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ABSTRACT 

Planetary entries are often characterized by strong 
radiation and ablation effects. This is particularly the 
case for sample return missions. Here in order to 
improve the state-of-the-art for such projects, 
computations are performed accounting for radiation 
and ablation. The main objective is to evaluate the 
blocking effect induced by the blowing of pyrolysis 
gases on the heat –flux and on the shock layer. 
 
1. INTRODUCTION 

In the frame of its activities, ISA has started a study for 
evaluating the convective and radiative blockages for 
Earth high-speed re-entry. A past review [1] on 
convective blockage has shown that in despite of many 
numerical, experimental and flight data related to this 
problem, no extensive investigation focusing only on 
this topic was undertaken for many years. This review 
seems to have been the first effort to gather the sparse 
data available on convective blockage in relation with 
Earth high-speed entry. This review was not limited to 
the numerical and CFD results but the different 
engineering models to predict the blocking factor, that 
are based on a certain level of empiricism, was also 
analyzed and the modelling that seemed to be the most 
valuable was selected. However, there is a lack of 
reliability of engineering correlations for blockage 
factor since these correlations have a high level of 
empiricism. 

Results obtained for high speed Earth re-entries showed 
the strong impact of the blowing of the pyrolysis gases 
on convective and radiative heat-fluxes. CFD results [2-
3] obtained in the frame of the Stardust project 
exhibited a reduction of the total heat-flux around 35% 
at the stagnation point for peak heating conditions. 
Ablation has other consequences. It reduces the surface 
gradients of temperature and that of various species 
mass fractions, causing a decrease of convective and 
diffusive heat-fluxes. CO, one of the main ablation 
products (for carbon based materials), lowers 
significantly the wall enthalpy. There is a slight increase 
of radiation with ablation before the peak heating [3]. 
Usually there is a deeper penetration of the shock layer 
by the ablation species C and CO in the earlier time of 

the trajectory as reported in [2,4], and the increase in 
radiation from C lines and CO(4+) is only partially 
offset by the absorption of ablation species during that 
period.  

Table 1: Maximum heat fluxes for EVD mission [5] 

Trajectory 
Convective 

flux 
MW/m2 

Radiative 
flux 

MW/m2 

Total 
flux 

MW/m2 

Total 
Heat 
load 

MJ/m2 
E1 11.5 7.5 18.8 106.9 
E2 15.7 18.1 33.8 178.3 
E3 9.35 4.55 13.9 243.2 
E4 7 1.9 8.9 154.6 

Radiation is a very complex phenomenon since it is 
strongly influenced by ablation. This phenomenon is a 
key issue for Earth high speed re-entry since it has a 
significant contribution to the total heat-flux as shown 
in Table 1. The presence of absorbing species produced 
by the pyrolysis process or present in the shock layer 
(this depends on atmosphere composition) can involve 
strong variations of the heat-flux level. According to 
Park [6], at the peak heating point of Apollo 4 entry 
trajectory, the convective and radiative heating rates 
were about 3.5 and 1.7 MW/m2 at the stagnation point. 
However, about 2/3 of the convective heating rate was 
due to absorption of radiation in the boundary layer. The 
intrinsic components of convective and radiative heating 
rates were about 1.1 and 4.1 MW/m2 respectively. More 
recently the numerical results obtained during the 
Huygens project [7-8] have demonstrated the strong 
decrease of radiative and convective heat-fluxes as well 
as the change of flow topology (shock stand-off 
distance) for coupled radiation/flow-field calculations 
against non coupled simulations. These results 
highlighted also a strong decrease of radiative heat-flux 
when absorption was accounted for. 

In the frame of the current effort and in the perspective 
of assessing the reliability of engineering correlations 
for convective blockage with numerical results, a first 
study has been started to evaluate the convective 
blockage using numerical simulations. In this objective, 
numerical simulations have been undertaken for a 
superorbital re-entry capsule and a carbon phenolic 
thermal protection system. The calculations have been 



 

carried out with and without ablation. Then the results 
have been post processed with a radiation solver to 
estimate the radiative heat-flux with and without 
ablation. 

 

2. CONTEXT 

Some years ago, ESA studied the scenario for a sample 
return mission to Mercury [9]. This mission would 
consist in a single ARIANE 5 rocket launch, and then 
the probe will fly to Mercury. Since Mercury has no 
atmosphere, engines will be used to ensure the landing. 
Then a capsule, containing the samples will be launched 
for the return flight to Earth. Concerning 
aerothermodynamics, the main issue of such a mission 
is the re-entry in Earth atmosphere of the small capsule 
bringing back the samples. The capsule has a weight of 
20 kg and the nose radius is 0.4 m. With such 
constraints, an accurate prediction of the heat flux at the 
capsule nose during the entry is required to design the 
thermal protection system. Preliminary assessment [10] 
was performed using Navier-Stokes calculations and a 
sensitivity analysis to the modelling (non equilibrium, 
frozen flow, equilibrium) was also carried out. In this 
previous investigation, no radiation calculation was 
performed. These first predictions showed that 1/3 of 
the thermal shield mass [9] would be lost during an 
Earth entry.  

Here, the flow around the same capsule will be 
computed with and without ablation. Two different 
cases are performed with ablation. In the first one the 
blowing of the pyrolysis products is accounted for while 
in the second only surface reactions related to 
sublimation and oxidation are considered. Then the 
results will be processed using a radiation tool to 
compute the radiative heat-flux over the heat-shield. 

Table 2: Upstream flow conditions for the numerical 
simulations of Earth entry 

Velocity (km/s) 14.17 
Pressure (Pa) 8.7 

Density (kg/m3) 1.32 10-5 
Temperature (K) 185 

 
3. CFD CALCULATIONS 

3.1. Modelling with TINA 

TINA [11] is a Navier-Stokes solver, accounting for 
chemical and vibrational non-equilibrium. It is adapted 
to the simulation of hypersonic flows encountered in 
high enthalpy nozzles or during entries, where 
enthalpies and local Mach numbers are high enough to 
allow non-equilibrium effects. The solver uses a time 
marching algorithm with the approximate Roe-Riemann 
solver and the flux limiters proposed by Yee [12] for 

inviscid flows. The thermo-chemistry is implicitly 
coupled to the flow-field for computing the non-
equilibrium effects. The tool can be coupled with 
PARADE [13] with a one dimensional coupling to 
compute the radiative heat-flux over the surface. 

The atmosphere around a capsule has been computed 
using the two thermochemical models proposed by 
Dunn & Kang [14] and Park et al [15]. Both models 
account for 11 species (O2, NO, N2, O, N, O+, O2

+, NO+, 
N+ N2

+, e-) and 16 reactions. Since an ablative TPS is 
considered, the products produced by the resin pyrolysis 
has to be considered. TPS material is supposed to be the 
carbon phenolic FM5055 [16-17] which is well 
documented in the literature. The additional elements 
present in the shock-layer are modelled as in [18] with 
11 additional species: C, C2, C3, CO, CO2, H, C2H2, H2, 
HCN, C2H and CN. This means also 21 additional 
chemical reactions. 

Ablation products are considered through a blowing file 
providing pyrolysis gas mass flow rate and species mass 
fraction at the ablative boundary. An alternative to take 
into account ablation is the modelling of oxidation and 
sublimation of the TPS material without considering the 
blowing of the pyrolysis gases. Oxidation and 
sublimation occur for temperatures higher than 1 000 K 
and 3 000 K respectively. These two processes can be 
modelled as proposed by Park [19] with three equations 
between solid carbon and the oxygen and three other 
equations for sublimation (producing C, C2 and C3).  

For the calculations an isothermal wall at 3 000 K was 
considered. 

Table 3: Cases computed with thermochemical model 
and ablative condition 

Case Model Ablative 

1 Park et al No 

2 Dunn & Kang No 

3 Park et al Blowing 

4 Park et al 
Surface 

reactions 

 
3.2. Non ablative results 

The computations have been performed using TINA for 
the trajectory point reported in Table 2. A mesh with 
60 × 80 cells (see Figure 1) has been used for the 
computations. First cell along the axis was 10 µm, this 
is very small but needed for accounting for an ablative 
boundary. Different calculations have been carried out 
with the two different thermochemical models and 
ablative conditions. They are reported in Table 3. For 
the non ablative case calculations have been converged 
in less than 100 000 iterations with a residual of the 



 

order of 10-6. The ablative cases have been initialized 
with non ablative results and convergence was obtained 
in 80 000 iterations with a residual in the range of 10-4. 
CFL numbers used for the calculations were in between 
1 and 5 for non ablative calculations and 0.1 and 0.2 for 
the ablative cases. 

Figure 1: Mesh used for the calculations 

 

Figure 2: Electron mass fraction for Case 2 

 

First Cases 1 and 2 from Table 3 have been computed to 
assess the result sensitivity to the thermochemical 
model. The thermochemistry model has a high influence 
for the assessment of ionisation and heat-flux. This is 
clearly highlighted in Figures 2 and 3. The flow-field 
distributions show that the mass fraction of electron 
predicted by the model of Dunn & Kang [14] (see 
Figure 2) is twice the level predicted by the mode of 
Park et al [15] (see Figure 3). Additionally the shock 
stand-off in the stagnation region is a little bit smaller 
with the first model. The differences in the chemistry of 
the shock-layer lead to different predictions of the wall 

heat-fluxes as shown in Figure 4 where the wall heat-
fluxes, predicted using both models, are plotted. At the 
stagnation point the heat-flux predicted with the Park et 
al model is 33 % higher than the one predicted with 
Dunn & Kang’s model. This is due to the difference in 
the shock layer topology and thermochemistry however 
due to the lack of valuable experimental data for 
comparisons and assessment of the thermochemical 
model reliability it is difficult to select the best model. 
Hence, for the predictions accounting for ablation the 
model of Park et al has been retained but there is no 
argument to select one model or another.  

Figure 3: Electron mass fraction for Case1 

 

Figure 4: Heat-flux predicted for Cases 1 and 2 

 



 

Figure 5: Distribution of vibrational temperature for 
Case 1 

 

Figure 6: Distribution of vibrational temperature for 
Case 3 

 
 
3.3. Ablative results 

The Cases 3 and 4 of Table 3 have been computed and 
initialized with the results obtained for the Case 1. The 
results were converged in 70 000 more iterations with a 
residual of 10-3. The comparisons between the results of 
Cases 1 and 3 highlight the strong impact of the blowing 
on the shock layer. The distributions of the vibrational 
temperature are plotted in Figures 5 and 6. The impact 
of blowing on the shock-layer is easy to see in Figure 6. 
The shock stand-off at the stagnation point has 
increased from 4 to 5 cm due to the penetration of the 
pyrolysis gas in the shock-layer. The blowing has also a 
strong effect at the leading edge (see Figure 6). Here, it 
might be overestimated and further effort would be 
needed to clarify this point. From the flow-field 

computations, parameters such as temperatures (Tt, Tv), 
density and molar fractions have been extracted along 
the stagnation line, first for comparisons and finally for 
the radiation computations. The distributions of the 
vibrational (dashed line) and translational (continuous 
line) temperatures along the axis and at the leading edge 
are plotted in Figures 7 and 8 respectively. High 
temperatures are reached at the shock position; more 
than 26 900 K with and without ablation. In both cases, 
the thermal non-equilibrium region is relatively large 
(more than 1cm) with a level of vibrational temperatures 
around 16 000 K. Figure 8 presents the temperature 
evolution at the leading edge. The x axis corresponds to 
the distance (in meter) perpendicular to the normal of 
the surface. The thickness of the shock layer at the 
leading edge and the stagnation point is relatively the 
same (0.4cm for the case without ablation and 0.5cm for 
the case with ablation) whereas the non-equilibrium 
region is smaller (2.5 cm compare to 3.3 cm 
previously). 

Figure 7: Temperature distributions along the 
stagnation line 
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Figure 8: Temperature distributions along the leading 

edge 
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In Figures 9 and 10 the mass fraction of the neutral, 
ionized and ablation species along the stagnation line 
are presented respectively. In the shock layer, N2 and O2 
are completely dissociated and the level of NO is very 
low. Concerning the ionic species, there are substantial 
levels of O+ and N+ while very low mass fractions (not 
shown here) of N2

+, O2
+ and NO+. In fact crossing the 

shock O2 is rapidly and highly dissociated to form O 
and O+. Small amount O2

+ is observed but can be 
neglected for the radiation computations. N2 is 



 

dissociated to form N and NO by recombination with O 
but a small fraction of NO is created. A large part of the 
atomic nitrogen produced by the dissociation of N2 is 
ionized in N+ as shown in Figure 10. The highest 
species concentrations coming from the atmosphere are 
for N2, N, N+, O, and O+. The other species 
concentrations are lower by at least a factor 10. 

Figure 9: Neutral species 

 

Figure 10: Ionized and ablation species 

 
The species produced by the blowing in the shock-layer 
are plotted in Figure 10. Among these species, C, CO, 
H, C2H, C2N, C2H2 and H2 reach a subsequent level in 
the shock layer in the stagnation point region. From the 
plot of the flow-field distribution of the mass fraction of 
C2 and C3 showed respectively in Figures 11 and 12 it 
is clear that the stagnation region is not representative of 
the whole shock-layer. In the region near the leading 
edge due to lower temperature levels, the ablation 
products are far to negligible. This is an important point 
since species such as C2, C3 and also CO has strong 

radiative properties. C2 and C3 possess absorption 
properties while CO is a strong radiator. 

Figure 11: Mass fraction of C2 

 

Figure 12: Mass fraction of C3 

 
Now, if we look at the wall heat-flux the influence of 
ablation on the convective heat-flux can be assessed 
using the results obtained for Cases 3 and 4 of Table 3. 
The distribution of the heat-flux along the wall is 
plotted in Figure 13. The computations accounting for 
ablation highlight the effect of this phenomenon on the 
heat-flux level. The calculations with the blowing effect 
predict a heat-flux which is 71% lower than the one 
predicted without ablation. The numerical simulation 
performed without blowing but accounting for surface 
reactions due to oxidation and sublimation predicts a 
heat-flux level in between that is 18% lower than the 
non ablative flux. This simulation does not consider 
nitridation which might play a significant role 
producing some CN in the shock layer that is a strong 
radiator. As a consequence this last computed case 



 

might underestimate the ablation effects. Concerning 
the results obtained with the blowing, the ablation effect 
is very high. This might be the consequence of an 
overestimation of the blowing in this study more efforts 
will be needed to confirm this point. 

Figure 13: Wall convective heat-flux distributions for 
Cases 1, 3 and 4 

 
 
 
4. RADIATION ANALYSIS 

4.1. Approach 

With the density, the molar fractions and the two 
temperatures (translational and vibrational), the 
radiation heat flux has been computed with PARADE 
[13]. PARADE code has been developed in 
collaboration between Fluid Gravity Engineering Ltd 
(UK) and the Institute of Raumfahrtsysteme from 
Stuttgart (D) under an ESA/ESTEC contract in 1996 for 
air species first. Since then, it has been modified in 
order to take into account more species, in particular CN 
for supporting the Huygens project. The code is used to 
compute flow-field emission and absorption, between 
the shock layer and the surface of the probe. 

The spectral emission and absorption are determined as 
function of transition level (from upper level to lower 
level) and emitting population of this level. The 
population can be derived from the Quasi-Steady-State 
(QSS) method or by a Boltzmann method in order to 
take into account the non-equilibrium or equilibrium 
regime respectively. 

The radiative computations have been performed with 
the Boltzmann assumption for the determination of the 
population of the excited molecular states. 

The species taken into account for an EVD high-speed 
entry into Earth atmosphere are N2 (1+, 2+ and bh2), 
N2

+ (1-), N, N+, O, O+, O2 and NO. O2
+ and NO+ have 

been disregarded in both cases (with and without 

ablation) for the radiation computation for two reasons: 
first the spectroscopic data were not available in the 
present version of PARADE and secondly these 
molecules have not been yet implemented in PARADE.  

For the same reason, the ablation products taken into 
account for the radiation computations were CN (red 
and violet bands), C2 (Swan) and C and H atoms. C3 
cannot be accounted yet with PARADE. There is little 
experimental data on this molecule (and also for C2) and 
most of it dates back to the Galileo project. Moreover, 
the radiation modelling of a triatomic species like C3 
(one of the main ablation products for a carbon phenolic 
TPS) is difficult and will represent a strong effort from a 
computational point of view. 

 

4.2. Radiative heat flux 

For this study, radiative emission has been calculated 
using PARADE at the stagnation point and near the 
leading edge of the capsule. No full coupled 
computations were undertaken since they represent a 
very prohibitive computational effort. 

Self-absorption by molecules was taken into account for 
the analysis over the wavelength range (200 nm – 
4 000 nm). At first, the result dependence on the 
discretisation has been verified. Several calculations 
using 20 000, 100 000 and 500 000 points over the 
wavelength range have been carried out at the 
stagnation point of the ablative case. The results are 
reported in , they demonstrate that a number of points of 
100 000 is sufficient to model correctly the wavelength 
range. This agrees with previous results obtained during 
the Huygens project [7-8]. 

 presents the radiative heat fluxes in both cases (with 
and without ablation) at the stagnation point and the 
leading edge. They have been predicted for the Cases 1 
and 3 of Table 3. 

Table 4: Influence of the wavelength discretisation for 
Case 3 at stagnation point 

Number of points 20000 100000 500000 

Radiative heat-flux 
(kW/m2) 

485 483 483 

 

Table 5: Radiative heat fluxes for Cases 1 and 3 

Case Stagnation point Leading Edge 

Non-ablative 339 kW/m2 76.36 kW/m2 

Ablative 443 kW/m2 201.7 kW/m2 

 

The levels at the stagnation points are 443 and 
339 kW/m2 for the cases with and without ablation 
products respectively. These levels are low due to the 
trajectory point taken for the numerical simulations. At 
peak heat flux, the level of the radiative flux might be of 
the same order of magnitude than the convective heat 



 

flux. Indeed, the entry conditions of the computed point 
reported in Table 2 correspond to an altitude of 80 km. 
This is to say earlier than the peak heat flux point along 
the trajectory. In fact the high altitude of the calculated 
point explains at least partially the results obtained for 
the blowing case. Since, the blowing is strong at the 
beginning of the ablation regime it is there more 
efficient and the blocking effect high. The blockage 
depends also on the ratio between the mass flow rates of 
gases crossing the shock layer (from upstream) and 
those blown by the TPS pyrolysis. The difference in the 
heat fluxes calculated at the stagnation point without 
and with ablation products is due to the radiation of the 
CN molecules for the ablative cases. The fact that the 
computed point is at high altitude explains the increase 
of radiative heat-flux when accounting for ablation. 
Such a slight increase of radiation, when accounting for 
ablation before the peak heating, was also noted for the 
Stardust project [3]. This increase is due to deeper 
penetration in the shock-layer of species such as C, CN 
and CO in the earlier time of the trajectory. Even if 
absorption is taken into account its effect offsets on 
partially the increase in radiation from C lines and 
CO(4+) [2,20]. 

At the leading edge the level of radiative flux is very 
lower for both calculations. But the same trend is 
observed with a higher radiative heat-flux when ablation 
is taken into account. Since the mass fraction of C2 and 
C3 are high along the flank of the capsule as shown in 
Figures 11 and 12 the absorption should be however 
high in this region and as consequence the radiative flux 
even lower than the one computed but C3 absorption 
was not accounted for in this study. 
 
5. CONCLUSIONS 

In this study, a first effort has been carried out to assess 
the ablation effects on heat-flux for Earth high-speed re-
entry conditions. The computed case is at high altitude 
to have radiative and convective heat-fluxes of the same 
order. The trajectory point is just at the beginning of the 
radiative pulse. As a consequence the case is not the 
best one to check the existing correlations predicting 
radiative and convective blocking factors. And other 
entry conditions with an available complete trajectory 
will have to be used for further activity in this direction. 

Beside this problem, the numerical simulations have 
shown the maturity of the available tools to assess 
radiative and convective heat-fluxes for Earth EVD re-
entry. The consideration of phenomena such as ablation 
and radiation show a strong impact on the heat-flux 
levels and this will have some consequences when 
designing heat-shields for sample return missions. For 
these missions the mass constraint is high and the 
optimization of the heat-shield will be a key issue.  

The next steps to continue this effort will be to compute 
EVD entry conditions for radiative and convective peak 

heating and to account for absorption. Further work will 
be needed to achieve fully coupled CFD/radiation 
calculations or/and to account for absorption from 
ablative species such as C3.  
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