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Abstract.  This paper presents an accurate approach to simulate the sotoom of a
supersonic aircraft. The near eld ow is modeled by the comsvative Euler equations
and is solved using a nite volume approach on adapted unsttured tetrahedral meshes.
Then, from the CFD solution, the pressure distribution undethe aircraft is extracted
and used to set up the initial conditions of the propagationigorithm in the far eld.
The pressure distribution is propagated down to the ground order to obtain the sonic
boom signature using a ray tracing algorithm based upon thé@dmas waveform parameter
method. In this study, a sonic boom sensitivity analysis omé SSBJ geometry provided
by Dassault Aviation is carried out.

1 INTRODUCTION

Nowadays, an accurate prediction of the sonic boom is crutia designing low sonic
boom aircraft con gurations, in order to respect environmetal constraints. This paper
proposes an approach to predict the sonic boom issued from @psrsonic aircraft, the
SuperSonic Business Jet (SSBJ) designed by Dassault Avaati

Developing a sonic boom model requires the coupling of CFDuadgions for the near
eld simulation with waves propagation equations for the fa eld. Thus, the resolution
is performed in two steps, Figure 1. Firstly, the ow close tdhe aircraft, named aerody-
namic near eld region, is computed. The near eld ow is modid by the conservative
Euler equations for gas dynamic and is solved using a nite ltome approach on adapted
unstructured tetrahedral meshes [5]. Then, from the CFD swolion, the pressure distri-
bution under the aircraft is extracted and used to set up thenitial conditions of the
propagation algorithm in the far eld. The pressure distritution is propagated down to
the ground in order to obtain the sonic boom signature using eay tracing algorithm
based upon the Thomas waveform parameter method [11].
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Nevertheless, the modeled ow in the near eld is three-dimmesional and non linear
in nature whereas the propagation is a linear one-dimensi@nmodel. Thus, the near
eld solution must be locally axi-symmetric where the presge distribution is extracted
to ensure a valid coupling. This is a necessary condition t@ake all the elements of the
aircraft geometry (body, wings,...) into account. Therefee, a precise near eld solution
far from the aircraft is needed to obtain an accurate prediain of the sonic boom. To
this end, we propose using a mesh adaptation approach [6].

In the following sections, we present the proposed appraocl®ection 2, we describe
the Finite Volume scheme used to compute near eld region owSection 3, we recall the
mesh adaptation algorithm and we brie y review the main stags of the adaptation pro-
cedure. The ray tracing algorithm based upon the Thomas waleem parameter method
is described in Section 4. Then, the coupling between the CFRihd the propagation code
is clari ed in Section 5.

In this study, a sonic boom sensitivity analysis on the SSBJegpmetry is carried out
in Section 6. More precisely, we point out the impact of the asotropic mesh adaptation
to compute an accurate near eld signature and the choice ofar eld solutions on the
sonic boom prediction is analyzed.

2 CFD MODELING

The near eld ow around the aircraft is modeled by the Euler guations. Assuming
that the gas is perfect, non viscous and that there is no therah di usion, the Euler
equations for mass, momentum and energy conservation read:

8
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where denotes the density,0 the velocity vector,E = T + % the total energy and

p=( 1)T the pressure with = 1:4the ratio of speci c heats andTl the temperature.
These equations could be symbolically rewritten:

@W

——+r FW)=0; 1

ot (W) (1)
where W = '(; u; v; w; E ) is the conservative variables vector and the vectoF
represents the convective operator.

The Euler system is solved by means of a Finite Volume technig on unstructured
tetrahedral meshes usingVolf a in-house ow solver.

2
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The proposed scheme is vertex-centered and uses a particubgige-based formula-
tion with upwind elements. This ow solver employes a HLLC aproximate Riemann
solver to compute numerical uxes. High-order scheme is deed according to a MUSCL
(Monotone Upwind Schemes for Conservation Laws) type mettaising downstream and
upstream tetrahedra. This approach is compatible with verx-centered and edge-based
formulations, allowing rather easy and, importantly, inepensive higher-order extensions
of monotone upwind schemes. The ux integration based on thedges and their corre-
sponding upwind elements (crossed by the edge) is a key-igat in order to preserve the
positivity of the density for vertex-centered formulation The MUSCL type method is
combined with a generalization of the Superbee limiter withree entries to guarantee
the TVD (Total Variation Diminishing) property to the scheme.

An explicit time stepping algorithm is used by means of a 5-aye, 2-order strong-
stability-preserving (SSP) Runge-Kutta scheme that allow us to use aCFL coe cient
up to 4. In practice, we consider & FL equal to 35.

2.1 Scheme for convective uxes

The considered method is a vertex-centred Finite Volume seime applied to tetrahedral
unstructured meshes and uses a particular edge-based fotation with upwind elements
introduced in [5]. This formulation consists in associatigp to each vertex of the mesh a
control volume (or nite-volume cell). The dual nite-volume cell mesh is built by the
rule of medians. More precisely, each tetrahedron of the nfeeis split into four hexahedra
constructed around each of its vertex. For a verte®;, the hexahedron is de ned by the
following points: (i) the three middle points of the edges issued from;, (ii) the three
gravity centers of the faces containind®;, (iii ) the center of gravity of the tetrahedron
and (iv) the vertex P;. The cell C; of the vertex P; is the collection of all hexahedra linked
to P;.

The common boundary@¢ = @€\ @¢ between two neighboring cellC; and C; is

-~z CFD domain
Nt/ur field signature
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Figure 1: Sonic boom problem modeling.



Feceric Alauzet

decomposed in several triangular interface facets. Each this facet has a mid-edge, a
face center of gravity and a tetrahedron center of gravity agertices. An illustration of
this construction is two dimensions is shown in Figure 2.

We apply the Finite Volume method to the Euler equations, we & for each nite

volume cellC;: 7

. .dW,

JCilw"' F(W)) id =0; (2)

@¢
where W; is the mean value of the solutionW/ on the cell C;. The integration of the
convective uxesF is computed by decomposing the cell boundary in face@ ¢ :
Z X Z
F(Win) ﬂid = |:j|ij ‘Hid ;
@c¢ P, 2V (P)) @G

whereV(P;) is the set of all neighboring vertices oP;, #y is the outer normal to the cell
Ci and Fj;; represents the constant value of (W) at the interface @¢ .

The ow is calculated by means of a numerical ux function, deoted j :
Z
i = i (Wi W, R5)= Fj, fid (3)
@G
Z
where 1 = #,d . The numerical ux function approximate the hyperbolic tems

on the commo%qboundary@(ﬁ‘,. We notice that the computation of the convective uxes
is performed mono-dimensionnaly in the direction normal téthe boundary of the nite
volume cell. Therefore, the numerical calculation of the u function j at the interface
@G is achieved by the resolution of a one-dimensional Riemannoplem in the direction
of the normalf; by means of an approximate Riemann solver.

Several upwind numerical ux functions are available and add be formally written:

F(Wi)+ F(W)
2

i (Wi, W5~) = Ay + d(Wi, Wi5H) (4)
where the functiond (W;; W;; ;) contains the upwind terms and depends on the chosen
scheme. Here, we consider the HLLC Riemann solver, more ditamay be found in [4].

Such a formulation gives at best only a rst-order scheme. Hever, a higher-order
version could be achieved by employing the MUSCL technique.

2.2 Third-order accurate version

The MUSCL type reconstruction method is utilized to increas the order of accuracy
of the scheme. This method was introduced by Van Leer in a sesi of papers, see for



Feceric Alauzet

instance [12]. The idea is to use extrapolated valu&¥; and W;; of W at the interface
@@ to evaluate the ux, cf. Figure 2. The following approximaton is performed:

i = i (Wi Wi —i)s
with Wj; and W;; which are linearly interpolated as:
8
1 !
W = Wi+ 5 (T W) PiPy;
(5)

> 1 !
) Wji = Wj+§(r W)ji PjPi:

where in contrast to the original MUSCL approach, the apprdrnate "slopes” (r W);
and (r W); are de ned for any edge and obtained using a combination oftered and
upwind gradients. Several types of gradients are available de ne this slopes:

the nodal centered gradientvhich is related to the edgeP;P; and is de ned as:
[
(r W)y PP =W, W;

the nodal P 1-Galerkin gradient which is related to the cellC; and is computed by
averaging the gradients of all the tetrahedra containing th vertex P;:
|
X X
r WM = — 1 vol(K)
J aire(G)

(r W)jk
K 2C; k2K

F)
where the tetrahedra gradients istt W)jx = .,k WkI «jk , with jx the P1
basis functions associated to vertek on the tetrahedraK .

e NS e N

Pi

Figure 2: lllustration of nite volume cells construction in two dime nsions with two neighboring cellsC;
and C;, and the upwind trianglesK; and Kj; associated to the edgé® P;. De nition of the common
boundary @¢ with the representation of the solution extrapolated value for the MSUCL type approach.
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the upwind gradientwhich is also related to edgéd® P; and is computed according
to the de nition of downstream and upstream tetrahedra of tle edgeP;P; denoted
Kj and Kji, respectively (cf. Figure??). Then, upwind gradients could be de ned
for verticesP; and P; as:

(r W):? = (r W)jKij and (r W)JI? = (r W)jKji :

Consequently, parametrized nodal gradients could be buildy introducing the -
scheme: | | |
(rW); PP =@ )(rW)j PP+ (r W)} PiPy;

where 2 [0;1] is a parameter controlling the amount of upwinding, for istance the
scheme is centered for = 0 and fully upwind for = 1. In our case, = 1=3is used
which is the most accurate scheme. Indeed, it can be demora# that this scheme is
third-order for the 2D linear advection on structured triargular meshes of Friedrichs-Keller
type. This high-order gradient is denoted by: f W){'© =2=3(r W)F +1=3(r W)P.

2.3 Limiting function

The scheme resulting from the previous procedure is not mdoae. Therefore, limiting
functions are coupled with the previous gradient evaluatioto guarantee TVD property
to the scheme. The gradient of Relation (5) is substituted by limited gradient denoted
(r W)!jim . Here, we consider the three-entries limiter introduced bpervieux which is a
generalization of the Superbee limiter. We use the limiteredned by:

Lim (u;v;w) =0 if uv O;
Lim (u;v;w) = Sign(u) min (2juj; 2jvj;jwj) else

Practically, the entries are:Lim ((r W){; (r W)P; (r W)°).

Figure 3: Downstream Kj; and upstreamK; tetrahedra associated to the edgéP;; P;].
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2.4 Time advancing

An explicit scheme is used to advance the Euler equations inrte by a line method,
i.e., time and space are treated separately. Once the equationsvhaeen discretized in
space, a set of ordinary di erential equations in time is olatined:

W, L(W)=0:

To discretize the previous relation, a high-order multi-#p Runge-Kutta scheme is con-
sidered. Such time discretization methods, called SSP (8trg-Stability-Preserving), have
non linear stability properties which are particularly sutable for the integration of system
of hyperbolic conservation laws where discontinuities apgar. These schemes verify the
TVD property.

The optimal 2-stage 2-order SSP Runge-Kutta scheme introded by Shu and Osher [9]
is the following modi ed Euler scheme:

wh = W+ tL(W");

1 1 1
wn*t W+ WO 2L (W)
2 2 2 ( )
which accept to use aCFL coe cient up to 1.
In this study, we consider an extension of this 2-order SSPREcheme with 5-stage

given in [10] that allows us to consideCFL coe cient up to 4. This scheme reads:

1
WO = W 2t (W),
1
W= wle b 2ot wl ) fork=2:::4;
1 4 1
Wl = ZWwWn + _W(4)+ Z tL W(4) :
5 5 5 tHWH)

In practice, we consider &CFL coe cient equal to 3:5.

3 ANISOTROPIC MESH ADAPTATION

Mesh adaptation provides a way of controlling the accuracyf@ahe numerical solution
by modifying the domain discretization according to size ahdirectional constraints. It
is well known that mesh adaptation captures accurately shks far form the aircraft in
the computational domain while reducing signi cantly the @u time [1]. Therefore, the
near eld solution computation is performed with mesh adagtion techniques in order to
obtain a su cient accurate solution far from the jet.

For stationary problems, the mesh adaptation scheme aims atding a xed point for
the mesh-solution couple. In other words, the goal is to coerge towards the stationary
solution of the problem and similarly towards the correspating invariant adapted mesh.

7
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At each stage, a numerical solution is computed on the curremesh with the Euler
ow solver and has to be analyzed by means of an error estimat&@he considered error
estimate, based on a bound of the interpolation error i norm, is geometric (thus
independent of the problem) and anisotropic [6]. An anisobpic metric eld is then
de ned via this error estimate that translates the solution variatiors into elements sizes
and directions by means of the Hessian of the solution whick computed by a doubld.?
projection. This metric will replace the Euclidean one to mdi ed the scalar product that
underlies the notion of distance used in mesh generation atghms. Next, an adapted
mesh is generated with respect to this metric where the aim i generate a mesh such
that all edges have a length of (or close to) one in the predoed metric and such that all
elements are almost regular. Such a mesh is calleduait mesh Finally, the solution is
linearly interpolated on the new mesh. This procedure is reated until the convergence
of the solution and of the mesh is achieved.

3.1 Metric construction

For each mesh elemerK , the anisotropic error interpolation bound involves the ssond
derivatives of the variableu:

ku hUKi .« ¢g max maxhe;jHy(x)jei = "k ; (6)
x2K e2Eg

where ¢q is a constant related to the dimensionEg is the set of edges oK and jH,j =
Rj jR ! is the absolute value of the Hessian of the variable (R being the matrix of
eigenvectors and | = diag(j ij) being the absolute value of the matrix of eigenvalues).
The error estimate aims at de ning a discrete metric eld tha prescribes size and stretch-
ing requirements for the mesh adaptation procedure.

A discrete metric approximation which uses the mesh vertiseas support is considered.
Let hnin and hyax be the minimal and the maximal mesh element size, respecitiyeand
let " be the desired interpolation error. Then, according to Retin (6), we de ne at each
mesh vertex the anisotropic metric tensoM as:

Cjij.l _1

n H 2 ’ 2
hmax hmin

M =R ~R !; where = diag(73) and 5 =min max

Introducing a minimal and a maximal element size is a practad way to avoid unrealistic
metrics. It also allows us to control the time stepping in theow solver.

Physical phenomena can involve large scale variations (e.gnulti-scale phenomena,
recirculation, and weak and strong shocks). It is thus dicut to capture the weakest
phenomenavia mesh adaptation, and even harder to do it when, for instance iCFD,
shocks are located in the ow. Capturing such weak phenomerns crucial for obtaining
an accurate solution by taking into account all phenomena iaractions in the main ow
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area. To this end, we suggest the following error estimate:

u U jHu(X)j :
he;— . v (7
U@ )hkruk 4, SR IR Y@ hk ke )

where h is the diameter (.e., the length of its largest edge) of elemenK and s

a parameter belongs to [0l] that will be considered close to zero if strong shocks are
involved in the ow. Notice that will be chosen equal to 1 in the case of isotropic mesh
adaptation.

3.2 Mesh adaptation

In our approach, the adaptation of the current mesh is basedhahe speci cation of
a discrete anisotropic metric tensor at each vertex. For tlse purposes, the standard
Euclidean scalar product is modi ed according to a proper ntec tensor eld M. The
aim is then to generate a mesh such that all edges have a lengfor close to) one in the
prescribed metric and such that all elements are almost relgwm. Such a mesh is called a
unit mesh Let P be a vertex and letM (P) be the metric at P, the length of the edge
P X with respect toM (P) is de ned as:

L q
7

I !
G@ = PXM(P)PX:

| |

As the metric is not uniform over the domain, we need to conséd the metrics at the

edge endpoints as well as all intermediate metrics along thkeeige. To achieve this, we
assume that an edgé® X has a local parametrizationP X = P + tP X and we introduce

its average length as:

Z,q

ly (PX) = PPX M (P + tPX YPX dt: 8)

0

The volume mesh is adapted by local mesh modi cations of thergvious mesh (the
mesh is not regenerated) using mesh operations: vertex irtgm, edge and face swap,
collapse and node displacement. The vertex insertion pralige uses an anisotropic gen-
eralization of the Delaunay kernel. Notice that here the gidation of the mesh (the size
variation between two neighboring elements) is not contriad.

4 SONIC BOOM MODELING

The propagation code is a ray tracing algorithm based upon ¢hwaveform parameter
method developed by Thomas [11]. It allows us to propagatedgmear eld perturbations
to the ground in order to get the sonic boom signature of the raft. In this approach,
the pressure wave is characterized by three parameters:

m; the slope of pressure waveform segmeint

9
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pi the pressure rise across shock at the juncture of pressurevef@arm segment
andi 1

i the time duration of pressure waveform segment

A system of three ordinary di erential equations (ODE), onefor each parameter, is solved
to propagate the pressure wave in the atmosphere:

§ dm. = Cim?+ Com;;

d 1
pl = 501 pi(mi+m; 1)+ C, pi; 9)
% 1
: = écl( ot pPa) Cimp g

with notations:

+1 a 1 3da 1d o 2¢C 1A
= I, = - — 4+ [ — .
! 2 PGy and G, 2 ap dt o dt ¢, dt Adt

where the index 0 design the air ambient quantities and wherge denote bya the sound
speed, the density, ¢, the speed that a wave propagates normal to itself and the
(acoustic) ray tube area as cut by the waveform. All these gudities are function of the
altitude. The speed that a wave propagates normal to itselkigiven byc, = ag + Vo
where V, is the wind velocity and f the wavefront unit normal. If the wind velocity is
assumed to be zero then we hawg = ap.

Acoustic rays are emitted by the aircraft and are orthogonato wavefronts. They
represent the paths along which the acoustic disturbance qagates. They form theray
tube or ray cone The initial direction of a ray is given by the ray cone near tk aircraft,
orthogonal to the Mach cone. To compute the ray tube area, fouays are selected,
separated by a time increment and an azimuthal increment. Tehinitial directions of these
rays are governed by the aircraft ight parameters and the amuth. With that initial

mj

segment

Figure 4: lllustration of the three parameters m;, p; and ; characterizing the pressure wave.

10
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condition, ray shapes may be traced. Rays are traced by ditecumerical integration
of the eiconal. All four rays are traced in this way and ray tuk area are computed by
numeric di erencing.

To evaluate these quantities, the atmosphere (i.e., the tgmerature and pressure evolu-
tion function of the altitude) needs to be de ne. Here, we ustihe no-wind ICAO Standard
atmosphere [7]. This atmosphere may be accurately repretahby the following analyt-
ical functions:

T(z) = rgax( Tgna 6:5z; 21665);
3 6:50z >%°
Pgnd 1 ifOkm <z < 1225km;
p(z) = Tgna 12:26
2 304z - .
Pgna 1 if 12:25km <z < 30km;
Tgnd

whereTgng = 288:15K and pynq = 101; 300P a are the temperature in Kelvin and pressure
in Pascal at the ground, respectively. Moreover, we assumieat the air is following the
perfect gas rule. A complementary hypothesis is made asswmgithat there is no-wind
between the ight altitude and the ground.

To solve this system, we just have to integrate in time the thee ordinary di erential
equations of System (9) by considering a su ciently small tne step in order to assume
that the variable C; and C, are constants. Moreover, the time step must be adequately
truncated throughout the resolution. Indeed, as the wave pipagates down the ray path,
shocks often will coalesce and new shocks will be formed. Whhis occurs one or more
of the ; will go to zero. When one of the ; does go to zero somewhere between two
points on the ray path, the associated segment is suppressdaihe waveform parameters
must be rede ned.

In this study, we only analyze sonic boom signature for an alggof emission (or az-
imuthal angle) of acoustical rays equal to zero. The grouncerexion is also taken into
account by a re exion coe cient equal to 1, thus implying pressure doubling at the ground
surface (altitude 0) because of re exion.

The solution of the ensemble is possible if the initial disiioution of the variables is ac-
cessible. The near eld solution of the Euler code is used amtialization. More precisely,
the segments in our implementation correspond to a uniforra posteriori discretization
along the ight path. The variables values on this discretiation are obtained by in-
terpolating the variables of the aerodynamic near eld. In ar approach, the segment
discretization is ner than the one used in the CFD computatn.

5 COUPLING BOTH MODELS

Let us rstintroduce some notations. We denote by the angle of attack of the aircraft
and the Mach cone angle with the ow direction de ned by sin = M ! whereM is the

11



Feceric Alauzet

Mach number. Moreover, letL be the length of the aircraft andR be the distance of the
observation point from the line parallel to the ow direction (or the ground) going through
the nose of the aircraft. This distance form the aircraft is gnerally expressed with the
ratio R=L. Finally, we denote byp the acoustical pressure ang, the atmospherical
pressure.

Due to the complexity of the phenomenon, the simulation of # sonic boom signal
at the ground requires to couple CFD models and acoustic pragation equations. The
pressure distribution obtained under the aircraft in the nar eld region is used to set up
the initial conditions for the propagation of the acoustic \ave to the ground. However,
the modeled ow in the near eld is three-dimensional and norinear in nature whereas
the propagation is a linear one-dimensional model. Thus, ¢hnear eld solution must
be locally axi-symmetric where the pressure distributionsi extracted to ensure a valid
coupling. This is a necessary condition to take all the elemis of the aircraft geometry
(body, wings,...) into account.

According to the linear supersonic aerodynamic theory or th Whitham functions,
the pressure variation"’(xlgf"’1 is decreasing in R=L. Therefore, the near eld solution

is converged and considered locally axi-symmetric if we lma R=L decrease for the
pressure variation. In other words, we haven't any more therpsence of non-linear e ect
in the ow and the coupling become valid. Consequently, an aarate near eld solution,
obtained with mesh agaptation, is su ciently far from the aircraft when the pressure
variation decreases in R=L and could be used as initial condition for the the sonic
boom prediction.

Now, we present our choice for the extraction line. Assumirtiat the aircraft is ying
on the x-axis from positive to negativex, the extraction line at R=L = 0 is the line going
through the nose of the aircraft with an angle of in the symmetric planeOxz, i.e., a

line parallel to the ow direction. This line is de ned by its two extrema:
8 8

Yo = Vet and .o Y1 = Vet

where Pjet = (Xjet; Yjet; Zjet) IS the nose of the aircraft andlsone and lpack are the length
of the line before the nose and after the tail of the aircrafttespectively. Then, we just
translate the line along the Mach cones to de ne it at a giveiiR=L as follow:

8
g X< Xj + R 7(:08.( )
3

sin
Y, fori =0;1:

sin ( )
sin

R=L
Yi
2" z R

The extraction line is used as an initial input for the propagtion code.

12
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6 NUMERICAL RESULTS

We study a supersonic business jet (SSBJ) provided by Das#iafviation (Figure 5,
left) ying at a supersonic speed of 6 Mach with an angle of attack of 3 degrees at
an altitude of 13 680 meters (45000 feet). The length of the SSBJ is 36 meters. The
complete aircraft is included in a sphere with a diameter of kilometer, cf. Figure 5,
right.

The simulations have been carried out in serial on a MacintbsG5 with 2:5 GHz
PowerPC processor and 2 GB of memory.

In order to de ne the desired accuracy of the simulation, werpcise some physical and
physiological aspect regarding the sonic boom.

The audible frequencies for a human body is situated betwe&® Hz and 20 kHz
with a maximal sensibility around 3 kHz. The corresponding ave lengths are given by
= aof '. Therefore, we have =17 mat 20 Hz, =1:7 cm at 20 kHz and =10 cm

for 3 kHz.

If we consider an aircraft with length of 50 meters ying at Mah 1:6 with an atmosphere
sound speech = 300 m/s and a ground sound speed, = 340 m/s, then the time duration
of the sonic boom is almost @ second. The rise time of such sonic boom is less than
1 millisecond (from experimental measurement) that corresnd to a wave length of the
order of 34 cm.

Consequently, this imply that wave length under 30 cm are lered by absorption
mechanism in the atmosphere. Thus, it is not necessary to deibe the signal source with
an accuracy too lower than this value. From this conclusionn our adaptive simulations
we consider a maximal precision of 30 cm.

Figure 5: Left, SSBJ's geometry represented by its surface mesh. Righspherical computational domain
with the SSBJ.

13
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6.1 Isotropic vs. anisotropic mesh adaptation.

A previous study has been done in [2] using isotropic mesh gdation. The resulting
adapted meshes, on the Mach number values, are shown in Figw. In this study, we
were only able to propagate mesh re nement until almosR=L = 0:75 with a precision of
40 cm, after this distance shock waves are di used and thendhsignal is lost. Notice that
the presented isotropic adapted mesh contains almost @00 vertices and 4 millions
tetrahedra on a half domain (corresponding to a:f millions vertices mesh on the whole
domain). The conclusion of this study was that anisotropic ®sh adaptation is mandatory.

Here, we present the results obtained with anisotropic mesidaptation described in
Section 3. We choose to control the error on the Mach numbers @he number of Mach
is really representative of the ow even if an accurate neareld pressure distribution is
required. A total number of 15 adaptations has been perforrdeeach 150 time steps of the
ow solver and a maximal spatial resolution of 30 cm has beeroesidered. The desired
error, which appears in Relation 7, is chosen equal talOwith the parameter set to
0:97.

The nal anisotropic adapted mesh contains almost 7Q0@00 vertices and 4L millions
tetrahedra. This mesh is shown in Figure 7 on the left. We nate that mesh re nement
along Mach cones have been propagated farer than in the ismbic case but not in the
whole domain, Figure 8 on the left. A deeper analyze shows thiae near eld signal is
propagated accurately untilR=L = 2:5 with twice times less vertices than the isotropic
case, Figure 9 on the left. After, the signal start to be di ued and is completely lost at
R=L =5.

q_
In Figure 9, left, the variations of % p(ngpl with R=L are presented. The rst shock
is converged but the rest of the signal still have some variah due to the non-linear

Figure 6: Isotropic adapted mesh.

14
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e ects and thus seems not to be completely converged. Indedgde sonic boom signature
shows that the same amplitude is obtained for the rst shockbut some di erences are
present in rest of the signal, Figure 10, left.

In conclusion, the signal need to be farer propagated to berapletely converged. This
adaptive anisotropic approach is not su cient.

6.2 A new anisotropic mesh adaptation approach

Recent progress on the theoretical background regardingethmetric concept has been
developed in [3], called continuous metric. This new approla de ne an optimal metric
for minimizing the interpolation error in norm LP in order to generate anisotropic adapted
meshes. The choice of anP norm instead of theL! norm could be crucial, indeed norms
with lower p are able to capture weak variation of the solution.

Figure 7: Anisotropic adapted meshes. Left, classical anisotropic msh adaptation. Right, anisotropic
mesh adaptation with continuous metric.
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In consequence, here we consider the continuous metric aolitng the L2?-norm of the
error de ned by:
0 Z \8 %1 s
M 2= D2 (detjHyj) 7R, jRy, with D= N3 @ —— A : (10

No normalization relation are considered.

As previously, we choose to control the error on the Mach nureb and a total number
of 15 adaptations has been performed each 150 time steps af thw solver. In this new
approach, no maximal resolution is considered, we try to ohin the best mesh controlling
the error in L2-norm with 600; 000 vertices.

The nal adapted anisotropic mesh contains almost 57000 vertices and 3 millions
tetrahedra This mesh is shown in Figure 7 on the right. In thigase, mesh adaptation has
been performed in whole computational domain We notice thahe solution, e.g. Mach
cones, has been propagated in the whole domain, Figure 8 ore thght.

A more precise analysis shows that the near eld signal is gragated accurately until
R=L = 6:5 with less vertices than the previous approach, Figure 9 ome right. After,
the signal is slightly di used but the signal is still well represented.

The signag] betweenR=L = 4 and R=L = 6:5 seems to be almost converged, the

variations of %p(xg)fpl with R=L are presented in Figure 9, right. This is emphasized

on sonic boom signature were almost the same signal is ob&dnfor R=L between 4 and
6:5, Figure 10, right.

In conclusion, for this geometry the signal seems to be conged aroundR=L = 5 with
an accuracy of 600000 vertices.

7 CONCLUSIONS

An accurate sonic boom modeling, coupling CFD near eld sinlation and ray tracing
algorithm for the far eld, has been presented. A crucial poit was the use of an adequate
anisotropic mesh adaptation approach in order to have a vdlicoupling by propagating
the near eld signal far enough from the aircraft.

This approach was able to propagate anisotropic mesh re namt in whole compu-
tational domain without any di culties to preserve the solution accuracy. It has been
demonstrated numerically that, in this case, a near eld exaction at R=L =5 seems to
be adequate to obtain a precise sonic boom signature.

However, some points still have to be analyzed such as the sba precision for the
near eld. Is this spatial precision enough to get an accuratsonic boom signature ? A
more complex geometry including for instance nacelles magnigs more non-linear e ects
and therefore is a farer propagation needed ?
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Moreover, some di usive e ect were pointed out for the ow stver. A less di usive
MUSCL approach presented in [5] will be more adequate.
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Figure 8: Mach number iso-value in a plane (top) and Mach number iso-gtace (middle and bottom) for
the anisotropic mesh adaptations. Left, classical anisotipic mesh adaptation. Right, anisotropic mesh
adaptation with continuous metric.
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Figure 9: Near eld signature extracted from severalR=L. Left, classical anisotropic mesh adaptation.
Right, anisotropic mesh adaptation with continuous metric
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Figure 10: Sonic boom signature obtained from dierent R=L near eld initializations. Left, classical
anisotropic mesh adaptation. Right, anisotropic mesh adagation with continuous metric.
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