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ABSTRACT 

The present contribution focuses on the means, in term 
of software, and expertise on modelling, related to re-
entry flows available at ISA. Using the in-house 
software a large number of phenomena related to re-
entry can be numerically investigated. Moreover, a 
significant experience is already available in several 
areas: trajectories, transition to turbulence, blackout, 
CFD, radiation, and ablation. 

 
1. INTRODUCTION 

The purpose of this contribution is to present the tools 
and the experience on re-entry aerothermodynamics 
available at Ingénierie et Systèmes Avancés (ISA). The 
majority of the in-house tools are available through a 
cooperation with Fluid Gravity Engineering.  The 
results show here, on different problems related to re-
entry: ablation, blackout, CFD, radiation, trajectory 
analysis and transition to turbulence gather some 
elements of different studies performed at ESA-ESTEC 
in re-entry on several projects and programmes such as 
ATV, AURORA, EURORETURN, IRDT, PARES, 
JEP, EXOMARS, HUYGENS, INTERMARSNET and 
SCIROCCO. Some of these activities have actually a 
continuity at ISA with some on-going works performed 
in the domains of ablation and blackout. 
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Figure 1: Trajectories of IRDT re-entry predicted by 
Babakin Space Center (BSC) and ESTEC. 

 
2. TRAJECTORY ANALYSIS 

Several tools are available for the trajectory analysis: 
TRAJ3D [1], TRAJ6D [2] and CREAM [3]. The first 
one is a three degree of freedom trajectory code used for 
the parametric studies of planetary entries. Different 
planet atmospheres (Earth, Titan, Mars) are integrated, 
there is a possibility of parachute opening, the entry can 
be ballistic or not (a lift can be taken into account, and 
the rarefied effects are accounted for. This tool 
computes also the stagnation heat-flux using 
correlations and a first assessment of ablation recession 
can be performed. TRAJ6D is a six degree of freedom 
trajectory code computing the complete dynamic motion 
of a body in a planetary gravity field with or without an 
atmosphere (wind models are incorporated). A Monte 
Carlo capability and specific guidance algorithms are 
incorporated. The last tool, CREAM [3] is a recent 
coupled method for reentry based on the coupling 
between a boundary layer code RKHMP [4], TRAJ6D 
and a viewer. 
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Figure 2: G-load distributions along IRDT trajectory 
predicted by BSC and ESTEC. 

The trajectory codes have been extensively used at 
ESTEC in the frame of several projects. Among them 
we can cite IRDT for the mission analysis [5], the 
preparation of post flight and the post flight analysis 
[6]. For the mission analysis the results obtained with 
TRAJ3D have been compared with those of the 
Babakin Space Center (BSC) [7]. Both predictions of 



 

ESTEC and BSC are displayed in Figures 1 and 2 for 
the distributions of altitude and g-load along the 
trajectory respectively. There is generally a good 
agreement with some slight difference (around 8%) for 
the maximum of g-load that might be due to a different 
atmosphere model used by BSC. The same tools have 
also been used for the prediction of the destructive re-
entry of ATV [8] and to rebuild the re-entry trajectory 
of PARES [9]. 
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Figure 3: Evolution of the transition criterion, Reθ, 

during PARES entry. The horizontal line is the 
transition threshold and S the curvilinear coordinate. 

 
3. TRANSITION TO TURBULENCE 

For preliminary studies, the occurrence of transition to 
turbulence is assessed along the trajectory using 
engineering correlations integrated in the trajectory 
codes. An extensive review of the different existing 
correlations has been performed in the early eighties 
[10] and comparisons with both wind-tunnels and flight 
experiments performed. Recently [11], a survey of these 
different criteria has been performed in order to assess 
their applicability for the entry of blunt bodies. The 
conclusion of the survey was to use Reθ (where is the θ 
boundary layer thickness) to assess the transition over a 
smooth surface.  For blunt entry vehicles, the value of 
Reθ for transition determination found in the literature 
varies between 140 and 250. This value of 140 has been 
selected for the assessment of transition along PARES 
trajectory. The values of Reθ for two locations of the 
geometry are displayed in Figure 3. They show that 
transition will most likely occur at the shoulder of the 
capsule (location S=0.32 m) during its reentry. 

During re-entry with an ablative material the transition 
is driven by surface microroughness. The roughness 
produces disturbances within the laminar boundary 
layer. When the altitude decreases, the Reynolds 
number increases, and the flow conditions capable of 

amplifying these roughness-induced disturbances are 
eventually achieved. The problem is to quantify the 
disturbance generation capability of a given surface 
roughness. 
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Figure 4: Distribution of the roughness height Reynolds 
number Rek during IRDT entry, for different values of 
the roughness, k. 

The recommendation of the review [11] was to use the 
correlation proposed by Reda [10] for roughness-
dominated transition. This criterion is given by,  
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where ρe, Ue and µe are the density, the velocity and the 
dynamic viscosity at the boundary layer edge 
respectively.  Rek is the roughness height Reynolds 
number, Rek, The critical value of Rek is 106 with an 
uncertainty of 20%. 

Since the thermal protection system of IRDT was made 
of an ablative material, the transition along the capsule 
re-entry path has been checked using this last 
correlation. The distribution of the roughness height 
Reynolds number, Rek, computed for different 
roughness values of the shield is plotted in Figure 4. 
The results show that for a boundary edge of 1 mm, the 
critical threshold for transition is reached. This value of 
1mm is much smaller than the two steps present along 
IRDT geometry:  one of 41 mm between the front shield 
and the cone and the second of 10 mm at the junction 
with the inflatable part. As shown in Figure 4, these two 
steps increase drastically the transition possibilities 
upstream of the capsule. The predictions show very high 
levels of Rek already in the early stages of the entry. The 
fact that there are two successive steps is also in favour 
of the turbulence development. If the transition happens 
at the first gap, located at the border of the front shield, 
the boundary layer will be already turbulent upstream of 



 

the second step and the flow could be fully turbulent 
over the complete capsule. The consequences of a flow 
transition to turbulence are higher drag, heat-flux and 
shear stress. Hence, the capsule has been designed 
accounting for a turbulent heat-flux and a thicker 
thermal protection system has been considered to 
account for turbulence effects. 

 
4. BLACKOUT 

During the re-entry in a planet atmosphere, 
communication blackout may occur. This phenomenon 
is induced by the electronic density surrounding the 
vehicle and depends on the level of ionisation. As a 
consequence, blackout duration depends on several 
parameters such as the entry conditions, the planet 
atmosphere and the antenna frequency band. When the 
critical density of electrons for the antenna frequency 
band is reached, communications are cut. An 
engineering method has been developed at ESTEC [5] 
to evaluate blackout duration. The critical electron 
density is determined as in [12]. For a given electron 
density, ne, the corresponding plasma frequency, fp, in 
Hz, is expressed as, 
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where q is the electron charge, me the electron mass and ε0 
the permittivity of vacuum. From this equation the critical 
density, ne,crit, for a communication antenna  is given as, 
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where fant is the antenna frequency, expressed in Hz.  

For determining the electron density around the capsule, 
the shock layer is investigated with PMSSR [13] that is 
a solver based on an inverse method. This tool does not 
require a lot of computational effort and a complete 
trajectory path can be easily investigated. Using this 
tool the electron density within the shock layer can be 
determined and compared to the critical density.  

Using this technique, the blackout duration has been 
estimated for an Earth aerocapture [14] and for the 
IRDT mission [7]. For an Earth aerocapture the 
blackout is found to be very long: 120 s for a Ka-band 
antenna, 180 s for the X-band, and nearly all the 
manoeuvre, 230 s, for the S-band. The results predicted 
here are close to those obtained at NASA using a similar 
approach [12] (but coupled to a CFD solver) for a 
similar manoeuvre, has predicted a blackout duration of 
280 s for S-band, 130 s for X-band and no blackout for 
Ka-band. For Apollo re-entry, which was not direct, the 
blackout duration was lasting several minutes. Although 
Apollo was ablative, pure air chemistry was dominating 
the plasma composition at the high velocities [15]. 
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Figure 5: Evolution of the electronic density during 
IRDT entry. The horizontal lines correspond to the 
critical density for Ka, X, S and ARTS bands. 

The same investigation has been performed for IRDT 
mission. During the flight, an Autonomous Radio 
Telemetry System (ARTS) ensures the communications 
with the ground. The antenna is embedded in the heat-
shield and emits forward. The electronic density at the 
stagnation point along the trajectory has been computed 
and compared to the ARTS critical electronic density. 
The results are reported in Figure 5 and shows that the 
blackout period starts at t = 906,94 s and lasts 60 s. BSC 
has performed the same work [7] and the blackout zone 
is also estimated at 60 s in their prediction.  

As a consequence the engineering technique used here 
is able to provide a first estimate of the blackout period. 
The method can be refined with a sensibility study on 
the thermochemical models and a comparison with CFD 
computations for predicting the electronic density. The 
present analysis neglects the ablation process that can 
create species increasing the level of ionisation. For a 
more deep study, predictions with coupling between 
CFD and electromagnetic computations are required. 
An on-going activity for the post flight analysis of 
IRDT mission has been started and the blackout 
predictions will be carried through coupling between a 
CFD code and a solver of the Maxwell equations.  

 

5. CFD 

For the flow-field prediction, engineering tools and 
CFD codes are available: PMSSR [13] for the shock 
layer analysis, RKHMP [4] a boundary layer code for 
heat-flux calculations, and TINA [16] a 3D finite-
volume code for Navier-Stokes predictions. TINA 
accounts for chemical and thermal non equilibrium, 
catalysis, ablation, turbulence and can be coupled with 
PARADE [17-18] for radiation analysis. Other Navier-



 

Stokes codes devoted to compressible and 
incompressible flows are also available.  

 

Figure 6: Vorticity field at Mach 18.5 over the IRDT 
cone [5].  

 

Figure 7: Flow-field of diatomic oxygen inside and 
outside the ATV in presence of a fissure. 

The experience in CFD available in-house is significant, 
it has been acquired in several European research 
institutes (DLR, ESTEC, IMFT) for wide range of 
applications [19]. Today, CFD has reached a high 
maturity and can be applied to a wide range of 
aerothermodynamics and propulsion problems. In the 
perspective of re-entry, CFD solvers can be used for 
different tasks. 

One of the first usefulness of CFD is to support the 
preliminary predictions obtained using engineering 
codes. This is demonstrated in Figures 6 and 7. Figure 6 
represents the vorticity field over the IRDT cone 
simulated with the DLR TAU [20] code. This numerical 
simulation has been performed to precise the boundary 
layer behaviour at the two steps located over the cone. 

The presence of two backward facing steps, visible in 
Figure 6, induces locally a complicated flow pattern 
with the presence of separated regions, shear-layers and 
shock/boundary layer interactions. The figure shows a 
succession or three laminar separated areas which have 
a destabilizing effect on the boundary layer. The 
laminar separation is an unsteady phenomenon which is 
strongly linked to the transition to turbulence [21-22].  
When the instability is amplified, a three-dimensional 
bifurcation can occur, leading to a transitional flow [23]. 
The flow-field of vorticity simulated here reinforces the 
assessment of transition to turbulence performed with 
empirical correlations in § 3. 
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Figure 8: On the left, pressure flow-field during entry 
around INTERMARSNET; on the right, convective heat-
flux over the geometry [24]. 

As other example, Figure 7 shows the flow-field of 
diatomic oxygen outside and inside the ATV during its 
re-entry in presence of a fissure. This study [8] was 
undertaken to assess with a refined approach the risk of 
explosion at high altitude at the end of the mission. The 
typical re-entry CFD simulation for prediction flow-
field and heat-flux is displayed in Figure 8 where the 
pressure flow-field and the heat-flux distribution for the 
INTERMARSNET probe during its Mars entry are 
displayed. 

 
6. RADIATION 

Depending en entry conditions and planet atmosphere, 
radiation has to be investigated. The radiation code 
PARADE [20-21] is available for this objective. This 
software computes the plasma emission and absorption. 
It relies presently on the assumption of Boltzmann 
equilibrium for the excited states distributions. Its 
database, initially limited to air species, has been 
extended to carbon species such as C, CN and CO. 
Though also usable for the prediction or rebuilding of 
experimental spectra, the primary goal of PARADE is 
the calculation of the radiative heat flux at the wall of an 
entry vehicle. Simplified one-dimensional transfer 



 

models have been included into the software, to provide 
a quick assessment of the flux. The code can be 
interfaced with TINA or PMSSR to provide one 
dimensional coupled solutions. 

 
Figure 9: Emitted radiative power along the stagnation 
line for the thermochemical models of TINA and Park 
[26] and a Mars atmosphere. 

This code has been used to evaluate the radiation level 
for a Mars entry [25] in the frame of the activities 
performed for the ESA Radiation Working Group. This 
study has shown that the presence of nitrogen in the 
Mars atmosphere has to be accounted for. A large 
sensitivity of radiation to the thermochemical model has 
been shown.  The computations made with the 
chemistry models of Park [24] and TINA provided 
different levels of radiative emission as shown in 
Figure 9. The discrepancy has been attributed to the 
large differences in temperature evolutions for the 
different simulations. The two models provided similar 
vibrational temperature profiles and CO number density 
distributions. However, TINA results were 
corresponding to a slightly larger, hotter shock layer, 
producing a large and narrow peak of radiative 
emission. The differences in shock stand-off distance 
also contribute to the result dispersion. A detailed 
review of the thermo-chemistry models for a Mars 
atmosphere will be necessary to close this point and to 
improve the reliability of the radiation predictions. 

 
7. ABLATION 

Most of the thermal protection systems are made of 
ablative material. Ablation has a strong impact on heat-
flux and the prediction of material recession is 
necessary for sizing the TPS. Heat-shield recession 
calculations can be performed using FABL [27] and 
KCMA [28] two software based on a one dimensional 
approach. The prediction on heat-flux accounting for 
ablation can be achieved using TINA and a blowing 
condition at the surface. The differences between 

ablative and non ablative numerical simulation can be 
seen in Figure 10, representing the temperature 
contours around a capsule with and without ablation. 
The numerical simulations [24] have been performed 
for a high speed Earth entry typical of a sample return 
mission with an entry velocity of 14 km/s. For the 
ablative computations the thermal protection system 
was supposed to be in carbon phenolic. The temperature 
flow-field shows that the presence of ablation has for 
effect to cool down the shock layer. 

0.0 0.2 0.4 0.6 0.8

-0.4

-0.2

0.0

0.2

0.4

Equilibrium air

Perfect gas, γ=1.4

Temperature contours: influence

of air dissociation

Earth Return Capsule

70000

65000

60000

55000

50000

45000

40000

35000

30000

25000

20000

15000

10000

5000

0

 
Figure 10: Temperature contours around the 
EURORETURN capsule with (bottom) and without 
ablation (top) for an entry velocity of 14 km/s. 

 
8. CONCLUSION 

Through the different software available at ISA and the 
experience acquired in several projects the modelling of 
the different flow phenomena characterizing a re-entry 
can be performed. Existing tools cover the flow regimes 
from rarefied to supersonic and incompressible flows. 
Some software are based on engineering approaches, 
others are more sophisticated and solve Navier-Stokes, 
Boltzmann or Maxwell equations, some tools are more 
oriented to system studies related to the generation of 
aerodynamic database or re-entry aerothermodynamics. 

Efforts are actually made in the domain of blackout for 
IRDT post-flight analysis and ablation with a study on 
convective blockage for high-speed Earth entry. This 
will bring new developments in the existing tools and 
will increase their capabilities and their accuracy for the 
prediction of heat-flux level, ablation recession and 
blackout during entries into planet atmospheres. 

The author of this paper thanks Dr L. Marraffa from 
ESA-ESTEC and A. Smith from FGE for their 
comments and support.      
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