Fu")dQ. (A.5)
T

Since for an FS scheme one has
> bl =¢" _/ -FdQ, (A.6)
JjeT

the following condition must be satisfied by the weight functions over each element:

> ol(x)=1. (A7)

jer

The first term at the left-hand side of Eq. (A.3) is computed as
/ ntl TdQ n+l / TdQ n+l ]|S1|7 (Ag)
TB[ TB!

where

15, = /
T>i

is the area of the dual cell, and the nodal values «/ and u"*' are assumed to represent the averages over the dual
cell, S;. Finally, substituting Egs. (A.4) and (A.8) in Eq. (A.3), the standard updating formula (4) for an FS
scheme is recovered.
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