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Infrasound is one of survey technique monitoring of nuclear explosions. Hence such explosions have to be dis-
tinguished from natural sources of infrasounds such as meteorite atmospheric entries. With a view to investigate
meteorites as an infrasound source, numerical simulations of Euler equations are performed around a meteorite
of diameter one meter entering the atmosphere at Mach 40. This configuration is selected because it corresponds
both to a well documented meteorite case and to previous near-field numerical simulations. Because of the very
important amount of released energy and to capture the shock, it is necessary to perform the simulations on an
adapted mesh. In addition, to obtain the asymptotic weak shock regime and to initialize the nonlinear ray tracing
method used to model the long range propagation, simulations have to be performed very far from the meteorite.
The output of the CFD simulations are validated by studies on numerical convergence both in the near-field and
far-field, and by comparisons with a theoretical model based on the line source assumptions.

1 Introduction
Infrasound is one survey technique of the worldwide In-

ternational Monitoring System in charge of implementing the
Comprehensive nuclear Test-Ban Treaty (CTBT) which out-
laws nuclear explosions. Its aim is to detect any nuclear test
explosion of at least 1 kiloton (1000 tons TNT equivalent).
Infrasounds stations of this network frequently detect mete-
orites atmospherics entries [1–3]. With a view to identify in-
frasounds sources, it is essential to know if recorded signals
correlate with a meteorite entry or other phenomena such as
explosions [4], earthquakes [5] or volcanic eruptions [6].
Meteorites as infrasound sources have been first modeled by
Lin [7] who considered them as a lineic source of energy with
infinite Mach number. The source energy per length unit E
emanates from the drag work of the meteorite:

E =
1
2
ρ0v2cxS , (1)

where ρ0 is the atmospheric density, v is the velocity of the
meteorite, cx is the drag coefficient and S is the area of the
meteorite. The characteristic radius of the cylindrical shock
is related to this energy by:

R0 =

√
E

2πγBp0
, (2)

with B an analytical constant equal to 3.85 for γ = 1.40
and p0 the atmospheric pressure. According to Lin’s model,
pressure, density and velocity distributions are calculated for
perfect gases according to a similarity assumption, that is
valid only under the strong shock conditions and that gen-
eralizes Taylor’s self similar solutions [8] to the cylindrical
case. As a consequence, it appears that the shock ampli-
tude ∆p/p0 decays as (R/R0)−2 when (R/R0)→ 0 where R is
the radial distance from the meteorite trajectory and ∆p is the
maximum overpressure at the leading shock. Results of this
analysis cease to be accurate when the shock strength decays
to such an extent that the pressure behind the shock front is
no longer greater than the atmospheric pressure. For the long
range propagation, Revelle [9] assimilates the pressure signal
to a weak shock wave which decays as (R/R0)−3/4, (R/R0)→
+∞, same laws as the N wave of sonic boom theory [10]. The
matching between the two theories is achieved by using the
empirical relation proposed by Plooster [11] based on one-
dimensional numerical simulations of Euler equations in the
cylindrical geometry:

∆p
p0
≈

2γ
γ + 1

0.4503((
1 + 4.803

(
R
R0

)2)
− 1
)3/8 . (3)

The objective of the present work is to go beyond this simpli-
fied model and to develop a numerical procedure to evaluate
the sonic boom generated by meteorites. The process is sim-
ilar to the one assessed for computing a sonic boom from su-
personic aircraft [12,13]. The near-field of the source is com-
puted by CFD Euler numerical simulations. The far-field is
evaluated by a nonlinear ray tracing according to Whitham’s
theory [14]. The main difference between the present work
and the classical boom theory is that near-field shocks are
much stronger for meteorites, because of the very high Mach
number (here we will investigate the case M = 40) and be-
cause meteorites are blunt bodies (here we will investigate
only the simplify case of spherical meteorites). As a conse-
quence the matching distance between the two procedures is
much higher and will be shown here to be several hundreds
of thousands times the meteorite diameter.

2 Shock waves CFD simulations at Mach
40

2.1 Selection of the configuration
The numerical procedure will be assessed on the particu-

lar case of a spherical meteorite with a one meter diameter D
and with a Mach number equal to 40. These values have been
choosen because they correspond to a well documented me-
teorite entry [1, 15, 16] for which the crater is known (near
the place of Carancas, Bolivia, 2007) and has been analyzed,
and for which infrasound signal have been recorded at 80 km
away from the crater [17]). By estimating the most plausible
trajectory of this meteorite, one can estimate the Mach num-
ber to be about 40 in the altitude range 40-100 km. At such
altitudes, the Knudsen number is sufficiently small so that the
atmosphere can be considered as a continuous medium, and
the Reynolds number is sufficiently large so that the Euler
approximation appears to be correct. Also, at such high alti-
tudes, ablation may be negligible [18] and the meteorite is at
constant diameter. Recently, the present case has also been
numerically studied by Laurence [19] in order to evaluate the
aerodynamic behavior.

2.2 Presentation of the numerical solver
The numerical solver chosen in the present work is elsA,

the ONERA1 software for complex external and internal flow
simulations and for multi-disciplinary applications involv-
ing aerodynamics [20, 21]. Euler equations are solved by
a finite volume method on structured meshes with various
available schemes such as the van Leer [22], Roe [23] or
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AUSMP [24] schemes. The selected van Leer scheme turns
out to be less diffusive than Roe’s one, while the AUSMP
method fails at Mach 40. Here we adopt a second order back-
ward Euler method for the pseudo-time integration. Using
the meteorite symmetry, simulations are performed with the
axisymmetric assumption so that the problem is reduced to
a two-dimensional problem in coordinates (x,R), with x is
the stream wise coordinate oriented is the direction of the
upstream flow, and R the radial coordinate.

2.3 Mesh description
Calculations are made with two different meshes. Both of

them are divided into several blocks (see figure 1), the first
one being centered on the meteorite, and the other ones being
aligned with the Mach cone. In the initial mesh, the meshes
are approximately of the same size. This initial mesh is used
in a preliminary simulation to locate the shock position. The
second mesh (called here “optimal mesh”) is similar to the
first one with the same methodology, but a mesh refinement
is applied to all blocks (but the first one) around the head
shock position to ensure that this one is well captured (see
figure 1) even at very larges distances from the meteorite.
This choice allows us to propagate the shock generated by
the hypersonic flow around the meteorite to a radial distance
of 265 diameters of meteorite, and to a longitudinal distance
of 12000 diameters. The total number of points is equal to
about 34 millions. Simulations have been performed using
MPI parallelization on 32 processors and the total CPU time
is 4160 hours.

Figure 1: Sketch of the two first blocks of the optimal mesh,
with the first one centered on the meteorite, and the second

one aligned with the Mach cone and refined around the
shock position.

For these calculations, a supersonic input flux is applied
on the first left half of the outer boundary of the first block.
Axis R = 0 is defined as a symetrical axis. A wall condition
is set on the meteorite surface. Extrapolation conditions [25]
are applied to other boundaries.

2.4 Near-field aerodynamic field analysis
Before propagating the shock far away from the mete-

orite, it is necessary to check whether the 2D Euler solver
gives the correct behavior for an hypersonic flow around a
sphere. To do this, we first compare our near-field simula-
tions around the meteorite to those of Laurence [19]. As visi-
ble in figures 2(a) and 2(b) we observe in agreement with this
previous work: (1) a detached shock at the stagnation point

ahead of the meteorite, (2) a flow separation on the edge of
the meteorite, (3) a zone of recirculation behind the sphere
and near the axis, (4) a sonic line and a second oblique shock
associated to the flow recompression behind the sphere. All
these flow features appear in qualitative agreement with [19,
26].

Figure 2: In the top, Mach contours and isobar lines of the
aerodynamic near-field flow for a one meter diameter and

Mach 40 meteorite (figure 2(a)). In the bottom (figure 2(b)):
zoom on the recirculation zone.

3 Validation of results

3.1 Near-field convergence
Eulerian simulations of shock waves are computed on

the two different grids previously introduced (the initial one
and the optimal one) to study the mesh convergence. Cal-
culations are made using all mesh points (1/1), one point
over two (1/2) and one point over four (1/4), in all direc-
tions. At the stagnation point (see figure 3(a)), it appears
that the convergence of the shock position depends of the
number of cells, but the theoretical value of the pressure co-
efficient cp = 1.839, x = −0.5 m obtained from the Rankine
Hugoniot relations [27] at infinite Mach number is recovered.
The convergence of the pressure coefficient on the meteorite
surface (see figure 3(b)) appears to be obtained except behind
the separation point (x = 0.35 m). Indeed in the recircula-
tion zone the flow is unsteady and strongly turbulent. In this
region, convergence can be achieved only by using Navier-
Stokes equations with a turbulent model. The important point
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here is that the flow within that region does not perturb the
shock far from the meteorite. Finally, a convergence test is
made at x = 10 m on the intermediate pressure waveform on
figure 3(c). One clearly observed the very strong head shock
with a pressure ratio (∆p/p0) larger than 20, followed by the
recompression shock. The shock wave obtained by the cal-
culation on the initial mesh (1/1 and 1/4) are compared to the
calculation on the shock optimal mesh (1/1 and 1/4). It ap-
pears that the convergence on the value of the shock position
is satisfyied for all meshes, but the use of the optimal mesh
is necessary to get the correct maximum of the overpressure.

3.2 Far-field convergence
The focus of our work is to model the sonic boom gener-

ated by the hypersonic entry of meteorites. To match with
the sonic boom theory (Whitham [10]), it is necessary to
propagate the shock very far from the meteorite. We present
on figure 4(a), 4(b) and 4(c) three signals extracted respec-
tively from the initial mesh (1/4) and from the shock adap-
tated mesh (1/4, 1/1) respectively at x = 2000 m, x = 5000 m
and x = 6000 m. We can notice that the far field convergence
is obtained. A difference of only 9% is observed between
the initial mesh (calculation made with one point over four)
and the optimal mesh (calculation made with all points), this
last one providing however sharper shocks as expected. We
can notice that in the far-field the two shocks have merged.
The pressure waveform also shows a negative phase relative
to the ambient pressure which is typical for explosion sig-
nals [28, 29]. This kind of behavior is characteristic for the
near- to far-field transition [11]. We can also notice that at
distances x larger than 5 kms the relative shock amplitude is
less than 0.1, hence within the weak shock acoustic regime.

4 Comparison with analytical models

4.1 Validity of the cylindrical assumption.
The theoretical model of Lin [7] (near-field) and Rev-

elle [9] (far-field) is based on the assumption of a line source
associated with a cylindrical symmetry. We check on the fig-
ure 5 the validity of this assumption by comparing the radial
velocity vr to the axial one vx − v∞ where the upstream ve-
locity v∞ = M c0, with c0 the ambient sound speed. Both of
these velocities are normalized by the upstream velocity. It
clearly appears that in the far-field region the radial velocity
is at least two orders of magnitude larger than the axial one,
so that the assumption appears to be well satisfied, the differ-
ence between the two being of the order of 1/M as could be
expected.

4.2 Near the meteorite: comparison to Lin’s
model

As it was emphasis in the introduction, Lin [7] modeled
the shock generated by the entry of the meteorite as a line
explosion of energy density E given by the work the work of
the drag force. We present in figures 6(a), 6(b) and 6(c) some
comparisons between our Eulerian Mach 40 simulations (ex-
tracted at x = 10 m, x = 40 m and x = 100 m) and the cylin-
drical shock wave model of Lin. We can notice two points.

Firstly, the theoretical model overestimates the shock ampli-
tude. Secondly, the numerical simulations show a pressure
decay behind the shock faster than the model. As expected,
the model based on an ideal line source explosion is not able
to describe the second shock due to the geometry of the me-
teorite. This is clearly showns in x = 10 m (figure 6(a)).

4.3 Far-field: comparison with Revelle’s model
We present on figure 7(a) the comparison between Rev-

elle’s pressure decay law [9] which is recalled in the intro-
duction (see equation 3) and our simulation. The weak shock
regime ∆p/p0 < 0.1 is obtained at the distance R/R0 ≈ 7.
In this region, the decay law (R/R0)−3/4 is well recovered.
In the near-field, the amplitude decay law is approximatively
satisfied but the amplitude of the simulation is smaller than
the simplified theoretical model. This discrepancy is likely
due to the finite geometry of the meteorite with complex
flow features (separation point, recirculation zone, recom-
pression shock ...) that cannot be describe by the model.
On figure 7(b) is presented the L2 relative error between our
Mach 40 Euler simulation (on the adaptated grid) and the em-
pirical law of Revelle. In the strong shock region (R/R0 <<
1) the agreement between our simulation and the empirical
law is less than 10−1, while it becomes less than 10−5 in
the weak shock region.In figure 7(c) is given the wave fre-
quency of the shock versus the radial distance. According to
Revelle, at R/R0 = 10, the frequency of the wave is equal
to f = c0

2.81R0
, with c0 the speed of sound. Revelle defined

a signal characteristic frequency as the inverse of the dura-
tion of the compression phase. We can see in figure 7(c)
that this frequency calculated by elsA is equal to 13.8 Hz
at R/R0 = 7.50, not really far from the theorical value of
Revelle which is here equal to 13.1 Hz. Note also that the
relation f ≈ (R/R0)1/4 is well satisfied at distances larger
than 2R0.
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Figure 3: In the top (figure3(a)) the pressure coefficient
around the stagnation point of the meteorite obtained from

different meshes. The correct value of 1.839 is recovered. In
the middle (figure3(b)) pressure coefficient on the meteorite

surface. The convergence is obtained except at the
separation point. In the bottom (figure3(c)), the pressure

waveform extracted at x=10 m for different meshes.

Figure 4: Comparisons of the pressure signals extracted
at x = 2 km (in the top, figure(4(a)), x = 5 km (in the

middle, figure(4(b)) and x = 6 km (In the bottom,
figure(4(c)) for the different meshes.

Figure 5: Comparison of the normalized radial max
(

vr
v∞

)
and

axial max
(

vx−v∞
v∞

)
velocities
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Figure 6: Comparisons between elsA Mach 40 calculations
and Lin’s model at x = 10 m (top figure 6(a)), x = 40 m
(middle figure 6(b)) and x = 100 m (bottom figure 6(c)).

Figure 7: In the top, figure (figure 7(a)): Comparison
between elsA Mach 40 simulation, and Revelle’s law for the

peak overpressure. The two straight lines indicate the
near-field ((R/R0)−2) and far-field ((R/R0)−3/4) theoretical
decay laws. In the middle, figure (figure 7(b)): L2 relative
error between the simulation and Revelle’s model. Bottom
figure (figure 5): Calculated shock frequency compared to

the weak shock evolution law as (R/R0)1/4.
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