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ABSTRACT

Aerodynamic interactions of objects in a continuum hy-
personic and supersonic flow are numerically and analyt-
ically investigated for perfect and thermochemical equi-
librium gas conditions. An innovative semi-analytical
methodology has been developed and associated to the
Laurence equations [4] in order to compute the aerody-
namics coefficients of a sphere located downstream the
shock wave issued from a primary object. The influence
of the aerodynamic interactions on the trajectory of a de-
bris cloud during atmospheric re-entry has also been as-
sessed and compared to the trajectory of the same non-
interacting objects. Finally, the influence of fragments
interactions on heat flux and debris survivability during
the re-entry has been investigated.
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1. INTRODUCTION AND CONTEXT

SINCE 1957 and the orbital performance of the soviet
satellite Spoutnik-1, the human activity in space has gen-
erated a great number of space debris. The increase of
fragments produced by in-orbit collisions, combined to
the hard atmospheric drag in low Earth orbits and polar
orbits, could lead to an increasing number of uncontrolled
atmospheric re-entries for the next decades. Indeed, over
the last forty years, about 16,000 tons of these objects
ranging from ten microns to several meters have done an
atmospheric re-entry. Between 10 to 40 percent of that
mass are estimated to have reached the ground [1]. Occa-
sionally, debris having a projected area superior or equal
to 100 m2 and weighting more than 10 tons could also
perform atmospheric re-entry. That kind of objects can
be classified as highly hazardous with regard to the great
number of fragments produced during re-entry which are
able to survive to the critical aerothermodynamic envi-
ronment. Therefore, they represent a potential threat to

ground safety.

Several space agencies and research institutes have de-
veloped tools to predict the atmospheric re-entry of space
debris and to assess their total casualty area, impact lo-
cation as well as the state in which the elements may
reach the ground. At the present time, according to public
literature, seven major atmospheric re-entry codes have
been developed through the world. They can be divided
into two categories: object-oriented codes and spacecraft-
oriented codes.

Object-oriented codes only analyze individually the satel-
lite elements performing re-entry. In other words, this
kind of code assumes that, at a given altitude, usually set
between 75 to 85 kilometers, the satellite is broken down
into its elementary parts and scattered. Then, these ones
are followed independently during re-entry phase (there
is no physical model of fragmentation, the break-up alti-
tude is empirical). Therefore, the atmospheric re-entry
analysis of a whole satellite is replaced within the in-
dividual analysis of its most critical parts. The six ob-
ject oriented codes known are : DAS (NASA), ORSAT
(NASA), ORSAT-J (JAXA), DRAMA/SESAM (ESA),
Debrisk (CNES) and DRAPS (China).
The spacecraft-oriented codes, whose SCARAB (ESA-
HTG Germany) is currently the unique code known, con-
sist of modeling the complete satellite, as close as pos-
sible to the real one. The fragmentation and/or ablation
of the spacecraft model depends on the aerothermody-
namic environment encountered during the atmospheric
re-entry. After the fragmentation has occurred, each ele-
ment is individually analyzed.

However, the great number of fragments actually gener-
ated during re-entry may evolve independently, or, on the
contrary, interact one another for a while. In addition, a
fragment, moving into the wake generated by the main
object, is submitted to very different aerothermodynamic
conditions as compared to those located upstream. There-
fore, one or more objects located in the wake may have
a different trajectory and life time than if they were fac-
ing the upstream flow. This complex situation, commonly
called aerodynamic interactions or flying formation pro-
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cess, is not currently taken into account by existing atmo-
spheric re-entry debris codes [2].

Nevertheless, in the literature several authors have exper-
imentally, numerically and analytically investigated the
aerodynamics interactions into a given fragments cloud.
In particular, Schultz and Sugita [3] (1994) have studied
the evolution (the dispersal and the deceleration) of a de-
bris cloud during atmospheric re-entry. Experimental in-
vestigations performed at the NASA-Ames Vertical Gun
as well as theoretical considerations have allowed them
to identify the objects sizes (the dimensionless shock dis-
tance), the lateral velocity as well as the atmospheric den-
sity which are required to experiment the so called colli-
mation effect [3]. Authors have pointed out the impor-
tance of that kind of fragmentation process for the phe-
nomenon to occur.
In terms of numerical simulations, Passey and Melosh
[9] (1980) investigated the reasons for cross-range dis-
persion of fragments in crater fields. They concluded that
several physical phenomena could explain the meteoroid
fragment scattering. Besides, they pointed out the com-
bined influence of bow shock interactions, deceleration
and spinning of the primary fragment. Artemieva and
Shuvalov [7], [10] (1996 and 2001) performed numerical
simulations of the flow around interacting fragments for
different shapes. They computed drag and lift coefficients
acting on bodies placed in the primary shock region as a
function of their relative positions. In further simulations
[10] the authors investigated the repulsive coefficient as
a function of the distance between two fragments placed
side by side. They coupled their three dimensional hy-
drodynamic code with a fragmentation model in order to
follow the evolution of a few number of fragments. More
recently, using CFD, Barri [8] (2010) computed the aero-
dynamic coefficients acting on a sphere located at differ-
ent positions in perfect gas conditions in the supersonic
regime. She identified the critical values for fragment
sizes and positions for the collimation effect can occur.
Finally, the original work of Vashchenkov, Kashovsky
and Ivanov [11] (2003) should be mentioned since they
have investigated forces acting on cylinders placed into
the shock region generated by a primary one in the tran-
sitional regime (Kn ∼ 0.02). In the simulations per-
formed using a DSMC method, a very large distance of
wake behind the body (∼ 25×d1) has been under consid-
eration. Authors have concluded that smaller fragments
(d2 ≤ 0.001× d1) cannot experience the non-uniformity
of the flow. Furthermore, they have pointed out that the
secondary fragments could have an influence on the pri-
mary one according to the fragment and the subsonic re-
gion size.

In anyway, the space debris re-entry trajectory and the
survivability issue require the use of codes having short
response time due to a necessary sensitivity approach for
generation of thousands of trajectories. Therefore, the
coupling of a trajectory code with a CFD code, as per-
formed by Artemieva and Shuvalov [7], [10], would be
much too expensive with regard to the CPU cost when
applied to the whole trajectory computation. Moreover,
even the supercomputers could not follow a great num-

ber of fragments if interactions are accounted for. In that
case, model reduction strategy must be considered.

Laurence [4] (2007) has developed an analytical method,
based on Sedov [5] Blast Wave Analogy (BWA), in order
to determine the drag and lift coefficients exerting on an
infinite cylinder or a sphere located within the primary
shock region. The analytical results have been compared
to numerical simulations and measurements. A reason-
able agreement has been found for most of locations stud-
ied for the secondary fragments. Therefore, a number
of problems are intrinsic to Sedov BWA. Yet, the BWA
is known to underestimate the shock radius as shown in
Fig. 2. Furthermore, because of the high Mach num-
ber assumption, Sedov-Laurence’s method can be used
in high hypersonic regime only. According to the author,
the blast wave method is in good agreement with numer-
ical results for high speed flows which Mach number is
of the order of 50 and higher, which remains an asymp-
totic case. However, in the case of debris entering the
Earth atmosphere, the maximum re-entry velocity value
is around M∞ ∼ 30. Furthermore, in Sedov-Laurence
approach, the flow is assumed to be a perfect gas, which
is absolutely not representative of the reality of flows en-
countered during the atmospheric re-entry. Finally, the
blast wave methodology is not valid anymore neither in
the wake region located immediately behind the body (for
x/d1 < 1.5, according to Laurence) nor far downstream.

The present work aims at developing a new methodol-
ogy, called semi-analytical methodology, taking into ac-
count the real gas effect at thermochemical equilibrium,
which would be valid in the whole front fragment shock
region, and which would have a short response time in or-
der to quickly compute the debris trajectories. This new
methodology will replace the BWA in the Laurence ap-
proach. Therefore, in this paper, the interactions between
fragments in the hypersonic and supersonic regimes at
perfect and thermochemical equilibrium gas conditions
are investigated and discussed. Then the influence of
fragments interactions on trajectory and debris life time
is studied.

2. METHODOLOGY

2.1. Principles of the semi-analytical method

The present semi-analytical method consists of extrap-
olating, for an other trajectory point, the aerothermo-
dynamics data issued from a numerical reference field
(Psimu, Tsimu, Vx,simu, Vy,simu). The reference field
might be computed by a two dimensional axisymmetric
finite volume method (Fig. 1), for instance.
Knowing the free stream conditions encountered at
each flight point (ρ∞, T∞, V∞), the first object size
(diameter = d1), the relative position of the secondary
fragment with the primary one (x, r) and the numerical
reference field conditions - as first object size, d1,simu,
free stream conditions (P∞,simu, T∞,simu, V∞,simu),



Figure 1. Principle of the semi-analytical method.

aerothermodynamics data for each point (xsimu, rsimu)
of the reference simulation -, then aerothermodynamics
flow data (P , T , Vx, Vy) encountered by the secondary
object can be assessed.

Figure 2. Comparison of analytical shock equations with
numerical computations done with the ONERA code CE-
DRE for a 1 m diameter sphere at M=9.55 for a perfect
gas.

Any change in freestream conditions during the atmo-
spheric re-entry would lead to a modification of the flow
structure. In particular, the increase or decrease of the
upstream Mach number value leads to a compression or
an expansion of the shock wave, respectively. Therefore,
the first step consists of determining where to select the
aerothermodynamics data in the numerical reference flow
field in order to develop a formulation for the transforma-
tion (x, r) → (xsimu, rsimu). In the present paper, it has
been chosen to keep x unchanged (x = xsimu), and to
ensure the conservation of flow rate in the wake.

The shock wave plays a key role in the geometrical trans-
formations used in the present method so that its position

must be predicted analytically the most accurately as pos-
sible. A new relation based on the one obtained by Billig
[12] for the vertex radius curvature has been proposed.
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The coefficient b is a function depending only on the
Mach number. Eq. 1 is applicable for a perfect gas flow
on a large Mach number range from Mach 2 to Mach 9.5.
For a gas at thermochemical equilibrium flow, Eq. 1 is
valid from Mach 9.5 to Mach 30.

Figure 3. Comparison of the shock radius obtained by the
modified shock equation of Billig and numerical results of
ONERA code CEDRE. Different values of Mach number
for a 1 m diameter sphere are considered and the gas is
assumed in thermochemical equilibrium.











Figure 15. Comparison of the wall temperature and total
heat flux on the secondary sphere at the stagnation point
when fragment interactions are considered (solid line) or
not (dashed line), for the following freestream conditions
: V∞ = 7630m/s, H = 72 km.

Figure 16. Comparison of the wall temperature and total
heat flux on the secondary sphere at the stagnation point
when fragment interactions are considered (solid line) or
not (dashed line), for the following freestream conditions
: V∞ = 7400m/s, H = 50 km.

is not protected by the primary one. Inversely, in Fig. 17
the melting temperature is never reached, meaning that
the fragment remains completely protected at the flight
point H = 20 km and V∞ = 2023m/s.
Secondly, the protection conditions of the bow shock
layer depends of the fragment position. In fact, as Fig.
14 and 15 shows, the melting temperature is not reached
everywhere in the shock layer.
From present simulations, the protection conditions of the
bow shock are flight dependent and also fragment posi-
tion dependent.
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