ESAIM: PROCEEDINGS, December 2012, Vol. 38, p. 135-162
F. Coquel, M. Gutnic, P. Helluy, F. Lagoutiére, C. Rohde, N. Seguin, Editors

EXTENSION OF CENTERED HYDRODYNAMICAL SCHEMES TO
UNSTRUCTURED DEFORMING CONICAL MESHES: THE CASE OF
CIRCLES

AUDE BERNARD-CHAMPMARTIN', ERWAN DERIAZZ, PHILIPPE HocH*?, GERALD
SAMBA* AND MICHAEL SCHAEFER®

Abstract. In a prior work [CEMRACS10], a curvilinear bi-dimensional finite volume extension
of Lagrangian centered schemes GLACE [GLACE] on unstructured cells, whose edges are parame-
terized by rational quadratic Bézier curves was proposed and we showed numerical results for this
scheme. Now, we extend the EUCCLHYD scheme [EUCCLHYD)] to these cells. To simulate flows
with evolving large deformations, we write a formalism allowing the time evolution of the conic pa-
rameter. As an example, this allows an edge changing from an ellipse segment to a hyperbolic one.
In this framework, we consider the case of a mesh whose edges are circle segments with non fixed
centers. We show that this formalism extends also the previous work [GLACE CIRCLE] (which is
equivalent to [CEMRACS10] when conic edges are all circles). This is a necessary first step toward
general conical deformation.

Résumé. Dans un travail précédent [CEMRACS10], une extension volume fini bi-dimensionnelle
curviligne du schéma Lagrangien centré GLACE [GLACE] sur des cellules non structurées dont les
bords sont paramétrés par des courbes de Bézier quadratiques rationnelles a été proposée. Main-
tenant, nous proposons une extension du schéma EUCCLHYD [EUCCLHYD)] & ce type de cellules
et pour lequel nous montrons quelques résultats numériques. Pour pouvoir suivre un écoulement
subissant de grandes variations de forme, nous écrivons un formalisme qui permet 1’évolution en
temps du parametre de chaque conique. Ainsi, un bord de maille peut d’un segment d’ellipse devenir
en cours de calcul un segment d’hyperbole. Dans ce cadre, nous considérons le cas particulier d’un
maillage dont les bords de cellules sont des arcs de cercle avec des centres non fixes. Nous montrons
que ce formalisme constitue également une extension directe d’un travail précédent [GLACE CIR-
CLE] (qui équivaut & [CEMRACS10] dans le cas ou les bords coniques sont tous des cercles). Ce
résultat constitue une étape préliminaire nécessaire au cas des déformations coniques quelconques.

INTRODUCTION

The prototype system of interest is the Euler system written in flux form. The conservations of volume,
density p, momentum pU and total energy pF on a generic cell C(t) write (see [DUVAUT] [EQU] [GLACE2D]
[EUCCLHYD] [HDRPHMAIRE)):
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Dy foqy 1dv = [y UNds =0,
D, fc(t) pdv =0, ) 0
Dy fc(t) pU dv + fac(t) PNds =0,
Dy foqy PEdv + [0y PUNds = 0.
We recall that (1) is the semi-Lagrangian (or updated Lagrangian) form of Euler system, where all the spatial

quantities are written with Eulerian coordinates. It corresponds to a local differential operator at point (t,x)
(x Eulerian coordinate):

dip = %2+ U.Ve,
di(6J) = T (52 +V.(U)).

J determinant of the Jacobian of Euler/Lagrange transformation.
Dy fc(t) pdx = fC(O) (J(dp) + ¢0:J) dX, X Lagrangian coordinate.

(2)

Generally such systems are discretized on polygonal type cells. However, some problems involve accurate
geometric description such as curved boundary of the domain itself, discretization of a circular initial con-
dition. Of course, it exists also non-stationary problems that will certainly be better approximated if the
geometry of control volumes allows non null curvature (circles for symmetries on polar radial flows, interface
curve between two materials, multi-material interfaces in mixed cells, etc...).

We want to extend this finite volume formalism (and then obtain higher genericity in geometric modeling) to
cells with weaker hypothesis on edge representation. Generally, for cells with three or four edges, the curvi-
linear edges parameterization can be obtained by high order finite element such as P, Q5 for Lagrangian
higher order (at least third order) hydrodynamics ; see [SHUSHEN, RIB] and also [FEV] for generical finite
element method at the edges. Inside NURBS (Non Uniform Rational B-Spline) isogeometric analysis, we
found that quadratic rational Bézier curves can exactly handle conic segments which include P1, Q1, P2
and Q2 edge’s isoparametric representations. In particular the latter may not exactly match circles. In our
case, we deal with arbitrary number of edges per cells and a fully explicit local finite volume framework. We
emphasize that all our schemes do not need global matrix inversion contrary to most of above mentioned
schemes. The paper is organized as follows, in the first section we recall some essential description and
geometric properties of the quadratic rational Bézier curves that are used in other sections. Specially, we
recall the exact flux formula in [WAGUSEDE, WAGU] used to compute the area of a cell with an arbitrary
number of conic edges, we recall that the analytic formula is just a function of the weight -w- of the associated
control point, this weight w is also a caracterization of the conic type (straight line w = 0, ellipse 0 < w < 1,
parabola w = 1 or hyperbola w > 1). We show that we can obtain the same kind of formula with a point on
the edge parameterized by ¢ in ]0, 1] instead of the control point. We then reinterpret the area in terms of
nodal/control point contributions as in GLACE or EUCCLHYD formalism. In the second section, we first
write the w-EUCCLHYD scheme that extends the polygonal version [EUCCLHYD] and compare it with the
w-GLACE version [CEMRACS10]. The w version of each scheme continuously tends to original (polygonal)
ones when w tends to 0. Secondly, we reformulate both schemes with new degrees of freedom located on the
edges: (w,q)-GLACE/EUCCLHYD schemes. In the third section, we write the time derivative of the area
with a varying w parameter. We consider the special case of circle edges whose centers move in time. We
then derive the associated (w,q = 1/2)-GLACE scheme.

1. COMPUTING EXACT AREA FOR ARBITRARY CONIC CELLS

In this part, we want to obtain an exact formula for the computation of area for arbitrary polygonal
curved cells with any edge number. This is of course the first step to build any finite volume method. Let
X in R? be the position of a point inside generic cell C(¢) (C = C' U dC'), then

1 1 - -
|IC ()| = / ldv = / —divXdv = - X.N ds, Nunit outward normal, s curvilinear abscissa, (3)
c) cw) 2 Jac)
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where by definition s verifies |-£X| = 1 in (3). In the case where OC(t) can be continuously decomposed
into ne edges, each one being parameterized by a curve ¢ € [0, 1] — X¢(q,t) € R?, we impose the continuity
X¢(1,t) = X°T1(0,¢) (cell’s boundary is closed X"¢(1,t) = X*(0,¢)) and the orientation to be trigonometric.
In the general case, we do not have a normal parameterization, but to get an admissible one, we must have
|din| # 0 everywhere on the curve. For this re-parameterization (from s to ¢), formula (3) then writes:

ne

|C(t)| = 52 (/0 XE.(quC)qu> ) where (a,b)® := (b, —a). (4)

e=1

FIGURE 1. Decomposition of boundary integral for area computation.

We emphasize that at this level, our constraints are the following;:

1) compute exactly this integral for a parametrization including straight polygonal, circular and para-
bolic cells as special cases.

2) obtain a formula involving the control points in an explicit analytical form to get a [GLACE]-like
formalism.

We now describe the parametrization that fulfills these two constraints.

1.1. Rational quadratic-Bézier parametrization

For computer graphic and applied geometry communities, it is a well known result that any conic segment
can be expressed by a rational quadratic Bézier curve, which is a special kind of NURBS (Non Uniform
Rational B-Spline). Curved segment of any conic section can be represented by this kind of parametrization
(see Figure 2 left):

My(1 — q)> + M12wq(1 — q) + Mag?
(1-q)?+2wq(l —q)+¢? ’

M*“(q) = q €1[0,1]. (5)

The two parameters (M7,w) are the control point and its associated weight (here w > 0) for a given logical
edge (Mo, M>).

We recall some properties presented in [LIGACH], that we will use in the following sections:

(1) The control simplex (My, M1, Ms) is not degenerate if and only if M; is not aligned to logical edge
(M07 MZ)

(2) Convex hull: the curved segment {M“(q),q € [0,1]} lies inside the control simplex for w > 0.

(3) Endpoints interpolation:

M) = My, M“(1) = My, ©)
EMY(0) = 2wMoMy, M= (1) 2wM; M.
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(4)

FIGURE 2. Left: Evolution of parametrization with respect to positive values of the pa-
rameter w (all conic curves can be continuously represented), see property (4) below. Right:
Conic section representation with rational quadratic-Bézier parametrization for edges, filled
region needs to be exactly computed.

Hence M“(q) passes through My and Ms and for w > 0 the two straight lines passing through these
points respectively with directions diqM “(0) and d%M “(1) intersect at the control point Mj.

Conic type parameter, see Figure 2 left:

(a) w=0: degenerate straight segment.

(b) 0 < w < 1: ellipse segment, and in the case where M; is on the perpendicular bisector of

(My, M) and when w := cos(%), circle segment is recovered, see Figure 3

A (M, w =)

O My

FIGURE 3. Circle recovered by special values of the couple (M1, w), if O is the local “origin”
attached to edge : OM; = Z(cos(%),sin(%)), R = |OMo| = |OMs)|.

w

(¢c) w=1: parabolic segment.
(d) w>1: hyperbolic segment, and when w — oo the conic segment tends to go through M.
Shoulder point, see Figure 4: S:=M%“(q = 1/2) is the middle point of the curved segment, it can

also be computed by:

1 1 1
S = 5(@0 +Q2), where Qo= m(Mo +wMy), Q2= 1 +w(WM1 + My). (7)

The tangent line of M*“(q) at S passes through Qg and Q2 and is parallel to (My, M3), moreover S
is the point of the curve that maximizes the distance between the curve and (Mg, My).
Implicit form: the implicit equation for M*“(q) = («*(q), y“(q)) writes

Al(xvy)z - 4w2)\0(:c7y))\2(x,y) =0, (8)

where {\;(x,y)}i=0,1,2 correspond to the barycentric coordinates of the point (x,y) with respect to
the control simplex (Mg, M1, Ms).
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(Mlvw)

Qo
Q2
My

M, K

FIGURE 4. Shoulder point of rational quadratic Bézier curve (5).

1.2. Edge based formula

Computing (4) with rational quadratic Bézier parametrization, for only one segment in (5) we have:

I=35 [ @%@ - L@ @) da ©)

where (2¥(q),y%(q)) are the cartesian coordinates of the point M“(q). This integral can be decomposed in
two parts (see Figure 1):

(1) the area between the curve M®“(q) and the segment (Mo, M) (see Figure 2 right). We denote
A(M“(q), Mo, My, My) this (exact) area and AT (Mg, My, Ms) the (exact) area of the straight edges
control simplex.

(2) the area of the simplex (O,My,Ms) with straight edges: AT (O, My, My).

In [WAGU], the author gives a way to compute it when My = (0,0) and Ma = (22,0) so that we need to
add this term to compute the integral (9), hence for arbitrary My and Mo:

1
I = A(Mw(q), ]\407 Ml, Mg) + AT(O,M(), Mg) = A(Mw(q), Z\lo,]\417 MQ) + Edet(OM07 OMz) (10)

We now recall the results in [WAGU] to compute A(M%(q), My, M1, Ms). For each kind of conic (w =10
to w — 00), there exists a function f(w) such that:

A(M*“(q), Mo, My, Ms) = f(w) AT (Mo, My, My). (11)

We recall f(w) (see Figure 5) is a continuous strictly increasing function on [0, co[ with value in [0, 1].

Wl

)
(2) if 0 <w < 1, then f(w)= 2% (ﬁatan(\/ %) -
(3) if w=1, then f(w)= %,
)

(4) if w > 1, then f(w):ﬁ(er\/%]og(w, wz,l))

) (12)

Actually, we have much more regularity (see Figure 6):

Remark 1.

{ The function f(w) is of class C1([0, o0]),

limy, - f/(w) = % = limy, 1+ f/<w)

(13)

In the following, we will need this result to take into account deformation.
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FIGURE 5. Left: graph of the nonlinear function f(w) weighting the area of simplex
(Mo, My, Ms) in formula (11)(12), in abscissa weight w. Right: zoom near w = 1, (f(1) = 2).
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FIGURE 6. Left: graph of f/(w) (see also Figure 5), Right: zoom near w =1, (f'(1) =

).
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1.3. Expression of area formula with degrees of freedom based on arbitrary parameter
value on edge: M*“(q)

As noticed, the control point M; is not located on the conical edge, it may be interesting to obtain such
degree of freedom located truly on the edge. To do so, we compute the (unique) intersection point of straight
line (M7, M“(q)) (see definition (5)), and the straight segment [My, M| (see Figure 8):

1

= m(QQMz + (1~ q)*Mo), (14)

K(q)

which is a squared convex combination of the two extremities. We note that any point M“(q) (see 5) can
be obtained:

M“(q) =(1—q)Qolg) +qQ2(q), where

_ (1—q)Mo+wqgM; _ w(l—q)M;i+qMs (15)
QO(Q) = (lfq)2+2u§’q(17q)+q2’ QQ(Q) = =9 t2wq(l—q)+¢2"

Now, we can establish the following relation:

K(gM; = oz(w,g)K(q)MW(gl)7 where (16)
o) = SigEgeed

We then obtain a one parameter formula to re-write the simplex control area in terms of any point on the
curve:
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Proposition 2.

AT (Mo, My, M) = a(w, q) AT (Mo, M*(q), M) (17)
Proof: The area ratio of two simplices (Mo, My, M) and (Mo, M“(q), Ms) is nothing but the coefficient
a(w,q) in (16) because two out of three points are the same.

@ (Mr71/27 wrfl/Z)

=S
e Z P LT

1 i
(M‘+1/27(’5r+1/2)

Cj

Cp()ly(r,rJrl)

Cj
J 5 Cpoly(r,r—i—l)
——polvlrr1 /2 ) j

RN, e j " 01}'(7”]\1w(q7,+1/2)’r+1)
S e . 7

FIGURE 7. Left: Generic cell C; and its inclusion in the convex hull of logical polygonal with
(in red dashed line) and without (in green polyline) control point (here ¢, is the euclidean
distance between point a and b), Right: The same cell is described by new position of degrees
of freedom located on edges.

(Mlvw)

Qo(q)

Q2(q) M,

Mo K(q)

FIGURE 8. Arbitrary position of degree of freedom M¥(q) for rational quadratic Bézier
curve (5), notice that taking q=1/2, we recover (Figure 4) (thanks to the one to one mapping
between M; and M“(q) for ¢ €]0,1[ in (18) (19)).

We then obtain:

A(M“(q), Mo, My, My) = f(w) AT (Mo, My, My) = g(w,q) A" (Mo, M“(q), M2) (18)
with
9w, q) = f(w)a(w, q). (19)
Remark 3. e For fired q €]0,1[, the function w — g(w,q) is C*([0; +00]).

o This will allow us to adapt the location of the degrees of freedom in the original w— GLACE scheme,
we are then able to deduce new geometrical vector C7*.
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e We recover the Shoulder point definition and classical parameters (S,K,Qo,Q1) in Figure (4) by
taking q = 5 in (14) (16) see also Figure (}) and Figure (8):

5= ﬁ(zwo LMy + M), K = %(MO )
and then
AT (Mo, My, My) = HT“AT(MO,S,TMQ), 0
A(M®“(q), Mo, My, My) = h(w) AT (Mo, S, Ms).
with

hw) = @) (), (21)

which can also be refound by using Thales theorem (because in this case [Qo,Q2] is parallel to
[Mo,M3]).

1.4. Nodal based formula

In this part, we express the area formula of a cell C; in terms of two different groups of degrees of freedom:
(1) First, when using M,, M,,1 and the natural control point (M, 1,2, wr11/2) (see Figure (7) Left), we
get the following see [CEMRACS10]:

1 rw r+1/2,w 1 of ,w
Cil == (Yo crv.oMm. + 3 CFVEY.OM, 4y ::52031 £ OMyor, (22)

2
r+1/2 dof

where the expression of C;’w and C;H/ >“ are described below using notation and results of (12):

C;’w = % ((1 - f(wrfl/Q))Nr—l,r + (1 - f(errl/Z))Nr,r—i-l (23)
+f(wr—l/2)1\17“—1/2,7“ + f(wr+1/2)Nr,r+1/2) ;
s w f(wr )
Cjﬂ/z’ = %/Q(Nmﬂ/z + Nyj1/2,041)- (24)
Moreover, we have the following identities:
T,W r+1/2,w
For each cell : 32, Cy™ 4+ 32, 11/ CjJr /2@ _ ) (25)
for each internal node : 3, C7* =0, for two adjacent cells j and k : C;H/Q’w + CZH/Q’“’ =0.

(2) Secondly, if we use (M., M, 1) and an arbitrary point on the curve (M“(g,41/2),wWry1/2) for g.41/2 €
10,1[ fixed (see Figure (7) Right).
To simplify the notations, in the following, for fixed q € ]0,1[:

AW omwd
| ’
Ar+l/2w CT+1/2,w,q (26)
J T

Note that by replacing f(w) by g(w, ¢) (see 19) in (23) and (24) and N, ;41,2 by N,«,r+1/2 where ]\~/}7T+1/2
is the vector obtained by a (%) rotation of M, M“(q,41/2), we obtain a new formula of area expressed
by edges contributions coming from endpoint nodes M, and other parameters:

1 ~r.w =r w 1 ~newdof,w
Gl == [ Yo CroM, + 3 YA .OM? (qpsa2) =3 ST v OMypewdor (27)

2
r+1/2 newdof
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é;’w =1 ((1 = glwr—1/2,@r—1/2))Nr—1r + (1 = g(wWrs1/2, Gr1/2) ) Nrrg1

/ 1 28
+g(wr_1/2,QT—l/Z)NT—l/Z,T + g(wr+1/27 Qr+1/2)Nr,r+1/2) ’ ( )
~r W 9(Wri1/2,Grr1/2) N

Cj+1/2 = = /2 — (Nr,r+1/2 + NT+1/2""+1)' (29)

FIGURE 9. Left (resp. Right) decomposition of vector C?Of’w (resp. C?Of’w) at degrees of
freedom (for short: dof) for conic cells (in each case they are given by Vi, |C;|). Left:
degrees of freedom include control points M, 1,5 (not on the curve in general), Right: degree
of freedom that can be any point on the curve M*“(g,41/2).

2. w—EUCCLHYD AND (w,q)— GLACE AnD EUCCLHYD SCHEMES

In this section, we want to present some extensions of the conical centered schemes GLACE and EUC-
CLHYD for the hydrodynamic equation (1):

Di Joy 1dv = [y UNds =0,

D, fC(t) pdv =0,

Dy [y PU v+ [y PNds =0,
Dy foqy PEdv + [0y PUNds = 0.

2.1. wv—EUCCLHYD scheme

In this part, we present some extension of the polygonal EUCCLHYD [EUCCLHYD] scheme to curvilinear
conical unstructured meshes. We take the following notations (see Figure (9) Left):

NP9 = (1= f(wr—1/2))Nr—1r + f(Wro1/2)Ne1/2.0,
N9t = (1 - N ( )N
j . ( f(errl/Z)) ror+1 + f wr+1/2 r,r+1/2

1/2,w—
N§+ ; = f(wr+1/2)Nr,7"+l/2,
Nerl 2,w+ .
J

(30)
= f(wr+1/2)Nr+1/2,r+1-

Remark 4. (1) We have the following link between C7* “GLACE vectors” (23) (24) see Figure (9) and
“EUCCLHYD vectors” defined by (30):
ChY = LN~ £ N
J 2\ J ’ 31
{ C?ﬁ+1/2,w _ %(Nfﬂrl/?,wf + N;+1/2,w+). ( )

J J
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(2) Moreover, we have the following identities:

For each cell C; = Y, (N;"”— + N;*’H') + Zr+1/2 (N;H/z’w* + N;H/Q"*’*) =0,
for internal node M, : Zj (N;ﬁ”_ + N;’“Jr) =0, (32)
and two adjacent cells j and k : N;H/Q’w_ + N;H/Q’W_ + N;+1/2’w_ + NZ+1/2’“+ =0.

Ly (r,r+1 ly(r,r4+1/2,741
C?O y(rr+l) 4, C?O y(rr+1/2,r+1) cells, see

This is a continuous w-EUCCLHYD formalism going from
Figure 7:
(a) Forw =0, N7*" = N,,,L,«,N;""Jr = N, ,+1 and N/H/20E 0, so that for the two first, we

J
recover the classical normals of [EUCCLHYD] on polygonal cells C?OIY(T’HD.

(b) For w — 0, N;7w_ = Nr—1/2,raN27w+ = NT,T+1/2 and N;+1/2’w_ = Nr—1/2,7‘7N§+1/27w+ =
N, 1/2,r41, 80 that for both, we also recovered classical normals of [EUCCLHYD] on polygonal

cells Cpoly(T,r+1/2,r+1)
J .

r+1/2,w+
N;

FIGURE 10. The four effective normals (red) N?Of “E per curved edge for the conical
w-EUCCLHYD scheme, see relation (30) with geometric normals (green).

If we denote M(t) the mass of cell C(t) (M(t) = fc(t)pdv) which is constant, the semi-discrete w-
EUCCLHYD scheme on conic cells writes:

w— r,w+ r+1/2,w— r+1/2,w+
Mi(t) =3, s(NF7 + NP U + 30,4 0 3(N] [Bem NIV UL L g, () = YOL
M;U)(t) = = 3, 3(NF“7pl™ + NE“plht)
r+1/2,w— r+1/2,— r+1/2,w r4+1/2,
=Yg SN NIt (33)

MEj(t) = = X, §(N;*" U )pr™ + (Nj*.U,)p; )

r+1/2,w— r+1/2,— r+1/2,w+ r+1/2,+
=12 %((Nj / U, p1/2)p; 2y (N / U, y1/2)p; / ).

In order to compute U, and U,/ and corresponding pressure p;’i and pT.H/ 2.+

i , we apply the same
techniques as in [EUCCLHYD)] for nodes and control points. The acoustic Riemann invariant is discretized:
(1) for nodes 7, onto N;’Wi directions:
B = ag(Us — U8 o, »
p;” —pj+aj(U,-U;,N 0
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Ch

Ur+l/(22wr—|—1/27 Wrpx7/2
e

r+1/2,—

r+1/2,+
7 J

J

F1GURE 11. Degrees of freedom for Lagrangian w-EUCCLHYD, intermediate pressure

p;lof % are attached to each effective normal N?"f “E of Figure (10).

+
oW N7
where N;w = W
J

r+1/2,wt

(2) for control points r + 1/2 of edges, onto N; directions:

r4+1/2, r+1/2 rr+1/2,w
{ p’+/ +—pj+0‘j+ / (Ur+1/2_Uj7Nj+/ +)=0,

J
r4+1/2,— r4+1/2 rr+1/2,w—
p; / _pj+aj+/ (Ur+1/2_Uj’Nj+/ )_0

el 2wk | NTTH/2eE
where N; Bt = W
J
Here o} and a;H/ 2
the entropy) of the cell C;. To construct the solver we also enforce the following conservation conditions:
e Around internal nodes:

in (34), (35) are the acoustic impedance p;c; (c is the sound speed ¢? = %—Fp)|s, and S

SN N =0, )
J

e Around control point of internal edges:

3. prHY2ANTH 2wt e l/2 L /2e= ) which is equivalent to

i Py (37)
r4+1/2, r+1/2,w r+1/2,— yr+1/2,w— r4+1/2, r+1/2,w r+1/2,—xyr+1/2,w—
j+ / +Nj+ /2,w+ +pj+ / Nj+ / +pk+ / +Nk+ /2,w+ +pk+ / Nk+ / —o.
In this case, thanks to the relations N;+1/2’°"+ = —NZH/Q’W_, N;H/Q’“’_ = —N2+1/2’w+ and N,2+1/2’w++
N;H/z’“k + N;H/Q’Wr + N;H/Q’w* = 0 (see (32)(30)), we obtain:
r+1/2, r+1/2,— r4+1/2,— r+1/2,
Jf(wrg1/2) ((ijr 2ttt IN1/2,041 + (ijr 2 it +)Nr,r+1/2) =0. (38)
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To solve (34)(36), we consider the following two by two linear systems and obtain the velocities at each
node:
AU, =b,, with
N7“F@NT<t NP@T@NDe”
— S J J J J
Ar = Zj pjc;( NG| + IN;YW7|+ ), . (39)
: o N7 TN N~ @NT~
b= 30 (NG + NG#)p; + pyes( y : —)U;.

J
INT<H N7
This system is always invertible whatever the weight value for edges impinging at node r.
For control point (35)(38), we solve:

+

_ . . o (Nep1/2 4 1®N 1 /2 g1 Noyrt1/2®0Ny q1/2
Ar+1/2Ur+1/2 - br+1/27 with (Let . FT+1/2 - ( ‘Nr+1/2’r+1| + ‘NT‘,T+1/2| ))a

Ar+1/2 = f(wr+1/2)(,0j0j + Pka)Fr+1/27 (40)
b'r+1/2 = f(wr+1/2) ((Nr+1/2,r+1 + N7~,r+1/2)(pj —pr) + F7-+1/2(PjCjUj + PkckUk)) :

In this case, there are two situations depending on A, /o:

(1) Invertible : After solving the problem for U, /2 In (40), the pressures pT-H/ 2@t are computed by

J
mean of (35).
(2) Not Invertible: it means that the problem is only one dimensional, and we first apply the one dimensional

r+1/2,w
Riemann solver that gives normal speed (see also [CEMRACS10]), let n}"ﬂ/z’“’ = EJHW (see (31)):
J
rH/2.w ijjUj'n;+1/2$w + PkaUk.n;+1/27w 1
e ) + (s — pr)- (41)
PiCs 7+ Pk picj + prcr

To obtain a truly 2D speed for the control point, we approximate the tangential part U, /2.7'jr+1/ 2

(with 77 /29 nI /2% = 0) see e.g. [GODUNOV] [POSITLA]:

J

1/2, . 1/2,
Uprf 729 i Upyqgenl 2% >0,
r+1/2,w r+1/2,w . r+1/2,w
Ur+1/2‘7—j = UkTJ 5 Zf Ur+1/2.nj < 0, (42)
c;U; U 1/2, .
pi¢Ustoecr Ui pr+1/ “ otherwise.
picCi+prCr J

This is also a sufficient condition to obtain Galilean invariance. In each case, once velocity is computed by
r+1/2,+

(39) (resp. (40) (41) (42)), pressure p;’i (resp. p; ) in (33) is deduced using (34) (resp. (35)).
Remark 5. As for w-GLACE scheme, when w — 0, w-EUCCLHYD scheme tends to the standard polygonal
version [EUCCLHYD].

2.1.1. Numerical Example: Sedov

In this case, we solve the Sedov problem. The initial condition is given by (p°, P°, U°) = (1,107%,0) and
~ = 1.4. The pressure in cell C containing the origin is such that, see [ HDRPHMAIRE],

g0

Pe=(y- 1)90@ (43)

where € = 0.244816 so that the solution consists of a diverging shock whose front is located at radius R=1
at time t=1. Moreover, the density peak reaches the value 6.

For conical w-GLACE/EUCCLHYD simulations, the initial control points are set to the middle of logical
edges and all the weights are set to w = 1. As mentioned in [CEMRACS10], the mesh instability of
the polygonal GLACE version, see Figure 12 (Left), is corrected by the conical version (Right). For the
EUCCLHYD version we do not observe significant difference between polygonal and conical versions on this
test case. We note that for w-GLACE and w-EUCCLHYD schemes, tangled cells are generally much more
numerous than in their polygonal counterpart. Such default can be cured using either ALE methodology on
conical cells [CEMRACS10] or an extension of the polygonal stabilization method [DESLABSTAB].
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1.2 T 1.2x10

1 ~ 1.0x10
0 r -1.5x10% T
-3.2x10Y 1.0x18® -3.3x10%7 1.0x1@

FI1GURE 12. Initial logical mesh made by 30 x 30 cells. Meshes at final time t=1 for first-
order original polygonal GLACE scheme (left) and conical w-GLACE scheme (right).

1.2 r 1.2x10 r
1 1.0x1@
\_
- \
|
0 T -1.2x1016 T
-3.2x10Y7 1.0x18 -3.2x10%7 1.0x10

FIGURE 13. Same configuration as Figure (12). Meshes at final time for first-order original
polygonal EUCCLHYD scheme (left) and conical w-EUCCLHYD scheme (right).

2.2. (w,q)— GLACE and EUCCLHYD schemes

In this second part, we propose to extend GLACE and EUCCLHYD to the case where the degree of
freedom is not the control point M,/ itself but any point on the edge M“(g,41/2) see Figure (15). We
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1.2x10 T 1.2x16

5.27 5.22
4.87 4.82
1.0x1@ 1.0x16-
4.46 441
4.06 I3 4.01
3.65 mu 3.61
3.25 3.21
2.84 \ 2.81
2.44 \ 241
2.03 % 201
1.63 1.61
1.22 1.21
0.816 0.808
0.411 | 0.407
-1.5x1016 0.00603 —1.2x10°%6 0.00639
-3.3x10%7 1.0x10 -3.2x10%7 1.0x10®

FIGURE 14. The numerical solution (density) of the first-order conical w-GLACE (Left)
and w-EUCCLHYD (Right) schemes (caution: level of colors are not exactly the same.)

FIGURE 15. Degrees of freedom for Lagrangian (w,q)-GLACE (Left) and (w,q)-
EUCCLHYD (Right) scheme on conic cells, the new degrees of freedom are located on
the curved edge.

take the notations of (26) (28) (29), see also Figures (7) (Right) and (9) (Right).
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(1) If we denote M (t) the mass of cell C(t) (M(t) = fc(t) pdv) which is constant, the semi-discrete (w, q)-
GLACE scheme on conic cells writes:

Myri(t) = (€7 U + 2,1 (€722 Upa), 10 = S

MyU(t) = =3, Copl = 0,y o CF /202, (44)
W r r+1/2,w r4+1/2
M;Ej(t) = — S (C7¥ U )ph = X4y o (€52 U,y )p T2,

where the Ct’w and (~3Tv+1/2’w are computed in (28) and (29). In order to determine U, and U, /, and

the corresponding pressure p; and p]Jr /2 , we apply the same techniques as in [GLACE] for nodes and

M®“(qy41/2) points. The Riemann 1nvariant is discretized:
(a) for nodes r, onto C;“’ direction:

pj —pj +aj(U, - U;,0") =0, (45)
where 0 = il see (28)
J IC5“ ’
(b) for M*(g,+1/2) on edges, onto CTH/2 “ direction:
r+1/2 r+1/2 ) ~r+1/2,wy\ 4
pJ pj +O[ (UT+1/2_U]7nj ) _07 ( 6)
=r+1/2,w
where n;H/Q‘” = % see (29).

1/2
Here af and ozT+ /

and S the entropy) of the cell Cj. To construct the solver we also enforce the following conservation
conditions:
e Around internal nodes:

n (45), (46) are the acoustic impedance pjc; (c is the sound speed ¢ = %—};|5,

ZPTCT W (47)
e Around M“(gy41/2) on internal edges:

> P;H/QC;H/Q’M =0, which is equivalent to
r+1/2 Ar+1/2,w r+1/2 Ar+1/2,w
y C; + C, =0.

(48)

r+1/2, w+Cr+1/2 ,w

Hence in this case, thanks to relation C}, = 0 (see (55)), we obtain the continuity

of pressure at M“(g,41/2) point:

r+1/2 r+1/2

pj+ / :pk+ . (49)
To solve (45)(47), we consider the following two by two linear systems and obtain the velocities at each
node:

A Ur =b,, with
Ereaae
=25 PiC g (50)
7‘ LA)®C7‘ w

by = Z CTMPJ +pJCJWUj'
This system is always invertible whatever the weight value for edges impinging at node 7.
Once the speeds are computed by (50) the pressure pj in (44) are obtained using (45).
For M“(gy41/2) point (46), we first apply the one dimensional Riemann solver that gives both normal
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speed and continuous pressure (see (49)):

U nr+1/2 w pic;Uj nr+1/2 “+prcUk. nr+1/2 N —+ 1 ( ;— )
r+1/2: - picitprck pic;torer L3 T P)> (51)
pr+1/2 _ PJCijJFPkaPk PjCiPLCk (U U ) ~r+1/2w
PiCitprCr PjCi+PrCk

To obtain a truly 2D speed for the M*“(g,41/2) point, we approximate the tangential part U, /2. ?Hl/z v

(with 77 F1/29 57129 — 0) see e.g. [GODUNOV] [POSITLA]:

~r+1/2,w . ~r+1/2,w
e U;.75 1 if Urj1/2.1; N >0,
~T w ~T W I‘ w
Upt1/2.7 =94 Uk7; ) if Urj1/2.1; <0, (52)
e, U; Uy ~r+1/2, .
7p76;jcjippzccz k err / “ otherwzse.

(2) (w,q)-EUCCLHYD scheme. To obtain new EUCCLHYD normals, we define:

N”k = (1~ g(wT—1/27qr—1/2))N’l‘ 1, + g(wr— 1/254r— 1/2)Nr 1/2,75
Nr wr (1 - (wr+1/27 Qr+1/2))Nr r+1 + g(wr+1/27QT+1/2)NT,T+1/2a

r w— 53

N +1/2 - g(wr+1/27qr+1/2) r,r+1/2 ( )
1/2,w

N§+ / + = 9(Wrt1/2: Grp1/2)Nos1 2,041

(a) We have the following link between CN’;’“’ “GLACE vectors” (28) (29) see Figure (9) and “EUC-
CLHYD vectors” defined by (53):

) (54)

1
J 2

?;,w — %(N;w: + N';,UJJF)’ )
Cr+1/27w _ (N;+1/2,w— + N;+1/27w+).

(b) Moreover, we have the following identities:

For each cell Cj : >~ (NT YT 4N w+> + 2 ri1)2 (NT+1/2 “T 4 NTH/2 w ) =0,
for internal node M, : 3~ (N; T+ N; w+) =0, (55)

and two adjacent cells j and k : N§+1/2’°’_ + N;+1/2’w+ + N;H/Z“_ + NZH/QW* =0.

The semi-discrete (w, q)-EUCCLHYD scheme on conic cells writes:

T W— ~T 7, W r+1/2,w— r+1/2,w
Myi(t) = 32, (NG + Np) U+ 5, 4 SNGH297 L NP2 UL, 7(8) = S,
M]U;(t):_z,r2( Tw—p;—+N;w+ 7"+)

.7
ZT+1/2 2(N§+1/2 w—pv’—i—l/? 4 Nr+1/2 w+p;’+1/2 -}-)7 (56)
ME) = 3 BN, e (N0 )0
r+1/2,w— 1 2 % 1/2 r+1/2,
~2rs1/2 é((NjJr retu r1/2)P; ARG (N;+ / ’w+.UT+1/2)Pj+ /2.

In order to determine U, and U,;/3 and the corresponding pressure p;’ and pr+1/ i, we apply

the same techniques as in [EUCCLHYD] for nodes and M“(q,11/2) points. The Rlemann invariant is
discretized: _
(a) for nodes r, onto Ng’wi directions:

Pyt —pj+ a5 (U, - Uy,
Py —pj+aj(U,-U

pr.wt
rwt N
where N W
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r+1/2,w+

(b) for M“(qy41/2) on edges, onto NJ— directions:

+1/2,4 +1/2 /2wt
Py gy AUy U N2 <, (59)
+1/2,— +1/2 1/ 2.e=
T e (UL - U N2
. N RRYEREES
where N§+1/2’Wi = “(IJHW
J
Here of and a;+1/2 in (57), (58) are the acoustic impedance p;c; (c is the sound speed ¢? = % S5

and S the entropy) of the cell C;. To construct the solver we also enforce the following conservation
conditions:
e Around internal nodes:

SN R =0 )
J

e Around M“(gy41/2) on internal edges:

> pT+1/2’+N§+1/2’“+ + pr-+1/2’_1(1r-+1/2’w_ =0, which is equivalent to

r4+1/2,4+Gr+1/2,w r+1/2,—Gr+1/2,w— r+1/2,4+Gr+1/2,w r+1/2,—Gr+1/2,w— (60)
pj+/+Nj+/ ++pj+/ Nj+/ +pk+/+Nk+/ ++pk+/ Nk+/ —0
In this case, thanks to the relations N;H/z’w = —NZH/Q’“J*,N;H/Z"’* = _NZ“/Q"*’* and
N—;+1/2,w+ + N;€'+1/27w— i 1(I;.Jr1/2,w+ + N—;‘-ﬁ-l/?,w— — 0 see (55)(53), we obtain:
r 2, r 2,1\ 1 r 2,— r4+1/2,4\ 1
Frga) (@7 = VBN g+ (0T =T ANNG e ) = 0. (61)

To solve (57)(59), we consider the following two by two linear systems and obtain the velocities at each
node:

A, U, = b,, with

NT@toNTwt NT¢ " @N™v~
NS e S T o
Crwd T w— I NARSHTS N ARSI Ay

br =32 (NGZT + NG 7)pj + pjc; (= IR R Ui
This system is always invertible whatever the weight value for edges impinging at node r.
For M*“(q,11/2) point (58)(61), we solve:

AT+1/2U7-+1/2 = bT‘+1/27 with (Let : ].—‘7"_;'_1/2 = (

- INvy1/2,741] Ny rq1/2]

Arsiy2 = flwrgr2)(pics + prer)lrg)2, (63)
bri1/2 = f(Wri1/2) ((NT+1/2,7"+1 + Ny py1/2) (05 — k) + T y2(pic; Uy + PkaUk)> .

N7'+1/2,7'+1®N'V'+l/2,'r+l + N'V',7'+1/2®N7',7'+1/2))
N N )

In this case, there are two situations depending on A, /2:

(a) Invertible : After solving the problem for U, /, in (63), the pressure p;H/z’wi

by mean of (58).
(b) Not Invertible: it means that the problem is only one dimensional, and we first apply the one

are computed

dimensional Riemann solver that gives normal speed (see also [CEMRACS10]), let Art/2e _
J

C*,T‘+1/2,w

TehaesT] (see (54)):

J
~r+1/2, ~r+1/2,
~r+1/2,w ijjUj'n‘;ur /20 +kakUk.l’l§+ /2w 1
Ust1/2-14 = n (9 — D). (64)
PjiCjy + PkCEk PjCj —+ PLCk
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To obtain a truly 2D speed for the M<“(g,;1/2) point, we approximate the tangential part
Upiayo 7 2 (with 77712 2529 = 0), see e.g. [GODUNOV] [POSITLAJ:

~r+1/2,w ~r+1/2w
1o U;.75 1 if Urj1/2.1; N >0,
~T w ~T W I‘ w
Ur+1/2 ’7' = UkTJ 5 ’Lf Ur+1/2 n < 0, (65)
ic; Uj Uk ~r+1/2, .

In each case, once the speeds are computed by (62) (resp. (63) (64) (65)) the pressure p;’i (resp.
Hl/z’i) in (56) are obtained using (57) (resp. (58)).

j
3. CoNTINUOUS IN TIME GCL UNDER DEFORMATION SPEED

In our case, we want to extend w—GLACE or w—EUCCLHYD formalism, to deforming conical edges, this
means that w parameter in (5) is now an nonstationary unknown. The cell area is now a function of time
dependent weights wy.41/2(t):

W r+1/2,w 1 dof,w
1C5|(t) Zc WoM, (1) + Y P oM, L (1) | = Ech ® OMuog(t).  (66)
r+1/2 dof

The associate time derivative of cell area writes (GCL equation):

i01=220"0 00+ 3 OO (), (67)
r+1/2
where
ULt (1) 1= USSP (1) + UL (1), (68)

the total speed acting on each edge is supposed to be an additive decomposition of displacement field and a
deformation field.
In the following, we want to recover (67) from (66). First, we have:

C Y = L (1= f@r 1o O)Nro1,p(8) + (1= f@ri1/2 (D) N1 (1) (69)
+f(wr—1/2(E)Ny_1)2,- () + f(wrs1/2(8)) Ny g1 2(1))

fwria/2(t))
C;+1/27W(t) = %/Q(Nr,r-i-l/Q(t) + N7'+1/2,7'+1(t))' (70)

These two previous quantities are both vectorial function g(My(t), .., Mr(t), My 2(t), .., Mpi1/2(t), wi/2(t), .., wrt1/2(t))
of time dependent variable and then:

R
d
ag(Ml(t)v"aMR(t)aMl/Z(t)v"aMR+1/2(t)vw1/2( )s - Wry1/2(t ZVM g.OM(t)
s=1
R+1/2 . og
Py T8 OMe ) g o ()
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Wwe call exXpress:

R
UJ d UJ
r=1
A
f (71)
R+1/2
T w ] d T w
I Z (Cj+1/2, (t).OMT+1/2(t)+%CjH/2’ (t)~OMr+1/2(t))
r+1/2=3/2

Agp

Here, we have split the sums (71) in two parts: nodal contributions Ar and edges contributions Ag, we
notice that each C“}(t) CT'H/2 w(t) n (69)(70) verifies:

(%) R W B R+1/2 W
Lop = (Va7 OML(8) + S0 10 Vir 2O OM, 1 o
acr L w(t)
B enie D )
r+1/2,w r+1/2,w 5 R+1/2 r+1/2,w H
jtcj+ /20(t) _ SR (V LC! +1/ (t),OMs(t) + Zsj1//2:3/2 VMS+1/20]_+ / (t)-OMsH/z
8C,r+1/2 w(t)
B ey (ORCY s+1/2(t)) :
A =", Cg’“(t).O'M (t) .
: o) 73
R W R+1/2 rw(t : .
+ (25—1 VMSO]' ) ( ) Zb+1//2 3/2 s+1/2Cj ( )~OM5+1/2 + wws+l/2(t)) -OMr(t)-

o R+1/2 r+1/2,w(t)
Ap =31 /o032 C; oM r+1/2(t)
aCTH/2.w(®)

T w T w b . (74)
+ (S8, Va o2 oML () + S Vi, O “).0M8+1/2+st+u2<f>> OM,11/(t).

s+1/2=3/2 s+1/2]

The two last relations (73) (74) rewrite:

Ap=YF c*0.oM, (1)

+ 3 (OML(t),! Var, O OM, (1))
Ar (75)
oce®
8w8+1/2 (t)

R,R+1/2 5 W .
a2 (OM 1o (8), Vs, o O OML (1)) + @y 2 (1) OM, (1),

AR AR



and for edges:

R+1/2 r+1/2,w(
Ap = Zr++1//2 3/2 C; e OMT+1/2( )

R+1/2,R b r+1/2,w(t
3o ey (OML(8), Vg, O T2 OM, 1 5(1))

AL (76)
R . e oCT /2 @)
+ Z ’r s +1/2 3/2 <0M5+1/2 (t),t VM§+1/2 Cj OMT+1/2) + w5+1/2 (t) 7@&}84’_1/2 (t) .OMT+1/2(t) .
Af A

Using as in [BD], the Maxwell relation on second order derivatives of a potential function: "V, CF =V, O3,
we obtain:

AL = NP (OM(1), Vi, O OM, (1)),
R+1/2,R swlt
s = ETR%/Q’Sﬂ(OMS( )’VMrH/zOJ )OMT+1/2(t))v
RA1/2 b s+1/2,w(t
B = (O T OM )
+ b s+1/2,w(t
AL = Y a=s/2(OMi1 (), (VMTH“CJ / OM, ;1 /5(1)), (77)
_ R,R+1/2 mew(t
AR = X, o1 /2232 Ws+1/2(t )m OM., (),
3 R+1/ aCy /2w
Ap = Z(Ts)+1/2 3/2 Wst+1/2(0) T o - OMrya2(0).

Now, we use the fact that both the Cs w(t) C_TLl/ 20 are (d-1) homogeneous functions with respect to
nodal control point positions:

s,w(t s,w(t s,w(t
{ Ci“ = 2, Var, S OML (1) + 52,11y Vir, o 6 OML (1), 78)
s+1/2,w(t s+1/2,w(t s+1/2,w(t
Cj+ /2t - Zr VMT-CJ'+ 2 )OMr(t) + Zr+1/2 VMT+1/2>Cj+ 2 )OMr+1/2(t)-
We then get the identities
Ap+Ap = ,(0M,(1),C7*), (79)
s+1/2,w(t
AR+ A3 = Zs+1/2(0Ms+1/2( ), C; /2 ))
For the last identity, we need to find an expression for V Mr% and Vy, /2% for AR AF in
(77). We need first to derive the equation (66) with respect to wsi1/2(2):
r,w(t) r+1/2,w(t)
ooyl 1 (s 9C; oc;
IO S N OM, (1) | . 80
Owsiry2(t) 2 27: Owsy1/2(t) 7%:/2 8w8+1/2 t) +172(t) (80)
This equation (80) is also equal to
9|C; ()]
m = [ (Wer1/2(t) AT (M, Myi1 /2, Moyr). (81)

To obtain a formalism of GLACE and associate a direction for the deformation speed, we have the relation:

1 s ,w
oG KM a(e). (52)
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Now, since the function (81) is a degree 2 homogeneous function of position:

A6l 1 9G] 9G]
Do)~ 2 ET:VMT P (t).OMr(t)vL > Vu OM, (1) ]| . (83)

Then multiplying (83) by w /2( ) and summing over all edges:
R+1/2 aIC;M)] 1 R,R+1/2 91C; (1)]
Zs+1/2 3/2 ws+1/2( )awﬁw(t) =2 (Zr 1,5+1/2=3/2 w;+1/2(t)er awsﬂ,Q(t)'OMr(t)
R+1/2 a|C; (¢t
+ Z(r s)+1/2 {;+1/2(t)VM%+1/2 awiﬁiz)(‘t) 'OMr+1/2(t)>
S

And we recover these two last terms in (77) and using (82), we obtain:

S t s ,w
U+ )= 3 I s://ju)))) L (VKM o (), € F/240), (84)
s+1/2

Finally, we obtain the evolution of cell area %|C;(t)| (71) by assembling (79)(84)(75)(76)

L(Ar + Ap) = X, (OML(1), € )

s+1/2,w(t I (ws t s+1/2,w(t (85)
+ 3 ei1/2(OM o (1), G20 o (Sl (KM, o(t), G240,
and we recover (67) with:
U,(t) = OM,.(t),
Utot - OM t Fwrg1y2(t) HKM ¢ (86)
rr1y2(t) = r+1/2(t) + Florr12(0) Wy y1/2(t) r+1/2(t)

Remark 6. e We notice that in (86), the speed associated to the edge deformation in (67)(68), is nothing
but:

Ufiﬁo/g( ) = m r+1/2( JKM, 1 1/2(t) = jt (10g(f(wr+1/2(t)))) KM, ;1/5(1). (87)

e We can recover the same result using the C;’w(t) formalism replacing m rH/20(t) KM;1/2
. ~r+1/2,w(t w .
in (82) by mqﬁ /20 ).K(qr+1/2)M (Qr41/2), for any gy41/2 € J0,1]:
defo . g (W (t),qr )
Ur+f1/2( ) - dgfwT+j/12/(2t) q:1+:r/12/)2) r+1/2( )K(qr+1/2) (qr+1/2>(t)
i = @ .(IOg(g(wPH/Q( )s qr+1/2))) K(Qr+1/2) (Qr+1/2)(t)7 (88)
Urf:]f/g( ) = OM¥(dri1/2)(t).

For any of the two schemes (87) or (88), the only problem is now to compute w’(t) for arbitrary conical
curve. We have some exact geometrical identities for conic curves:
(1) Tangent information (First order): see (6).
(2) Curvature information (Second order):

Proposition 7.

d (1M My pol| || My1 2 M)
t = 4 T T
dth-‘rl/Q( ) wr+1/2( )dt ( (AT (M, Mys 9. My11))? k(M )k(M;41) (89)

Where AT (M, My 412, M, y1) is the simplex area of the three points and k(M) the curvature of the
conic curve at M.
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Proof. For M = (z(q),y(q)) belonging to the curve see (5), we use the relation k(z(q),y(q)) =

z”((wq,)(z)(;ﬂ)r;,‘?q()‘é))% //2((1), we have the two following relations:

AT(MTa Mr+1/27 Mr+1)

. ’ 90
k(M) w3 My M,y 1 2|3 0
AT (MT,MT+1/2a M,11)

(Mons) = 91
(Mr 1) w?|[ My 172 Mria |2 o
which imply:
(AT (M, M, 11 )5M,11))°
M;)k(Myq1) = ' N
MM 1) = Ca T M1 2l PIM, 11 My 1 [P "
0

3.1. Particular case: the circle

We use the C”J formalism (see (26)) with g,41/2 = & for all edges, and we impose the conic for the
edge r +1/2 to be the (unique) circle passing through M,, M“(1/2) = S, 1/2, My41.
‘We have

T W r+1/2,w

pl=Y CrWu )+ Y CFAYO Ul (1) + UL, (). (93)
r r+1/2

In this particular case, the speed of displacement is given by

1 /—\

dis r+1/2 r+1 2

Ur+]1j/2(t) i(Ur(t) + Ur+1(t)) "‘1 / n; /
. T r r CT“/Q’“(”

with I{rJrl/st_l/2 = lj+1/2nj+1/2 and n’ +1/2 _ W

and the speed of deformation is given by

W (wry1/2(t))
defo _ r+1/2 / r+1/2 r+1/2
A Tomey ()l B

2 1 1-w w
h(w) = (1—w) (matan(\/w)2>.

Remark 8. Note that lH_l/2 may be positive or negative depending on the sign of(

with

/2 Kr+1/2sr+1/2)'

Remark 9. We can express h(w) in a more compact form as a function of 0 (see Figure 3):

6 — sin(6)

hw) = 2sin(4) — sin(f)

We want to express Udiflo/2( ) as a function of U,(t), U,41(t) and (ZTH/Q) (t).

(l'+1/2) 4 orti/2 7‘+1/2

— Oy - % T d
Wyt1/2 = cos(§) Y T+1/2 ; (94)

dry1/2 = [[MeMpia]l].

We have o )
defo o Wr41/2 ’ r+1/2 r+1/2
U,ip(t) = h(wri1/2(t)) Wrp1 /2O (0 (95)
156



Noting that w,.y1/2 in (94) is a function of M,, M, 1, l;H/ We can express w,; »(t) as a function of U,.(¢),
U, (t) and (7772 (1) -

Owri1/2 , ri1/2
W jo(8) = (Un(0), Van, @r41/2)) + (Ura (0, I (wrs1/2)) + — 5 202 0. (96)

We have Vi, (dr41/2) = n"" /2 and Vs (drg1)2) = n L2,

M, M M, 1M
with n™thr1/2 = Trrdl g prrtl/2 o Trrlr oy
||Mer+1|| ||Mer+1||
0wy y1/2 rrt1j2 | OWriiye 112 i1z rp1g2y!
Whajalt) = S ()2 LG () SRR g (or)

Then inserting (97) in (95), we obtain

Udefo ( ) o h,(wT—l/Q(t))l’!:+1/2n7j+1/2
r+1/2 h(qu/z(t)) J j

98
(3wr+1/2U (t) nr,r+1/2Jr aWr+1/2U (t) nrHLr+1/2 + 8""r+1/2 (lvj+1/2)'(t)) 98)
ad ad o '
Next inserting (98) in (93), we obtain
d = Owry1y2 M (wry1/2(t)) =r+1/2,w(t 1/2_r+1/2
Lo Cre(®) r+1/ r rrtl/2 @rtl/2w(t) grel/2 et/
dt| ]( )| Z( i + od h(wr+1/2(t>) n ( J 7 n] )
Owy_1 9 W (wy_1/2(t 1 /2w _ _
N waduz h((w 1/2(( >)))n“1/2(Cj 1/2, (t),l; 1/2n; 1/2))~Ur(t) (99)
wr—1/2(%
~ Owri1/2 rv1/2y 0 P (Wrg12(t)) +1/2 r41/2
+ Cf+1/2,w t) Udzap + + " ¢ " n" )
r%:/z J ( r+1/2 ol (J ) (1) (wr+1/2(t)) J )

T w r r r w is 1 . o r
Finally usmgC e ((le/Q)/(t)njH/z) C e (Ug+f/2 §(UT+UT+1)) SInce n; +1/2'nj+1/2 =

0, we obtain

_ r,w(t r+1/2,w(t) di
B =) Dj + > D] Ul
T r+1/2
with
D:’;vw(t) — éf’w(t)
5'0J7~+1/2 /(wr+1/2(t)) T,T+1/2 ~r+1/2,w(t) r+1/2 r+1/2
(Cj alj n; )
od ( wrt1/2(1))
Owr_1/2 ' (wp_1/2(t ))nrr,l/g(ér—1/2,w(t) lf—1/2nj—1/2)
0d e, 12(0) g A (100)
_lawr 172 P (wy— I/Z(t))ér /2w(t)lr 1/2
2 0l Wwe—1ya(t)
13wr+1/ P (wrg1/2(8) 2r41/2,00) r41/2
C’ lj
2 al h(wr+1/2(t))
and
: = R (w (1)) Ow :
r+1/2,w(t)  ~Ar+1/2,w(t) r+1/2 r+1/2 ;r+1/2
Dj = Cj (1+ l ). (101)

h(wr+1/2 (t)) 8l i
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Remark 10.
For each cell: Y, D;“"(t) + ZH% D;H/?’“’(t) =0,
for each internal node: 3, D;’w(t) =0, (102)

for two adjacent cells j and k : D;H/Z’w(t) + DZ+1/2""(” =0.

The two assertions can be demonstrated using:

For each cell: >, é;’w(t) + ZH_% C;H/Q""(t) =0,

for each internal node : > C;’w(t) =0, (103)

for two adjacent cells j and k : C;H/Q’w(t) + C;H/z"”(t) =0.

0 0
and a—?(—l) = ——L;(l) because of the parity of w as a function of [ and n™"*+1/2 = —nr+L7+1/2,
Remark 11. (1) w,11/2(t) is implicitly given by the geometrical constraint to have a circle passing through
the three points : M, Syy1/2, M,y1 see also equation (94).

(2) Note that differential equations (89)(118) and (94) are equivalent for continuous time.

Remark 12. If we treat the particular case where w,1/5(t) is kept constant, we recover [GLACE CIRCLE].
Indeed, since Ufj_fl%(t) =0, we have

d ~ ~T W 1 T 2 2
%|Cj(t)|:ZC§’w.U,.(t)—|— S .(§(U,.(t)+U,.+1(t))+1j+1/2nj+1/ ),
r r+1/2
or

AT W 1 = w ~T— w ~T w ! T
1C;(1)] :Z(Cf +§(C;+1/2’ JrC; 1/2, .U () + Z Cj+1/2, .(l;+1/2) (t)njH/Q,
T r+1/2

but from (97) since w; , 5(t) = 0 we have

a
dt

/ Owriq /2 Owrg1/2
GO = -~ U W - U, (a2
—ar —ar
104
lf+1/2 ( )
= (U 4 U () T 2),
r+1/2
We obtain
d W
S0 = D),
with
W AT W 1 T w T — w
Dy = G+ o (C]H/2 4 &7 /2e)
e /2(Crt+1/2 +1/2 e ~r—1/2 1/2 (105)
4 J nr,r+1 2 C”’ ,w’nf + J nr,r—1/2 CT* ,w’nf* )
dry1/2 © ! ) dr_1/2 (€ J )
But we have
~ 1 T w ~NT— w
C;7W+7(Cj+1/2» +Cj 1/2, ):
r31/2 _ T2 _ (106)
C; + 37n7’77"+1/2(C;+1/2,w7n;+1/2) + 37n7',r—1/2(cgfl/2,w,n;71/2)
r+1/2 dr—l/Z
-~ h(w,
with C7 the classical polygonal normal vector to the node r since Ct+1/2’w, n /%) = M, 105
J J J

2
becomes
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7‘+1/2 l’_“*l/z

h(wr+1/2)Mr+1Mr+ dj
r+1/2 r—1/2
which can be put in a simpler form analog to [GLACE CIRCLE]

D;,w Cr h(wr_l/g)Mrfer (107)

D = C + 2sign(l; /%), 11 oMr 1My + 2sign(l; /) a1 sMy_1 My, (108)
¢ —sin(%)cos(9)

4sin®(%)

with ar+1/2

4. EXTENSION OF GLACE HYDRODYNAMIC SCHEME ON CELLS WITH DEFORMING
CIRCULAR EDGES

In this section, we give an extension of polygonal GLACE hydrodynamic scheme [GLACE] to meshes with
deforming circular edges (1):

D, fc(t) 1dv — fBC(t) U.Nds =0,
Dy fc(t) pdv =0

N 109
Dy fC(t)pUvarfaC(t) PNds =0, (109)
Dy fc(t) pE dv + fac(t) PU.Nds = 0.
If we denote M (t) the mass of cell C(t fC p dv) which is constant , the semi-discrete (w(t),q =

1/2)-GLACE scheme on cells with deformlng c1rcu1ar edges writes:

r,w r 1/2,w
Myi() = S, (D U + 50,1200, ), ) = S
MU0 = - 5, DO - 5, D) (110)
r,w(t r4+1/2,w(t r+1/2
ME’(t) =3, (D5 Uy = (D52 U )t

where Df’w(t) and DTTH/ZW(O are vectors computed in (100) (101). In order to determine U, and U, ;o

and the corresponding pressure p’ and pj+ /2 , we apply the same techniques as in [GLACE] for nodes and

shoulder points. The Riemann invariant is discretized:
(1) for nodes r, onto D;’w(t) direction:

T T r,w(t
p; —p; + (U, —Uj,ny ()) 0, (111)
where nrw(t) i see (99) (100)
D7) '

(2) for shoulder points r + 1/2 of edges, onto D;H/Z’w(t) direction:

p;+1/2 pj + ar+ /2(Ur+1/2 _ Uj,n;+1/2) —0, (112)

r4+1/2,w(t)
r+1/2 _ D;
with n; = —FEew
D’F 2oy

Then the speed and the pressure are entirely determined once U,. are computed.

r+1/2

Here of and «; in (112) are the acoustic impedance pjc; (c is the sound speed 2= %—1;|5, and S the

entropy) of the cell C;. T'H/

conservation cond1t1on
e Around internal nodes:

remains to be fixed. To construct the solver we also enforce the following

Zp’“D” =0. (113)
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To solve (111)(113), we consider the following two by two linear systems and obtain the velocities at
each node:

A, U, =b,, with
Dr w(t)®Dr Lw(t)
= 2 PiG e (114)
B w(t) D'r‘w(t)@Dr Jw(t)
by =32, D p; + pjchUj'
This system is always invertible whatever the weight value for edges impinging at node r.
Once the speeds are computed by (114) the pressure p} in (110) are computed using (111).

Around shoulder point of internal edges:

Z pr+1/2D77+1/2 w(t) -0,

J
r+1/2 7‘+1/2,w(
J ]

which is equivalent to

0 4 prHL/2prH/ze _ g (115)

Hence in this case, thanks to the relation DTH/2 @) 4 DTH/2 “(t) — (see (102)), we obtain the
continuity of pressure at shoulder point:

py =t (116)

We then apply the one dimensional Riemann solver that gives both normal speed and continuous
pressure (see (116)):

U nr+1/2 pjchj.n 1/2 + prcr Uk. nrH/2 1 (p; — p)
r41/2- B piC; + prch 0iC; + PrCh Pj — Pk (117)
Cipj c iCiPLC
pr+1/2 _ PiCiPj T PkCkPk n PjiCiPkCk (U; — Uk).n&l/z

PiCi + PrCk  PiCj Tt PrCk b

which gives
r+1/2 r+1/2 1 r1/2
W2 (8) = Upga joom T — (U (1) + U (1)) T2
Remark 13. In this case, the tangential part of the speed is unequivocally defined by:

re1/2 1 S22 r+1/2
Upiayor) 2 = S0 + Upia ()72 572 001277

Jr+1/2 n;+1/2 —0.

Remark 14. From these equations, we can deduce an equation for the evolution of edge’s curvature.

where

d, 0
Noting R, 1,2 the radius of the edge r+1/2 (see Figure (3)), since 2R+71/2 = sin(i), we have
r+1/2
1 _ 2,/1 — wr+1/2(t)2
Ryi12 dry1/2 .
Then using
Owy41/2(t) Owrt1/2(t) ry1y2y!
Wi palt) = = (0) + =SS (T (@),
we obtain
( 1 V() = —o2d Wyy1/2(t) 1 Owypgiya(t) 1 —wr+1/2(t)2)
Ry 112 r+1/2 \/1 —wr+1/2( $ 12 dyy1)2 od " (dyi1/2)2 18)
T4+1/2\s Wr41/2 1 Owyppiya(t
=2(1;7) () )

VI=wep12(t)? drpre Ol
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Then noting that d, ., ,(t) = U, (t).n™" Y2 £ U, (t).n" " 1/2 | we obtain an expression for the

derivative of the curvature as a function of U, (t), U,41(¢) and (Z;H/Q)’(t).

5. CONCLUSION

In this paper, we have presented an extension of the centered Lagrangian w-EUCCLHYD scheme to new
type of cells whose edges are conicals. We also have proposed a variant where the control points are replaced
by points located on the edges excluding the two endpoints. At this stage, the conic segments are not allowed
to deform (w are constant in time). In a second step, by computing the time derivative of the cell volume
allowing the deformation of its edges, we have found a vectorial velocity describing this new behaviour. In
our case, this edge velocity is uniquely characterized by the scalar parameter w. Finding an equation for
w(t) is still an opened question but for the special case when the conic segments are circles, by using this
formalism, we were able to express w'(t) as a function of the velocities of the two endpoints and the arc
midpoint. As a consequence, we have derived an equation for the curvature evolution of the circle segments.
Then, we were able to propose an extension of the GLACE scheme to these cells. This new scheme can be
seen as an extension of a previous work [GLACE CIRCLE] where w was kept constant.

6. FUTURE WORKS

The coding of the last scheme is in progress. Numerical tests will follow. A particular issue will be the
symmetry preservation for a one-dimensional polar radial flow. In the context of staggered schemes for cells
with circle segments [MARSHA2], we think that the equation for the curvature evolution can allow to deal
with unstructured meshes. In the general case, we think to link the evolution of w(t) with the deformation
tensors at the two endpoints. It leads to an expression of the time derivative of the cell volume in function
of nodes not necessarily belonging to it. This work is in progress.
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