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ABSTRACT

The re-entry process is distinguished by the presence of sev-
eral fragments with intricate geometries resulting from the
demise process, which may lead to complex features in the
re-entry flow. An example of these features is shock impinge-
ment, which leads to highly localized loading of pressure and
heat flux on the bodies’ surface. These loads impact the over-
all dynamics and cannot be captured using state-of-the-art
low-fidelity approaches.A multi-fidelity approach is consid-
ered to reduce the uncertainty in predictions during a mul-
tiple body re-entry. Such an approach allows the usage of
low-fidelity models along with high-fidelity methods such as
Computational Fluid Dynamics or Direct Simulation Monte
Carlo. This research investigates the formulation and use of a
strategy for the automatic selection of the level of fidelity in
the computation of aerothermodynamic loads acting on bod-
ies undergoing destructive atmospheric re-entry. Based on
the Billig formula, which provides an approximation for the
definition of a shock-wave envelope for blunt bodies, a cri-
terion to automatically detect when to transition from low-to-
high/high-to-low fidelity is proposed. In the present work, the
focus will be on the application of a shock-envelope logic to
switch between fidelity methods, exploring the influence of
the shock waves from leading fragments onto the following
fragments.

Index Terms— Re-entry, Multi-fidelity, Fragmentation

1. INTRODUCTION

Space sustainability is at risk due to the increasing number
of man-made satellites. To avoid the cluttering of space and
decrease the risk of in-orbit collisions, they must be disposed
of after reaching their end of life. An effective solution to
this problem is to make the satellites undergo destructive at-
mospheric re-entry, either controlled or uncontrolled, through
which the satellite breaks into several fragments that are re-
quired to be demised. An additional challenge is to guaran-
tee that fragments with impact kinetic energy greater than 15
Joules should have a human casualty risk lower than 104
[1]. Therefore, accurately predicting this destructive process
is an important step to correctly assessing the ground impact
risks of surviving fragments. However, the accurate predic-

tion of re-entering fragments is a demanding and challenging
task in itself, as it entails addressing a complex multi-physics
problem that includes heat transfer calculations, aerodynamic
and aerothermodynamic load computations for different flow
regimes, and structural dynamics and fragmentation analysis.

During re-entry, the bodies will experience various de-
grees of flow rarefaction, which can be reliably simulated us-
ing high-fidelity techniques such as CFD and DSMC when
applied to the suitable regime. However, high-fidelity simu-
lations are computationally demanding, even more with in-
creasingly complex assumptions and increasing number of
fragments through the demise process, making the use of low-
fidelity methods appealing. Several re-entry tools have been
developed to address the multi-disciplinary simulation, in-
cluding SCARAB (ESA/HTG) [2], PAMPERO (CNES) [3]
and MUSIC/FAST (ONERA) [4]. These tools use hypersonic
local panel inclination methods based on the modified Newto-
nian theory for the continuum regime [5] and analytical meth-
ods based on the Schaaf and Chambre flat plate model [6] for
the free-molecular regime. A bridging function connecting
the continuum to the free molecular regime is used to obtain
the necessary loads in the transitional regime [7].

Most of the re-entry tools use solemnly low-fidelity
methods, however these are associated with a high degree
of uncertainty arising from the simplified physical thermo-
structural assumptions and the treatment of the objects’ com-
putational geometry. Furthermore, most currently available
low-fidelity approaches do not account for the influence of
shock-generated flow characteristics and shock impingement
in the dynamics and fragmentation of bodies [8], increasing
simulation uncertainty.

For the reentry simulations, a multi-fidelity based ap-
proach using TITAN multi-disciplinary tool [9, 10] is pro-
posed. The uncertainty in the simulation results is reduced
by using the high-fidelity solvers SU2-NEMO [11] for the
continuum and slip regimes, and the SPARTA[12] (Stochas-
tic PArallel Rarefied-gas Time-accurate Analyser) Direct
Simulation Monte Carlo (DSMC) solver for the transitional
and rarefied regimes. The SU2-NEMO CFD solver is used
with automatic mesh generation and anisotropic mesh adap-
tation to sharply capture the complex flow interactions and
accurately compute their influence on the overall simulation.
Dynamic grid adaptation is also performed when SPARTA is
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referenced, to adjust the grid cell sizes to the current density
distribution.

To perform fast re-entry simulations while ensuring a
satisfactory degree of confidence in the trajectory predic-
tions, a trade-off between high- and low-fidelity models must
be achieved. The selection of a criterion for automatically
switching between low-fidelity and high-fidelity modelling
becomes critical. If too many calls to the high-fidelity model
are performed, the re-entry simulation becomes computation-
ally expensive and time-consuming. On the other hand, a
reduced number of calls may not decrease the simulation un-
certainty adequately. Optimally, the high-fidelity tool should
be utilised only when necessary to address the phenomena
that are not resolved by low-fidelity tools, or to correct the
loads applied in the re-entering objects for flow regimes with
higher degree of uncertainty, increasing the confidence in the
overall simulation process.

The current research is intended towards the develop-
ment and implementation of an automatic switching criteria
to change between low-fidelity and high-fidelity methods
during the re-entry simulation. The proposed switch crite-
ria is focused on increasing the simulation accuracy in the
presence of multiple bodies, through the development of a
shock envelope method derived from the work of Billig [13].
The use of a shock envelope allows to assess the boundaries
of the shocks generated by the fragments which can impact
the neighbour objects dynamics. Ultimately, the developed
approach allows to increase the results accuracy when com-
pared to the strict use low-fidelity models, allowing to refer-
ence high-fidelity tools in key time intervals. Therefore, the
automatic fidelity trigger allows to reduce the number of calls
of the high-fidelity tool and to reduce the uncertainty related
to the formation of flow features derived from shock interac-
tion in the presence of multiple fragments. The methodology
described in this paper can be used for all the flow regimes
encountered during re-entry. However, Billig’s formula does
not account for the level of flow rarefaction [14], requiring the
use of correction factors. For the purpose of demonstration
and validation, only the continuum regime is considered for
the simulations.

This paper is organized as follows: Section II introduces
the TITAN logic for the computation of the aerodynamic and
aerothermodynamic loads, together with the governing equa-
tions and physical models used by the high- and low-fidelity
methods within TITAN. Section III provides an overview of
the formulation used for the generation of the shock enve-
lope. Section IV highlights the methodology implementa-
tion within TITAN, together with the criteria used to switch
between low- and high-fidelity methods. Section V shows
a test-case regarding the reentry of the ATV satellite which
fragments at an altitude of 78 km, showcasing the usability
and usefulness of the methodology described in the previous
sections. In Section VI, the main conclusions and future work
are summarized.

Fidelity management of aerothermodynamic modelling for destructive re-entry

2. MULTI-FIDELITY AEROTHERMODYNAMICS

The present multi-fidelity framework incorporated in TITAN
enables the computation of aerodynamic and aerothermody-
namic loads using fast simplified engineering models and
accurate high-fidelity CFD/DSMC solvers. The low-fidelity
models under consideration allow for the computation of
the aerodynamic and aerothermodynamic quantities at the
various flow regimes encountered by the bodies during the
re-entry process (e.g. rarefied, transitional, slip-flow and con-
tinuum regime) using local panel inclination method based on
the Modified Newtonian Theory. Additionally, the framework
can calculate and use local radius information to improve sur-
face heating prediction.

The high-fidelity simulations are computed using the CFD
solver SU2-NEMO for the continuum regime and DSMC
solver SPARTA [12] for the transitional and free-molecular
regime. The use of CFD solvers require the generation of
a grid capable of sharply capturing the flow features inside
the computational domain. Therefore, before proceeding to
the flow simulation, the tool automatically generates a nu-
merical grid used to simulate the flow around the bodies. To
achieve a grid-converged solution, anisotropic grid adaptation
of the volume mesh and the generation of refined prismatic
boundary layers is done to enable the physical surface heat-
ing accurate computation using the CFD solver. Similarly,
the use of SPARTA DSMC solver requires the generation of
uniform Cartesian grids to perform particle collisions and
sampling of macroscopic properties, with cell sizes that are
less than that of the local mean free path. Dynamical grid
adaptation is automatically set up during the simulation run
to ensure local cell size requirements. The generation and
manipulation of the computational domain for both CFD
and DSMC solvers is performed with resource to third-party
tools, referenced inside the TITAN re-entry simulation frame-
work. The flowchart for both low-fidelity and high-fidelity
aerothermodynamic computation methods is showcased in
Fig. 1.
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Fig. 1: Flowchart of the multi-fidelity aerothermal modelling.

Aerothermodynamic [

Although low-fidelity methods are preferable for re-entry
simulations due to their low computational cost, they use sim-
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plified assumptions. Therefore, they may lead to incorrect
predictions for objects with complex shapes, for flow regimes
associated to high uncertainty (i.e. transitional regime), and
for simulations where the presence of multiple bodies gen-
erate several shock waves that can impact the dynamics and
structural integrity of neighbour objects. In these situations,
the use of high-fidelity methods is advised to adequately re-
solve the flow conditions surrounding the objects. The imple-
mentation of an automatic switch to choose between low- and
high-fidelity methods allows to reach a compromise between
speed and accuracy, while allowing to appropriately resolve
the scenarios that the strict use of low-fidelity models cannot.
Additionally, high-fidelity methods can also be referenced to
validate physical events triggered by low-fidelity models.

The multi-fidelity within TITAN is not limited to the aero-
dynamics and aerothermodynamic computation. In fact, TI-
TAN also utilizes a multi-fidelity approach for the computa-
tion of structural dynamics. This is achieved by the use of the
third-party open-source tools FEniCS[15] and Peridigm[16],
which allow to compute the displacement and stress using
a finite element and peridynamics formulation, respectively.
Within the multi-fidelity approach, FEniCS is used to quickly
compute the objects stress and displacement derived from the
applied aerodynamic loads. If yields stress is reached and
fragmentation is in imminence, Peridigm is then used to ade-
quately verify if the applied loads are sufficient for fragmen-
tation to occur.

2.1. SU2-NEMO

Over the years, the urging requirement to simulate chemically-
reactive multi-species and non-equilibrium flows led to
the development of SU2-NEMO (NonEquilibrium MOdels
solver). The closure of the governing equations for the system
of interest is achieved through the linkage of SU2-NEMO and
the thermochemistry library Mutation++ [17] (Multicompo-
nent Thermodynamic And Transport properties for [ONized
gases in C++). The library contains efficient algorithms for
the computation of the required mixture properties, such as
thermodynamic, transport and chemical kinetic gas properties
for a wide range of temperatures.

The system of governing equations is obtained through
the extension of the Navier-Stokes equations to account for
chemically-reacting, nonequilibrium flows, using the two-
temperature model by Park. The translational and rotational
energy mode are assumed to be at equilibrium with one an-
other. The same approach is used for the vibrational and
electronic energy mode. The system can be described as:

dU :

E+V-F‘(U):V~F"(U)+Q(U), (1)
where U are the conservative variables, Q are the source
terms, F! and FV are the inviscid and viscous fluxes, respec-

tively. The vectors are given by
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in which p is the density, u is the velocity vector, p is the
static pressure, h is the total enthalpy per unit mass of the
mixture, e is the energy per unit mass, 7 is the viscous stress
tensor, q is the conduction heat flux, J is the mass diffusion
flux, w is the net rate of species production, Q) is the source
term of vibrational energy and ng is the number of species in
the mixture. The subscript index s stands for the s chemical
species in the mixture and the superscript t-r and v-e stand for
the translational-rotational and vibrational-electronic modes,
respectively. If the quantity does not have a superscript, it is
related to the full mixture. The term I denotes the identity
matrix.

2.2. SPARTA-DSMC

Direct Simulation Monte Carlo (DSMC) is a particle-based
simulation technique proposed by G.A.Bird [18] for the
stochastic simulation of the Boltzmann equation. It mod-
els dilute gas flows using simulated molecules that represent
a large number of real molecules. The main idea of the
method is to solve the collision term of the Boltzmann equa-
tion using a probabilistic approach to reproduce the statistical
behaviour of real molecules. This is accomplished by de-
coupling deterministic molecule motion from probabilistic
intermolecular collisions over short time intervals. Grid cells
are used to discretise the physical space to select local col-
lision pairs probabilistically and sample the macroscopic
properties using relations from the kinetic theory of gases. As
a consequence, the cell size and the time step must be smaller
than the mean free path and the mean collision time, respec-
tively [19]. Since the number of simulated molecules in a grid
cell vary during the simulation run, macroscopic properties
are obtained by sampling the simulated molecules data over
a large number of time steps after reaching the steady state.
Sandia’s open-source parallel DSMC code SPARTA is
used in TITAN to account for high-fidelity simulations in
the transitional and rarefied regime. SPARTA discretises the
computational domain into a hierarchical, multi-level Carte-
sian grid which is used to track simulated molecules, perform

2nd International Conference on Flight Vehicles, Aerothermodynamics and Re-entry Missions & Engineering (FAR)
19 - 23 June 2022. Heilbronn, Germany 2




collisions and chemistry operations. Dynamic grid adapta-
tion based on the local flow properties can be performed to
improve the simulation accuracy while reducing the computa-
tional cost. The variable-hard-sphere (VHS) or the variable-
soft-sphere (VSS) [18] interaction model is used to model
binary collisions between the molecules while the Larsen-
Borgnakke model is used to model the energy exchange
between internal modes of the molecule. During particle
collisions, gas-phase chemical reactions can be carried out
using Bird’s Total Collision Energy (TCE) [20] or Quantum-
Kinetic (QK) models [21]. The gas-surface interactions (GSI)
are modelled using Maxwell or the Cercignani-Lampis-Lord
model (CLL) [22] that use accommodation coefficients as
inputs.

The multi-fidelity methodology in TITAN can automati-
cally create the input script that can be utilized to run high-
fidelity SPARTA-DSMC simulations for specific flow condi-
tions during the re-entry trajectory. These simulations can be
computationally expensive and should be used optimally. The
current study’s key research contribution is the application of
switching criteria based on Billig’s empirical expression to
predict the shape and position of shock waves. As previously
stated, this expression does not account for rarefaction effects
when predicting diffused shock waves in rarefied hypersonic
flows [23]. It has already been established that rarefaction ef-
fects cause the shock wave’s position to deviate significantly
[14] from that predicted by Billig’s empirical formula. There-
fore, the automatic fidelity switching criteria for rarefied hy-
personic flows is beyond the scope of the current study and
will be investigated in a future study.

2.3. Low-fidelity models

The low-fidelity aerodynamic and aerothermodynamic mod-
els use the local panel inclination methods for hypersonic
flow, enabling a rapid computation of the loads applied to the
multiple fragments during atmospheric re-entry. The aerody-
namics in the continuum regime (K,, < 1073) is estimated
with the Modified Newtonian Theory [5] while for the free-
molecular regime (K,, > 10?) it is computed using the Schaaf
and Chambre [6] model for an inclined flat-plate. The pres-
sure and shear stress contributions from each of the facets are
computed as a function of local flow inclination angle (6).
Additionally, the shear stress contribution in the continuum
regime is considered to be negligible.

For the aerothermal heating estimation in the continuum
regime, several analytical heat transfer correlation models like
Fay-Riddell [24], Kemp-Detra-Riddell [25] and Van Driest
model [26] are employed, enabling the assumption for both
non-catalytic and fully-catalytic wall boudary conditions. For
the rarefied regime, Schaaf and Chambre flat plate theory is
used. A local radius formulation is used to increase the accu-
racy of the aerothermodynamics computation of blunt nosed
and sharp-edged bodies.

Fidelity management of aerothermodynamic modelling for destructive re-entry

In the transitional regime, the aerodynamics is estimated
through the use of generalized aerodynamic bridging func-
tions as described in [9, 10]. For the calculation of the
aerothermodynamic properties in the transitional regime, a
dedicated bridging model similar to the model developed by
Alessandro et al. [27] has been integrated into TITAN, see
Ref. [9, 10]. The integrated bridging function was developed
using different re-entry heating data with distinct local nose
radius to shift from a radius/inclination-based model in the
near-continuum regime to a pure inclination-based model in
the free-molecular regime. The reason being that, in the con-
tinuum regime, the heat flux is computed as a function of the
local radius and panel inclination, while in the free-molecular
regime, the thermal computation is radius independent.

3. SHOCK ENVELOPE

The presence of neighbour objects in supersonic and hyper-
sonic regimes can generate shock waves that have an impact
on the following fragments. An example is shock impinge-
ment, where the shock impinges the surface of following bod-
ies, leading to highly-localized aerothermal loads that impact
the dynamics and the structure of the object, which cannot be
fully resolved using low-fidelity methods. In order to detect if
the presence of multiple bodies in the re-entry simulation give
rise to such flow features that require the use of high-fidelity
tools to be captured, it is necessary to estimate the shock po-
sition generated by the fragments.

There are analytical methods to estimate the shock po-
sition for simple geometries, such as tangent wedge/cone
method and shock expansion theory for attached shocks [28]
and Billig hyperbola formula for detached shocks [13]. How-
ever, for bodies with complex shapes, the vast majority of the
methods developed for shockwave detection require the post-
processing of the solution obtained from CFD/DSMC tools
[29]. For re-entry simulations, the shock position has to be
estimated at every time-iteration, thus the ability of quickly
estimating the shock location without relying on high-fidelity
tools would significantly reduce the computational cost.

Despite the fact that accurate shock estimation is difficult
in the case of intricate geometries, it is possible to compute a
shock envelope with a low computational cost. By definition,
the shock envelope must contain the shock generated by the
object itself. This approach allows to formulate a switch crite-
ria using the relative position of the objects with respect to the
shock envelope of neighbour objects. Thus, when a fragment
is inside a shock envelope, high-fidelity tools are called.

This section proposes the use of Billig’s formula to gen-
erate the shock envelope. An example of a similar approach
was done in the work of Catalano [30], where Billig’s expres-
sion was used to limit the computational domain over a Vega
launcher in supersonic regime. This method assumes that the
detached shockwave generated by a sphere can be written as a
hyperbolic function, asymptotic to the freestream Mach angle
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or, in the case of a cone or wedge, to the attached shock angle
0. The expression formulated by Billig is given as

2¢an2 6 1/2
2= R+A— R.cot?0 (1+T — ) “1| @

RZ

being R the radius of curvature of the geometry at the stag-
nation point, R, the radius of curvature of the shock at the
vertex, A the stand off distance and 6 the asymptotic angle
of the hyperbola. The stand off distance and vertex radius
of curvature are given by the empirical relation proposed in
the work of Ambrosio and Wortman in the continuum regime
[31] and are respectively formulated as

A 3.24
R. 0.54

where M, is the free-stream Mach number. Billig’s formula
is only dependent on the free-stream Mach number and the
radius of the sphere, and does not take into consideration the
level of flow rarefaction, as stated in the research of Nicolas et
al. [14], where the authors have verified that with the increase
in the Knudsen number, the stand off distance given by the
empirical formula further deviates from the experimental re-
sults. Therefore, for this research, the conducted simulations
are performed in the continuum regime.

4. DEVELOPMENT OF A FIDELITY SWITCH FOR
MULTIPLE BODIES SIMULATION

The vast majority of spacecraft-oriented tools are based on
low-fidelity models to conduct the simulation of the re-entry
process. While TITAN enables the use of engineering models,
it is not restricted to engineering methods. The multi-fidelity
framework can also reference high-fidelity tools, according
to the imposed level of compromise between accuracy and
computational power.

An important key event in determining the dynamics of
the objects is during breakup events. TITAN enables for the
specification of a time window duration to run high-fidelity
tools in order to assess the initial dynamics after breakup, for
all the fragmentation scenarios occurring during the re-entry
process. However, the time window strategy does not allow
to assess when fragments cease to be impacted by the shock
generated by neighbour objects.

To account for the relative position of the bodies, an au-
tomatic fidelity switch criteria to choose between low- and
high-fidelity models has been developed and integrated in the
framework of TITAN, using an approach based on Billig’s
shock estimation for a sphere. Billig’s formula enables the
formulation of an analytical equation for the creation of a
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shock envelope, which can be used as a criteria to choose be-
tween the different fidelity methods in a fast and computation-
ally inexpensive way. In order to generate the shock envelope
using Billig’s formulation, a virtual equivalent sphere needs
to be considered. As an additional remark, all the procedures
definitions in the following sections are performed in the wind
frame, i.e. the X-axis of the referential frame is aligned with
the flow.

The location of the sphere center is computed such that
the y- and z-coordinates are equal to the y- and z-coordinates
of the mid-point between the maximum and minimum ver-
tex coordinates of the object analysed. The x-coordinate of
the sphere center is equal to the minimum x-coordinate of the
body. The radius of the sphere is computed such that it cor-
responds to the minimum radius possible to encompass the
object in the YZ view plane, with the sphere center at the al-
ready computed position. Afterwards, the shock envelope can
be computed using the Billig’s formula. An example of this
approach is shown in Fig. 2.

W

Fig. 2: Visualization of the virtual sphere and the equivalent
shock envelope for a cube geometry.

The approach is tested against two cases of a Mach 10
flow, using as geometries a cube and a cylinder, which can
be visualized in Fig. 3 and 4, respectively. The shock enve-
lope generated by the equivalent sphere is able to contain the
shock generated by the object for both cases, thus showcas-
ing the capabilities of using the same formulation for complex
geometries. As it can be observed for Fig. 4b, the proposed
approach is conservative for elongated bodies in the Y- and
Z- direction, while it is closely matching the shock in Fig. 4a,
where the cylinder is elongated in the flow direction. This
difference is due to the approach used to generate the virtual
sphere, which has to include the entire object in the YZ plane
perspective.

Due to the nature of the hyperbolic formula derived by
Billig, it is possible to rewrite Eq. 3 for a sphere with an
arbitrary position in the wind frame. For a body ¢ with an
equivalent sphere with center at (zs,,ys,,2s;), and assuming
the flow direction to be in the positive X-axis direction, the
hyperbolic formula for the shock envelope can be rewritten as

2nd International Conference on Flight Vehicles, Aerothermodynamics and Re-entry Missions & Engineering (FAR)
19 - 23 June 2022. Heilbronn, Germany 4



0.0e+00

(a) Cube with 0° inclination. (b) Cube with 45° inclination.

Fig. 3: Shock envelope for cubic geometry at Mach 10

(b) Cylinder with revolution axis normal to the flow direc-
tion.

(c) Cylinder with revolution axis normal to the flow direc-
tion.

Fig. 4: Shock envelope for cylindrical geometry at Mach 10
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where 7 is defined as

r= /1?2 + 22. @)

Rearranging equation 8, the inner side of the hyperbola,
which defines the shock envelope, can be defined as

_ 2 2\ 1/2
<1+ (r —rs,)? tan 0) _1]

R, cot? 6 R

> —(R.+A4). ®)

For a given body j, with ¢ # j, the coordinates of the
k¢n vertex of the body are given as (x;, ,y;,,2,)- 1f any of
the vertexes is inside the hyperbola, CFD tools are used to
compute the aerothermal loads. Otherwise, if all the vertex
are outside the hyperbola, low-fidelity methods are used. In
other words, high-fidelity methods are used if a single vertex
complies with the following criteria:

c

i —rs)? tan2 0\ /2
(xjk _xSi)_RcCOtZQ |:<1+W> _1:|
> _(R.+A), fork=0,1,..,N. )

An illustrative example of the proposed methodology for the
fidelity switch criteria is presented in Fig. 5, where the ver-
texes inside the envelope are flagged. Therefore, in this ex-
ample, if any of the fore-sphere vertexes are inside the shock
envelope generated by the leading sphere, high-fidelity tools
are used for the computation of the surface loads. The con-
sidered approach not only allows to account for objects leav-
ing the shock envelope, but also for fragments re-entering it,
thus eventual interaction with the shock generated by a lead-
ing fragment can be expected.

o
®

Fig. 5: Representation of the sphere positioning in relation to
the shock envelope.

Some fragments may not able to leave the shock generated
by the leading object, thus not leaving the shock envelope.
From the methodology described so far, this would imply that
the high-fidelity tools would be referenced at every time iter-
ation, leading to high computational costs. To prevent this, it
is important to enclose the shock envelope longitudinally, but
the selection for the enclosing criteria is complex and subject
to future research. For this work, only the envelope criteria
generated by Billig’s formula is considered.
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5. ATV SATELLITE RE-ENTRY

In order to demonstrate the multi-fidelity capabilities of TI-
TAN with the automatic fidelity switch presented in this work
and assess its impact on the dynamics of the fragments, a
conceptual ATV re-entry test-case without thermal ablation
was conducted. A previously conducted work [9] has already
demonstrated the existence of discrepancies between high-
fidelity and low-fidelity methods instants after the fragmenta-
tion of the joints connecting the main body and the solar pan-
els due to shock influence. The initial trajectory conditions
and fragmentation trigger used in this simulation are sum-
marised in Table 1 and the initial simplified ATV geometry
before the breakup is shown in Fig. 6.

Table 1: Initial trajectory conditions and geometry details.

Parameter Value
Altitude [km] 120

Velocity [km/s] 7.57

Flight path angle [°] -1.45

Initial pitch angle velocity [°/s] 10
Fragmentation trigger altitude [km] 78

Number of facets [x 103] 40
Time step [s] 0.25

Fig. 6: Geometry configuration of the conceptual ATV geom-
etry.

Up until the moment of fragmentation at 78 km, TITAN
uses low-fidelity models to compute the surface loads. The
ATV trajectory up until fragmentation can be visualized in
Fig. 7

At the moment of fragmentation (! = 171.95s), the ob-
jects are re-entering at Mach 26, leading to the formation of
shock-waves. Using the methodology described in Sec. 4, it
is possible to estimate if the fragments are subjected to the
influence of the shock generated by leading objects, requir-
ing the use of high fidelity methods for accurate predictions
of surface loads. The forces and moments applied to the frag-
ments were computed for a time interval of At = 2.0s using a
time-step of dt = 0.05s for both low- and high-fidelity meth-
ods to compare the differences.
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Fig. 7: ATV trajectory profile before breakup.

The results shown in Fig. 8 illustrate the forces and mo-
ments experienced by a single solar panel. The plots show
results for both low and high-fidelity models. The blue back-
ground indicates the time interval where the fragment is in-
side a shock envelope generated by the main body or leading
panels, thus requiring the use of high-fidelity tools, and the
yellow background indicates the time interval where the frag-
ment is not interacting with any shock envelope, thus low-
fidelity models can be used. As it can be verified, the differ-
ence in the methods is more pronounced when the fragment is
inside the shock envelope due to the influence of the leading
body. As the fragment leaves the shock envelope, the forces
and moments computed using both methods become com-
parable as there is no further interaction with shock waves.
Therefore, after exiting the envelope, low-fidelity methods are
enough to capture the object’s dynamics adequately.
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Fig. 8: Solar panel forces and moments comparison.
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Three different scenarios were sequentially identified in
Fig. 8 by a black dashed line. After fragmentation of the
joints, due to the proximity of the solar panels and the main
body, high-fidelity methods are required to fully capture the
loads applied in the fragments, as visualized in Fig. 9. Af-
terwards, the tracked solar panel leaves the shock influence
of the remaining fragments. At this stage, TITAN is able to
separate the fragments whose dynamics can be captured us-
ing Modified Newtonian from the fragments that require the
generation of a numerical grid to run a CFD/DSMC simula-
tion. The fragment selection process enables to reduce the
number of objects in the high-fidelity simulation, thus min-
imizing the computational cost. This scenario, illustrated in
Fig. 10, is similar to the one represented by the yellow back-
ground, where the forces and moments using both low and
high fidelity are in good agreement. Lastly, a scenario was
observed where different clusters of fragments were not in-
teracting with other clusters, but the shock influence was no-
ticeable inside both clusters, requiring the use of high-fidelity
models. TITAN can separate the fragments that are interact-
ing with each other into separate clusters according to the gen-
erated shock envelope . Therefore, the shock-waves generated
from the fragments associated to a cluster do not interact with
other clusters, as it can be verified in Fig. 11, TITAN is able to
run separate high-fidelity simulations, reducing the time and
complexity of the flow computation. The panel used for the
comparison in Fig. 8 is circled in red.

Mach
2.6e+01

0.0e+00

Fig. 9: Full CFD simulation at ¢ = 172.4s using one cluster.

The proposed conservative method ensures that the ob-
jects outside the shock envelope hyperbola do not interact
with leading shocks. Therefore, it is expected for the forces
and moments computed by both CFD and Modified Newto-
nian method to be similar. The use of an analytical function
to assess the position of the objects with respect to the gen-
erated shock envelops allows to quickly assess the level of
fidelity required to adequately compute the applied loads at
the given instant of time.

Fidelity management of aerothermodynamic modelling for destructive re-entry

Mach
2.6e+01

0.0e+00

Fig. 10: Fidelity separation at ¢ = 172.8s.
model is used for the circled solar panel

Low-fidelity

Mach
2.6e+01

24
22
20
18
16

Fig. 11: Mach iso-surface for different clusters at t = 173.3s.

6. CONCLUSIONS

The current study aims to investigate an automatic fidelity
switching criteria based on the creation of a shock envelope.
Billig’s empirical shock relation for a sphere is used to gen-
erate equivalent shock envelopes for various primitive objects
to aid the development of a fidelity switch for multiple bodies
simulation. The proposed methodology enables to automat-
ically switch between the low-fidelity local-panel inclination
methods and the high-fidelity Computational Fluid Dynam-
ics (CFD) or Direct Simulation Monte Carlo (DSMC) tech-
niques, such that the complex flow features resulting from
the proximity of the bodies are adequately resolved to in-
crease the confidence in the simulations. A conceptual re-
entry test case scenario involving the Automated Transfer Ve-
hicle (ATV) geometry is used to simulate the moments after
the solar panels fragment from the main body of the ATV. A
shock envelope criteria is used to assess the level of fidelity
required at each time iteration and for each object analysed.
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