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This paper proposes a multi-fidelity approach to the modelling and simulation of destructive
atmospheric re-entry of human-made space objects. The presence of fragments, generated
during the demise process, and the complex geometries of the objects determine the formation
of complex flow features that need to be accurately resolved to limit the uncertainty on the
ground impact risk. Critical to the determination of the dynamics of the fragments is the
ability to correctly predict aerothermodynamic loads. The paper proposes an approach to
the integration of expensive high-fidelity Computational Fluid Dynamics (CFD) solvers with
fast low-fidelity methods for aerothermodynamics load calculation, that achieves a favourable
trade-off between cost and accuracy. This multi-fidelity aerothermal approach is coupled with a
6-dof dynamic model to determine the motion of the fragments. For the high-fidelity modelling,
a quasi-steady approach is used to determine the dynamics of the fragments in the instant
following the breakup. The approach is validated with experimental data. Finally, a test case
is presented to demonstrate the effectiveness of the proposed multi-fidelity at reducing the
uncertainty in destructive re-entry predictions.

I. Introduction

The increasing number of objects orbiting the Earth has created a problem of sustainability of the use of space. The
current solution to dispose of space objects in Low Earth Orbit, and reduce the proliferation of space debris, is to

make them undergo atmospheric re-entry, either controlled or uncontrolled. Atmospheric re-entry introduces a further
challenge as the object is expected to demise in the atmosphere and its demise should not produce fragments with a
casualty risk higher than 1𝑒−4. The accurate prediction of the outcome of the destructive process is, therefore, imperative.
However, accurately simulating the destruction and fragmentation mechanisms during re-entry is a challenging task that
requires solving complex multi-physics problems.

High-fidelity simulations can be performed during the most crucial parts of the re-entry trajectory to better understand
the various destructive mechanisms. However, high-fidelity simulations are computationally demanding, even more with
the increase of the complexity of the shape and composition of the objects, number of objects and number of scenarios
to be analysed. Thus, the use of low-fidelity methods becomes a necessary solution to produce cost-effective analyses.
The major drawback of low-fidelity methods is the high degree of uncertainty resulting from a very conservative
use of simplified analytical formulations to determine aerodynamic and aerothermodynamic quantities. In order to
overcome this limitation, this paper proposes a multi-fidelity strategy which enables an effective combination of low-
and high-fidelity methods to predict surface loads. The selection of the level of fidelity is automatically performed
through the use of a fidelity switch that calls a high-fidelity simulation only when required. This approach allows
for a reduction of the uncertainty in dynamics and trajectory profile and an improved prediction of the loads while
maintaining a low computational cost. This multi-fidelity approach is implemented in the in-house, Python-based, tool
named TITAN (TransatmospherIc flighT simulAtioN),

TITAN couples the high-fidelity aerothermal calculations performed by SU2-NEMO with the low-fidelity modules
derived from the the code FOSTRAD (Free Open Source Tool for Re-entry of Asteroids and Debris) [1, 2]. The
calculations performed with SU2-NEMO account for the high-temperature effects in the hypersonic regime during
re-entry by using the two-temperature model by Park [3]. The parameters required to close the governing equations are
computed with the thermochemistry library Mutation++ [4], providing a robust and efficient algorithm to compute the
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thermodynamics, kinetic and transport properties of custom mixtures and mechanisms of reactions. An adaptive mesh
refinement tool is used to properly capture flow features, which may have a significant impact on the surface quantities.

The paper is structured as follows. After presenting the general structure of TITAN, the paper introduces the
methodology and basic formulations underneath both low and high fidelity aerothermal computations integrated in
TITAN. A section follows with a number of numerical experiments and a demonstration on the re-entry of an ATV-like
cargo.

II. Transatmospheric flight simulation
TITAN was developed starting from the libraries and concept underneath FOSTRAD to efficiently integrate low and

high-fidelity re-entry and demise simulations. The development of TITAN follows a modular approach with dedicated
modules for geometry and meshing (SMART-gmi), atmosphere models, aerodynamics and aerothermodynamics, flight
dynamics (SMART-flydyn), material database, thermal response, fragmentation, and ground risk (under-development).
These modules can be independently developed by adding multi-fidelity aspects to the workflow and increasing their
overall accuracy in the prediction of demise and fragmentation process during atmospheric re-entry of uncontrolled
objects. The high-level workflow of the recently developed tool is showcased in Fig. 1.

Fig. 1 High-level workflow of TITAN.

As a first step, the TITAN tool proceeds to generate the surface mesh of the bodies considered for the re-entry
simulation by importing the user-generated STL files. The use of STL files allow the possibility to simulate any given
complex geometry and are divided into two groups for representation: primitive bodies (can not be fragmented) and
joint bodies (can be fragmented). It is important to note that primitive bodies in this context do not mean objects that are
made using basic shapes as we are using STL files for importing objects. The connection between joint-primitive bodies
or primitive-primitive bodies is provided by the user and it allows to dynamically change the number of objects during
the simulation when a fragmentation event is triggered. Multiple object STL files can be specified to represent a complex
body. The geometry and mesh module then assembles the multiple STL object files to check for common surfaces and
deletes common surface mesh elements (triangular facets) from further calculations as they will be inside the overall
assembled body. Surface element properties (area, normal vector, local radius) for the triangular facets and assembled
body properties (mass, center of mass, inertia) are then computed in support of re-entry trajectory simulations.

After assessing the assembly of bodies and grid properties, the tool proceeds to compute the visibility detection of
surface elements based on the free-stream flow direction and orientation of the body. Average free-stream properties
of the atmosphere are obtained from the US-1976 [5] or the NRLMSISE00 [6] atmospheric database, which contain
the information regarding species density and temperature as a function of the altitude. The aerodynamic and
aerothermodynamic loads are then computed on the visible wet facets for various flow regimes encountered during the
atmospheric re-entry. TITAN has the capability to choose between using low-fidelity aerothermal modelling that is
based on local panel inclination methods or calling for a high-fidelity CFD solver to obtain the flow characteristics. A
more detailed explanation is provided in section III.

A lumped mass approach is considered to model the thermal response of materials with the estimated heat flux and
obtain a wall temperature for the individual objects in the assembly. If the computed surface temperature exceeds the
melting temperature the surface of the material is assumed to melt. Then the surface temperature remains constant and
the convective heat will be transferred in latent of melting. It is assumed that when the material melts, the object retains
its structure and that the geometry remains unchanged until some form of fragmentation occurs. An altitude based
fragmentation model is implemented for the preliminary use of the tool. When fragmentation altitude is reached, the
joints are considered to be fragmented and the tool reassesses the geometry of the fragmented objects by computing
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the new inertia and mass properties, together with the new position of the center of mass for each object. The flight
dynamics during the re-entry process are computed using a 6DOF trajectory propagator and the trajectories of the
objects are followed throughout the re-entry process.

III. Multi-fidelity aerothermal computation
The dynamics of bodies due to shock impingement on the surface or shock-shock interactions can have a significant

impact on or during the fragmentation process of objects during an atmospheric re-entry. Specifically, the presence of
such complex flow features can result in an increased pressure and thermal loads which may drive the fragmentation
process and have an influence on the thermal decomposition of objects due to destruction by melting. These flow features
can only be obtained by performing high-fidelity CFD simulations and can not be approximated using low-fidelity
aerodynamic and aerothermodynamic analytical estimations. However, simulating an entire re-entry process using
high-fidelity methods is unfeasible due to the impractical computational costs and simulation time. Thus, there is a
need for a multi-fidelity approach that captures the important detail required to increase the accuracy of the overall
fragmentation process while decreasing the overall simulation time during an atmospheric re-entry.

The choice of a criteria to switch between low-fidelity and high-fidelity modelling is a crucial aspect. If too many
switches to the high-fidelity model are performed, the re-entry simulation becomes more computationally expensive and
time-consuming. On the other hand, if too few switches are made, the simulation uncertainty may not be adequately
reduced and we fail to capture the adequate flow features. The multi-fidelity coupling will allow the re-entry simulation
to reliably take into account the influence of the shock-generated flow features and shock impingement in the dynamics
and fragmentation process of objects, while keeping the computational power required as low as possible.

TITAN multi-fidelity approach is illustrated in Fig. 2. If the fidelity switch decides to go for the low-fidelity
approach, TITAN assesses which geometry facets are exposed to the flow through the use of a backface culling algorithm,
then proceeding to the calculation of the aerodynamic and aerothermodynamic surface quantities, as explained in
Section III.A. However, if the switch opts to use the high-fidelity approach, TITAN proceeds to automatically generate a
computational grid with resource to external tools. Afterwards, a CFD solver is called, and the grid is adapted until a
grid converged solution is achieved.

Fig. 2 Flowchart of the multi-fidelity aerothermal approach.

A. Low-fidelity aerothermodynamics
The low-fidelity aerodynamics and aerothermodynamics in TITAN are modelling using the local panel inclination

methods to enable the modelling of any arbitrary geometry using small triangular facets (STL files). This enables a
rapid computation of the aerodynamics and aerothermodynamic properties of objects during atmospheric re-entry. The
pressure and shear stress contribution from each of the facets are computed as a function of local flow inclination angle
(𝜃). The resultant force components are computed via the integrals of pressure and shear stress distributions over the
surface of the object.

3

Multi-fidelity approach for aerodynamic modelling and simulation of uncontrolled atmospheric destructive entry



A re-entering object experiences different flow regimes, all the way from free-molecular, to transitional and
continuum regimes. The aerodynamic contribution of each panel (facet) in the free molecular regime is evaluated using
the analytical model of Schaaf and Chambre’s for pressure (𝐶𝑝) and shear (𝐶𝜏) coefficients as described in Eq. 1 and
Eq. 2.
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Where, 𝜎𝑁 and 𝜎𝑡 are normal and tangential momentum accommodation coefficients. 𝑇∞ is free stream temperature,
𝑇𝑤 is the wall temperature, 𝑠 is the molecular speed ratio given by Eq. 3, and 𝑉∞ is the free stream velocity.

The heat transfer in the free molecular regime is given as a function of the local flow inclination angle in Eq. 4.
Where, 𝛼 is the energy accommodation coefficient and 𝛾 is the specific heat ratio.
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The aerodynamic contribution in the continuum regime is computed using modified Newtonian theory as given
by Eq. 5. 𝐶𝑝 is the local pressure coefficient and 𝐶𝑝𝑚𝑎𝑥

is the stagnation point pressure coefficient. The shear stress
contribution in the continuum regime is assumed to be zero. The aerothermodynamic contribution in the continuum
regime is obtained by using Van Driest model [7]. Van Driest model estimates sensibly lower heat flux, due to the
non-catalytic wall condition, and this model represents the lower boundary. Stagnation point heat transfer for this model
is given by Eq. 6, where ℎ𝑠 , ℎ𝑤 are the enthalpy at the stagnation point and the wall, 𝜌𝑠 is the density at the stagnation
point. (𝑑𝑢𝑒/𝑑𝑥) is the velocity gradient and is given by Eq. 7, where 𝑟𝑁 is the effective nose radius. The heat transfer
as a function of the local inclination angle, 𝜃, is computed using Eq. 8.

The aerodynamic and aerothermodynamic coefficients in the transition regime are calculated with a local bridging
methodology as defined in Ref. [1, 8].
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𝑄(𝜃) = 𝑄𝑠 (0.1 + 0.9 cos 𝜃) (8)
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B. High-fidelity aerothermodynamics: SU2-NEMO
The open-source SU2 software∗ suite [9] was developed for the analysis of partial differential equations (PDEs)

and PDE-constrained systems. The software was written in C++ and Python and promotes code re-usability and
flexibility by allowing the construction of high-level object-oriented structures that can be easily integrated with the
main code to effortlessly implement new state-of-the-art features. 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 solver uses the classic finite-volume edge-based formulation for the numerical discretization.
The computation of the high-fidelity aerodynamics and aerothermodynamic loads is performed through the use of
SU2-NEMO.

The closure of the governing equations for the system of interest is achieved through the linkage of SU2-NEMO and
the thermochemistry library Mutation++† [4] (Multicomponent Thermodynamic And Transport properties for IONized
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 [10], using the two-temperature model by Park. The translational and
rotational energy mode are assumed to be at equilibrium one another. The same approach is used for the vibrational and
electronic energy mode. The system can be described as:

dU
d𝑡

+ ∇ · Fi (U) = ∇ · Fv (U) + Q(U), (9)

where U are the conservative variables, Q are the source terms, Fi and Fv are the inviscid and viscous fluxes, respectively.
The vectors are given by
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in which 𝜌 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, 𝜏 is the viscous stress tensor, q is the conduction heat flux, J is the mass diffusion
flux, ¤𝜔 is the net rate of species production, ¤Ω is the source term of vibrational energy and 𝑛s is the number of species in
the mixture. The subscript index 𝑠 stands for the 𝑠𝑡ℎ 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.

To simplify the physical modelling of the chemical species, it is assumed that they behave as an ideal gas, and the
total pressure of the mixture is defined by Dalton’s Law. The internal energies for each mode are defined through the
use of the Rigid-Rotor Harmonic Oscillator (RRHO) model as

𝑒t
𝑠 (𝑇tr) =

3
2
𝑅u
𝑀𝑠

𝑇tr, (11)

𝑒r
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0, for atoms,
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∗https://github.com/su2code/SU2
†https://github.com/mutationpp/Mutationpp
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where 𝑒𝑡𝑠 , 𝑒𝑟𝑠 , 𝑒𝑣𝑠 and 𝑒𝑒𝑠 are the translational, rotational, vibrational and electronic energy, respectively. The parameter
𝜃v
𝑣,𝑠 is the characteristic vibrational temperature of species 𝑠 and vibrational mode 𝑣, 𝑔𝑖,𝑠 and 𝜃e

𝑖,𝑠
are the degeneracy

and characteristic electronic temperature, respectively, at energy level 𝑖 for species 𝑠. The total specific internal energy
is given by the sum of the specific energy of each mode and the energy of formation.

Mass changes due to chemical reactions are accounted in the mass conservation equation for each species through
the insertion of a chemical source term ¤𝜔𝑠 and the vibrational energy source term ¤Ω is given as the sum of the
vibrational-to-translational energy transfer and energy exchanges as a result of chemical activity.

The mass diffusion flux of each species ®𝐽𝑠 is described by Fick’s Law of diffusion:

®𝐽𝑠 = 𝜌𝐷𝑠
®∇(𝑐𝑠) (15)

where 𝑐𝑠 is the species mass fraction and 𝐷𝑠 is the species multicomponent diffusion coefficient. The conduction heat
flux for each thermal energy mode ®𝑞𝑘 is assumed to be given by Fourier’s Law of heat conduction:

®𝑞𝑘 = 𝜆𝑘
®∇(𝑇𝑘) (16)

where 𝑇𝑘 is the temperature and 𝜆𝑘 is the thermal conductivity coefficient of the 𝑘th energy mode.
The ability to simulate slip regimes was recently implemented in SU2-NEMO. The new models allow to simulate

moderate rarefied regimes, where the continuum Navier-Stokes equations still hold with the exception of the boundary
layer zone. Near the wall, there are insufficient molecular collisions and the velocity and temperature of the gas will not
match the velocity and temperature of the surface. The slip conditions are accounted for through the Maxwell velocity
slip [11] and Smoluchowski temperature jump [12] equations, given as

𝑈𝑠 =
2 − 𝜎

𝜎
𝜆
𝜕𝑈

𝜕𝑛
+ 3

4
𝜇

𝜌𝑇

𝜕𝑇
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, and (17)

𝑇 − 𝑇𝑤 =
2 − 𝛼

𝛼
𝜆

2𝛾
(𝛾 + 1)𝑃𝑟

𝜕𝑇

𝜕𝑛
(18)

respectively. The Tangential Momentum Accommodation Coefficient (TMAC) 𝜎 and Thermal Accomodation Coefficient
(TAC) 𝛼 value account for the physical characteristics of the surface itself. The parameter 𝜇 is the flow viscosity, 𝜌 is
the mixture density, 𝑃𝑟 is the Prandtl number, 𝑇 is the temperature of the gas, 𝑇𝑤 is the temperature of the surface and 𝜆

is the mean free path. With the implementation of Maxwell [11] and Smoluchowski [12] equations, SU2-NEMO is
capable of performing simulations when the Knudsen number is below 0.1.

IV. Validation and Demonstration

A. Quasi-steady analysis of spherical bodies dynamic separation.
The use of a quasi-steady approach in the high-fidelity aerothermal model of TITAN assumes a steady flow at

each time-step to compute the integrated loads applied at the bodies surface and the bodies dynamics for the given
interval of time. Therefore, at each time-step, the grid has to be regenerated to accommodate the new position of the
objects. In order to validate this approach to be used for the instants after attachment breaking or joints fragmentation,
the simulation of dynamical separation of two spheres of different sizes in a Mach-4 flow is conducted and compared
with the experimental results of Laurence et al. work [13]. The geometrical properties and spheres density used in this
simulation, together with the free-stream conditions are illustrated in table 1.

The initial configuration at t’ = 0, where t’ is a non-dimensional time computed as 𝑡 ′ =
√︃

𝜌∞
𝜌𝑠
𝑡
𝑉∞
𝑟1

has an alignment
angle between the sphere centres of -0.1° counterclockwise. A variable time-step was employed in order to limit the
translation of the small secondary sphere with respect to the flow direction. Thus, at each time iteration, the secondary
sphere was limited to move 3 millimeters. Additionally, three levels of anisotropic grid adaptation were automatically
performed by TITAN at each time step, The last level of grid adaptation for different time intervals can be seen in Fig 3.
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Table 1 Numerical simulation parameters.

𝑟1 [mm] 𝑟2 [mm] 𝜌𝑠 [kg/m3] 𝑀∞ 𝑝∞ [Pa] 𝜌∞ [kg/m3]

25.4 12.7 1132 4 1400 0.07

The purpose of using an adaptation tool in the loop is to obtain grid converged solutions and to sharply capture the
directional flow features to accurately predict the loads impact of the shock impingement on the secondary sphere in the
body dynamics.

Fig. 3 Visualization of the final adapted grid at different time intervals.

A comparison between the experimental and numerical schlieren is illustrated in Fig. 4 for t’ = 0 and t’ = 1.66,
respectively, where the black circles represent the experimental spheres and the red and green contours are the numerical
spheres position and shock-wave, respectively. The non-dimensional time is used for both numerical and experimental
simulations in order to avoid time deviations between both simulations. At t’ = 0, the spheres are released in the
numerical simulation. However, regarding the experiment, the instant of release in not precise due to the duration of the
flow start-up, as specified by Laurence. Nevertheless, TITAN is able to correctly predict the position of the secondary
sphere at a time of t’ = 1.66, as it can be seen in the right sub-figure of Fig. 4.

In Fig. 5 a comparison of force coefficients between the numerical simulation and experiment for both primary
and secondary spheres is analysed. Between t’ = 0 and t’ = 1.5 the force coefficients present a large discrepancy when
compared to the experimental data due to the flow start-up period at the experimental facility. After this period (t’ ≥
1.5), the numerical predictions show a good agreement with the available data for the given time-window.

These results suggest that our approach is a good alternative to the use of unsteady simulations with immersed
boundary methods as a way to accurately predict the dynamics of multiple bodies simulation.
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Fig. 4 Schlieren results comparison for t’ = 0 (left) and t’ = 1.66 (right).

Fig. 5 Drag coefficient (left) and Lift coefficient (right).

B. Demonstration on a conceptual case: ATV-cargo inspired re-entry
In order to demonstrate the multi-fidelity capabilities of TITAN and assess its impact on the dynamics of the bodies

after fragmentation, a conceptual ATV re-entry test-case without thermal ablation was conducted for a fully low-fidelity
and a multi-fidelity simulation. The fidelity switch in TITAN is set to use high-fidelity models during the instants after
fragmentation, set to occur at an altitude of 78 km. The conditions used in this simulation are summarised in Table 2
and the initial simplified ATV geometry before breakup is shown in Fig. 6.

Table 2 Initial trajectory condi-
tions and geometry details.

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 [x103] 160

Fig. 6 Geometry configuration of the conceptual ATV geometry.
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TITAN uses low-fidelity models to compute the surface loads up until breakup altitude. Afterwards, the impact of
using low-fidelity and high-fidelity models in the objects dynamics at the instants after fragmentation is assessed in Fig.
7, where the first and third rows show the high-fidelity contours and bodies dynamics and second and forth rows show
the low-fidelity results. Each snapshot was taken 30 milliseconds apart.

For the low-fidelity snapshots, the panels are not affected by the shock incidence and therefore the changes in
dynamics are smoother. However, analysing the high-fidelity snapshots, it is clear that the ATV attitude with respect to
the free-stream flow direction leads to the presence of shock impingement at the surface of the top panels, which has a
major influence on the dynamic of the bodies. Contrarily, the shock generated by the ATV main body does not affect the
bottom panels. For this reason, during the computed time window, the dynamics of the bottom panels are similar for
both low- and multi-fidelity approach. The same conclusion can be done by analysing the evolution of roll, pitch and
yaw angles in Fig. 8. The black and blue lines represent the top panels, which show the largest difference due to the
shock impingement at breakup and the green and red lines the bottom panels, which present the smallest difference.

The results presented in this section highlight the importance of using a high-fidelity approach to correctly predict
the surface loads at key moments of the re-entry simulation, exemplified in this section as the instant that fragmentation
occurs. The use of high-fidelity models for this particular time-window allowed to assess the correct dynamics of
the panels due to shock impingement that is not accounted in low-fidelity methods, thus decreasing the simulation
uncertainty.

V. Conclusions and Future Work
The accurate prediction of a destructive re-entry requires the simulation of an unsteady high-speed multi-disciplinary

problem. Most of the state-of-the-art tools used to simulate re-entry employ low-fidelity methods to compute the
aerothermal loads and structural stress, which can lead to highly inaccurate results due to not accounting for the presence
of shock shock interaction and shock impingement, which affects the demise process and bodies dynamics. Simulation
accuracy can be increased through the use of high-fidelity tools but these are computationally demanding, and therefore,
not suitable for re-entry simulation. For this purpose, the TITAN tool was developed, allowing a multi-fidelity approach
during reentry simulation in order to achieve a compromise between accuracy and costs.

The impact and validation of the quasi-steady approach used in the high-fidelity methods for the dynamics prediction
is presented for a spherical bodies dynamic separation case at supersonic flow. Using this approach, TITAN regenerates
the grid and assumes a steady flow at each time-step. Results showcase the ability of this method to accurately compute
the dynamics of the bodies in the following instants after the breakup process. Additionally, a demonstration ATV case
is also presented in this work, highlighting the impact of using TITAN multi-fidelity approach for the instants after
fragmentation, where the shock impingement on the bodies affect the overall dynamics.

The future works include the coupling of Sandia laboratory’s SPARTA (Stochastic PArallel Rarefied-gas Time-
accurate Analyzer) Direct Simulation Monte Carlo solver with the TITAN tool to enable high-fidelity rarefied gas flow
simulations, Coupling with the ESA’s ESTIMATE repository to enable the use of a library of spacecraft grade materials
and their properties as a variation of temperature, and the implementation of an analytical collision model to enable the
contact of fragmented objects during the re-entry trajectory.
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Fig. 7 High- (black background) and low-fidelity (white background) ATV snapshots at t = 0, 30, 60, 90, 120,
150 ms after breakup. 10
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Fig. 8 Evolution of roll (top left), pitch (top right) and yaw (bottom) angles of the ATV panels after the breakup
instant.
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