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a b s t r a c t
The Thermal Protection System (TPS) provides spacecrafts entering the atmosphere with the thermal
insulation from the aerothermodynamic heating. The design of such a subsystem is very critical, considering that its damage can lead to a catastrophic failure of the whole entry system, in particular if ablative
materials are considered. In order to design an ablative TPS, in fact, a reliable numerical procedure, able to
compute surface recession rate, pyrolysis and internal temperature histories under severe heating conditions, is necessary. Indeed, the TPS needs to be sized to effectively shield the spacecraft from the high heat
fluxes acting during the atmospheric entry phase. At the same time, its weight has to be the minimum
value able to guarantee a suitable protection.
This article aims to describe an optimization procedure for the design of ablative heat shields. In particular, in the present work, the numerical method is applied to the ablative TPS of the hypersonic reentry
capsule Stardust.
Ó 2017 Elsevier Ltd. All rights reserved.

1. Introduction
During the atmosphere entry, hypersonic vehicles are subjected
to strong shocks, equilibrium or non-equilibrium gas chemistry,
large heat fluxes, and, as consequence, very high temperatures
are reached on the structure. Those conditions require a proper
designed Thermal Protection System (TPS). For very high entry
speeds, in particular, the use of ablative material is mandatory.
To design an ablative TPS, a reliable numerical procedure is needed
to compute surface recession rate, pyrolysis effects, and internal
temperature histories under severe heating conditions. As can be
seen from a historical literature overview, considering the complex
phenomenology of the ablative process, numerical models that can
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describe this phenomenon are still in development [1,2]. The complexity of the phenomena under considerations is remarked by the
unsatisfying analytical methods proposed [3,4]. Moreover, in the
experimental field, tests are not easy to implement considering
the complex environmental conditions encountered. Thus far, the
most complete methodology for dealing with the problems related
to ablation is the numerical resolution of differential equations
governing the phenomena of interest. For this purpose, one possible approach assumes that the solid decomposes if a critical temperature is reached. This critical temperature is a material
property and it is independent from the incoming heat flow. A further approach considers the chemical reactions in the char layer
according to the ‘‘frozen chemistry” model or the ‘‘chemical equilibrium” model [5]. Despite the wide amount of research carried
out so far, the design methodologies of ablative heat shields need
not-negligible improvements. A fundamental aspect that these
methods have to consider is related to the fact that the TPS usually
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represents a large fraction of the total spacecraft volume [6]. The
objective of this work is to estimate the heat shield minimum volume able to keep the mission requirements for a blunt-nosed
sphere-conic capsule. The capsule in exam is in particular the Stardust probe. Stardust mission was the first U.S. mission solely dedicated to a comet study and was the first to return to Earth in 2006
cosmic dust and samples from a well-preserved comet called Wild2 [7]. The heat shield of this probe was composed by a material
called PICA (Phenolic Impregnated Carbon Ablator), which is part
of the Lightweight Ceramic Ablators (LCAs) family. This material
consists of a commercially available middle density carbon fiber
matrix substrate impregnated with a phenolic resin [8].
The work is organized as follows. In Section 2 the theoretical
background for the ablative phenomena, ablative classification
and optimization process are presented. Section 3 reports the
numerical model implemented. In Section 4, the results are illustrated and properly commented. Section 5 reports the main conclusions of the work.

2. Theoretical background
The TPS is a subsystem providing protection and insulation to a
spacecraft from the aerodynamic heating due to high enthalpy
flows encountered in the atmospheric entry phase at hypersonic
speeds. Thermal protection systems for spacecrafts make use of
different physicochemical mechanisms for their thermal energy
management: dissipation, cooling, insulation and ablation. Leaving
aside the isolation and cooling mechanisms, the heat shields can be
divided into two big categories: reusable and ablative.
The reusable TPSs do not change the mass and composition of
materials during the exposure to the aerothermodynamic environment. Their effectiveness is based partially on the absorption and
partially on the re-radiation of the incoming heat flux. This feature
guarantees the possibility to reuse these materials for different
missions. Such systems, however, are utilized for relatively low
thermal loads. The main characteristic of such heat shields is to
re-radiate a large part of the energy coming from the convective
and the radiative components of the aerothermodynamic heat flux,
and to accommodate only a relatively small amount of energy by
conduction within the material. Another key factor is linked to
the use of insulating materials. They are often inorganic because
of their low thermal conductivity and the need to minimize the
overall mass of the heat shield [9].
The term ‘‘ablative” refers to a number of physicochemical processes, including vaporization, chemical reactions and erosion,
leading to the surface material removal. For this class of materials,
the incoming thermal loads are restrained thanks to the phase
change of the material [10]. A classification from a phenomenological point of view divides ablative materials in two classes: noncharring and charring [11,12]. The charring type ablatives are best
used for atmospheric entry missions. In this class, once the resin is
heated, a decomposition phenomenon called pyrolysis takes place
in the bulk of the material. The pyrolysis generates gaseous products, usually hydrocarbons, which blow through the heated surface
into the boundary layer, with the consequent reduction of the
effective convective flux affecting the spacecraft. The pyrolysis of
the resin also produces a carbonaceous residue (char), which is
deposited on the composite fibrous reinforcement. Moreover, the
chemical reactions between the material at the surface and the
boundary layer species can lead to a recession of the aforesaid
material surface. These reactions can be endothermic (vaporization, sublimation) or exothermic (oxidation). The interaction of
the ablative materials and their products with the ambient gases
is much more complex than here described. On the other hand,
in a non-charring type ablative, no internal pyrolysis phenomena

are encountered, but reactions are exclusively localized on the surface of the material [13]. In conclusion, ablation performs its function of thermal barrier through the dissipation of the incoming
thermal energy thanks to the ‘‘sacrifice” of a part of the protecting
material, which absorbs a considerable amount of heat and, at the
same time, creates a barrier effect due to the generated gas flow. A
further classification can be made according to the operating performance of the surface layer: ‘‘melting” and ‘‘non-melting” [14].
The first type consists of thermoplastic materials: a liquid surface
layer produced by fusion is removed immediately by the aerodynamic shear stresses. The non-melting materials can be further
divided into two sub-categories: ‘‘Low Temperatures Ablators”
(LTA) and ‘‘High Temperatures Ablators” (HTA). The carboncarbon and carbon-silicon ablatives are examples of HTA, whose
main characteristic is to preserve mechanical properties even at
high temperatures. For the LTAs, the chemical ablation is preceded
by the deterioration of the mechanical properties with increasing
temperature, while the thermal ablation (sublimation) becomes
appreciable only from around 2500 K. This type of material is
mainly used in return missions where very high heat fluxes are
reached. An example of LTA is the ablative family consisting of carbon fibers and phenolic resins, such as PICA. They are recognizable
for their excellent ability to form char and to ignite pyrolysis for
high values of the heat flux.
The choice of an ablative material requires a careful evaluation
of the entry conditions, looking for the best compromise between
ablation effectiveness and heat insulation performance. In this
way it is possible to identify the most fitting material for a particular mission.
The PICA is in particular a relatively new material, developed at
NASA Ames Research Center, and is characterized by a lowerdensity value than other ablative materials, in particular with
respect to the carbon phenolic, while maintaining a high ablative
capacity for high heat fluxes [8]. Moreover, it presents a lower
thermal conductivity of other ablative materials for same levels
of incoming heat fluxes [8]. PICA is made with a thermosetting
resin, a commercial phenol-formaldehyde (SC 1008) [15]. This
resin acts as a matrix for carbon fibers chopped as shown in
Fig. 1 [16].
It presents a final density of 0.22–0.32 g/cm3 and is characterized by the following mass composition: 92% carbon, 4.9% oxygen,
2.2% hydrogen and 0.9% nitrogen [17]. Its ablation rate increases
with the incoming heat flow and the chemical species predominant
in the char are C and CO. The high porosity possessed by such composite is the main reason for the low density and conductivity values. Complete properties of this material are reported in [8].
2.1. Physical phenomena in an ablative TPS
The ablation process involves multiple physical and chemical
phenomena, in particular for charring type materials considered
in this study. During hypersonic flight conditions, the formation
of the bow shock, interacting with the boundary layer, leads to a
temperature increase in the proximity of the vehicle surface. In
addition to convective heating, and radiation produces non negligible effects, in particular at super-orbital entry speeds. This resulting heat flux is partially transferred by conduction within the
material of the shield. For charring type materials, decomposition
reactions originate gaseous products, leaving a carbonized porous
residue. The pyrolysis gases originated by the underlying virgin
material, generate e gaseous flow that, passing through the porous
structure of the char, blows in the boundary layer. One of the
effects of these gases is to reduce the effective convective heat flow
acting on the TPS. On the other hand, these gases can trigger new
corrosive processes due to their interaction with carbon residues.
The carbonaceous residues may endure oxidation processes due
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Fig. 1. Micrographs of PICA at different magnifications [16].

to the surrounding fluid and, finally, will also be present mechanical erosion phenomena. The consequence of all these phenomena
is a thickness reduction of the ablative and shape variation of the
heat shield. In conclusion, the ablation phenomenon consists into
a number of physicochemical interaction between the TPS and
the external environment.
2.2. Numerical model for thermal analyses
In the present work the complex physicochemical phenomena
occurring in ablative TPSs are numerically modelled assuming a
number of simplifying hypotheses, widely implemented in several
works reported in literature [17–20]. As already discussed, PICA
material is considered. Figs. 2–4 report thermal experimentally
measured properties [8].
The material decomposition, or the density variation, is computed explicitly as a material property. The material density variation has been implemented applying the Arrhenius relation for
each ith component of the PICA as in [18,19]. In Eq. (1), B and w
are constants, E is the activation energy, q0 and qch are the densities of the virgin and char material.





Ei
@ qi
qi  qci wi
i ¼ A; B; C
¼  Bi  eRT  q0i 
@t
q0i

Fig. 3. PICA specific heat as a function of the material temperature [8].

ð1Þ

The values assumed for calculations are reported in Table 1.

Fig. 2. PICA thermal conductivity as a function of the material temperature [8].

Fig. 4. PICA effective heat of ablation as a function of the convective heat flux acting
on the material [8].
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Table 1
Constant parameters implemented in Eq. (1).
Component

B (1/s)

W (–)

E/R (K)

q0 (kg/m3)

qc (kg/m3)

A
B
C

1.40E4
4.48E9
0

3
3
0

8555.6
20444.4
0

229
972
160

0
792
160

The material density q has been therefore obtained as the
weighted mean of its components (in Eq. (2), C is the resin volume
fraction, A and B represent the resin components and C the carbon
Fiberform). These parameters have been set according to [18,20].

q ¼ CðqA  qB Þ þ ð1  CÞqC

ð2Þ

The internal decomposition transforms part of the solid in
pyrolysis gas. Moreover, thanks to the hypothesis of monodimensional flow, quasi-static and impermeability of the interface
with the virgin material areas, the mass flow of the pyrolysis gas is
connected to the decomposition by the simple relation reported as
Eq. (3).



cp T w
q_ hw ¼ q_ cw 1 
Htot
s_ ¼

_ g @q
@m
¼
@x
@t

ð3Þ

According to the structure scheme reported in Fig. 5, the indepth temperature response of the material has been carried out
setting as boundary conditions the expressions reported in Eqs.
(4–7). In particular, Eq. (4) refers to the external surface exposed
to the aerothermodynamic environment (y = hi). This approach
has been widely discussed in [21].

q_ in ¼ k

cient, calculated on the basis of the model reported in [13], r the
Stefan-Boltzmann constant, e the material emissivity, T1 the
asymptotic flow temperature.
As far as the material recession is concerned, the assumption of
steady-state ablation has been considered. At each instant of time
the ablation rate has been estimated by Eq. (9), in which Q⁄ is the
so called heat of ablation, q is the material density and q_ hw is the
hot wall convective heat flux, evaluated from Eq. (8) as:



 


@T
cp T w
/blow  re T 4w  T 41
¼ q_ cw 1 
@y y¼hi
Htot

ð4Þ

 
@T
¼0
q_ ¼ k
@y y¼0

ð5Þ

 
@T
¼0
q_ ¼ k
@x x¼0

ð6Þ

 
@T
¼0
q_ ¼ k
@x x¼b

ð7Þ

In Eq. (4), q_ in is the incoming net heat flux, q_ cw the cold wall convective heat flux, cp is the specific heat at constant pressure, Tw the
wall temperature, Htot the total enthalpy, /blow the blowing coeffi-

q_ hw

qQ 

ð8Þ

ð9Þ

2.3. Verification and validation of the numerical model
As highlighted in [22] the main objective of the well-established
Verification and Validation (V&V) methodology is to progress in
the development of predictive numerical models. Oberkampf
et al. [23] published a very detailed review paper about V&V. In
this reference paper, the authors stated: ‘‘How should confidence
in modelling and simulation be critically assessed? Verification
and Validation (V&V) of computational simulations are the primary
methods for building and quantifying this confidence’’. In a paper
dedicated to the relation between uncertainties and V&V for
mechanics models, Thacker [24] presented also this process for
the ‘‘development of models that can be used to make engineering
predictions with high confidence’’.
The verification phase deals with only numerical aspects. During the verification stage, one distinguishes between code verification and solution verification. Code verification leads to the
identification of programming errors in the input and output data
files, in the numerical algorithms, in the compilers and operating
systems. The present study has been performed using Matlab
[25] and APDL Ansys languages [26]. Therefore, code verification
is assumed to be completed. As far as solution verification is
concerned, the main source of errors is due to the spatial

Fig. 5. Structure scheme and heat fluxes for charring ablative.
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discretization. In order to ensure the time and mesh-independency
a full convergence analysis has been performed on the model [21].
In addition, the model has been also validated crosschecking
numerical results with analogous outcomes of experimental and
numerical tests reported in literature [21,27].
For reader convenience, we briefly report, what is extensively
presented in [21], i.e. a full convergence analysis realized reproducing the same experimental conditions adopted by Covington
[27]. A cylindrical material sample geometry with a radius of
5.08 cm and an initial height of 2.74 cm has been taken into
account with a material emissivity of 0.9 for the evaluation of
the re-radiated heat flux. Reference test conditions are reported
in Table 2, where tmax is the transient analysis duration.
The mesh has been realized using a growing number of elements in radial and axial directions, according to values reported
in Table 3.
Two comparisons have been taken into account to evaluate the
model robustness. The first is a comparison in terms of error of predicted final thickness and the second is in terms of final surface
temperature.
In conclusion, results in terms of bulk and surface temperature
can be considered sufficiently accurate even for a relatively low
number of elements (Fig. 6), while a larger number of elements
(Fig. 7) is required to increase accuracy on the discrete evaluation
of the material thickness and to reduce the surface temperature
drop connected with the element killing.
Finally, the results obtained with the n = 100 have been compared with both numerical and experimental results presented
by Covington in [27] showing a very satisfying results crosschecking.

Table 3
Number of elements in radial and axial directions for the different analyzed cases.
Case #

1
2
3
4
5

Number of elements
Axial direction (n)

Radial direction (m)

10
25
50
75
100

20
45
95
135
185

Fig. 6. Error on the final surface temperature for the analyzed cases.

2.4. Optimization process
A genetic optimization procedure has been applied to the thermal protection shield in order to evaluate the minimum weight for
the capsule TPS able to guarantee an effective thermal protection.
Genetic Algorithms (GAs) fall within natural methods and can be
used to solve problems of research and optimization. GAs are
applicable to the resolution of a wide variety of problems not
appropriate for classic optimization algorithms, including those
in which the objective function is discontinuous, nondifferentiable, stochastic, or strongly nonlinear [28–30].
GAs work with a population of individuals, each of which represents a possible solution of the analyzed problem. Each individual
is assigned a score, called ‘‘fitness”, representing the goodness of
the solution to the problem. The specimen with the best features
(i.e. those with higher fitness values), have greater opportunity to
‘‘mate” with other individuals of the population that will generate
other specimens of the population. If the resulting individuals have
a sufficiently large fitness value, they will replace the worst individuals of the previous generation. In such a way, in the further
generation there will be a higher number of characteristics possessed by the best individuals of the previous generation. This will
ensure that the best features will be propagated to more individuals in the population. Moreover, features not included among those
of the original genetic species can sporadically be created by the
introduction of random mutations in the generation of new individuals. If the optimization is well designed, the population will
converge to an optimal solution of the problem.

Table 2
Test condition for model verification and validation.

Fig. 7. Error on the final thickness for the analyzed cases.

3. Numerical modelling
Calculating the thermal response of an entry vehicle TPS is very
important for its correct sizing. On one hand the instantaneous
material recession rate has to be estimated and, on the other hand,
the in-depth temperature response of the TPS has to be computed
in order to evaluate the amount of material required as insulation
to keep the bond-line temperature (i.e., the temperature of the
material surface not directly exposed to the flow) below a specified
limit.
In order to appreciate the material ablation of the external surface of the heat shield, a Finite Element Analysis has been performed within this work. An advanced finite element model has
been introduced to predict the final thickness and shape of the heat
shield, at the end of the atmospheric entry phase.

3.1. Analyzed geometry

Q_ cw (MW/m2)

p (atm)

Htot (MJ/kg)

tmax (s)

5.80

0.450

29.5

15

In this work the Stardust probe has been analyzed. It has six
major components: a heat shield, a back shell, a sample canister,
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Fig. 8. Schematic diagram of the Stardust Sample Return Capsule (SRC) [31].

Fig. 10. Convective and radiative heat fluxes profiles estimated along the SRC entry
trajectory.

Fig. 9. Geometry of the analyzed capsule in FE model.

a parachute system and avionics. The Stardust Return Capsule
(SRC) is a short truncated cone, having a 0.811 m diameter,
0.499 m high and a total mass of 45.8 kg, including the parachute
system [7]. In Fig. 8a 2D schematic diagram of the SRC is reported.
The geometry described above was discretized in the axisymmetric model depicted in Fig. 9.
The AnsysÒ Mechanical FE code [26] has been used to apply the
numerical procedure hereinafter discussed to the computational
mesh shown in Fig. 9. In particular, 2D elements PLANE55 have
been selected to perform thermal calculations. Each element has
four nodes with a single degree of freedom, the temperature, at
each node.
3.2. Ablation and optimization modelling boundary conditions
The cold wall convective heat flux, the total enthalpy and the
radiation flux profiles along the entry trajectory of the SRC have
been imported as external arrays. In order to calculate these arrays,

Fig. 11. Design variables.

it was necessary to numerically solve the equation characterizing
the dynamics of the entry capsule [32], taking advantage of the
Runge-Kutta method [33]. Once the data of the re-entry trajectory
have been calculated, the convective heating at the stagnationpoint of axisymmetric blunt bodies has been estimated by
Sutton-Graves formulation [34]. This model is characterized by
Eq. (10), according to [34], where V is the velocity in m/s, q is
the atmospheric density in kg/m3, Rn is the nose radius in m and
1.73  104 is a constant derived for the Earth atmosphere.

q_ conv ¼ 1:73  104  V 3

rﬃﬃﬃﬃﬃ

q

Rn

ð10Þ
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Fig. 12. Object function Vs ID number.

Fig. 13. Object function Vs ID number – Detail of the best ID.

However, convective heat flux is not the only thermal load acting on a re-entering capsule: radiative heat fluxes are also significant for the thermal protection system. Among the different
engineering models for radiative heating available in literature,
the one provided by Tauber and Sutton [35] has been considered
in the present work. Tauber and Sutton’s engineering correlation
is reported in Eq. (11), being C a constant that depends on the
atmosphere and f(V) tabulated values, functions of both flight
velocities V and atmospheric composition. The exponents a and b
can be either constants or functions of density and free stream
velocity, as specified in [35].

q_ rad ¼ CRan qb f ðVÞ

ð11Þ

In Fig. 10, convective and radiative heat fluxes at the stagnation
point estimated along the SRC entry trajectory are shown.

A preliminary estimation, valid in hypersonic regime for high
Mach numbers, of the non-dimensional heat flux distribution along
the capsule surface has been obtained implementing the Lees’
theory [36]. The corresponding dimensional values have been
obtained multiplying the non-dimensional heat flux spatial distribution by the temporal variation of the stagnation-point heat flux
along the trajectory.
Once these arrays containing the external loads have been
imported, the net heat flux is applied at each instant of time, taking
into account the surface temperature calculated as solution of the
thermal transient analysis at the previous time instant. For surface
temperatures higher than a threshold value, the ablation rate s_ has
been estimated by Eq. (9), according to [8,18,21,34]. Then, the
thickness of the heat shield is reduced of the quantity s_  dt. When
the thickness reduction is such that more than a half of an element
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Fig. 14. Peak bond-line temperature Vs ID.

Fig. 15. Scatter Matrix.

thickness is not included in the computational domain, this element is disabled by the ‘‘ekill” function of the AnsysÒ code [26].
Once the analysis is completed, the value of the nodes temperature
on the bond line are compared with the design limits [37,38].

This numerical model has been implemented in an optimization
tool, allowing to obtain the configuration with the lowest ablative
volume, while observing the temperature conditions of the bondline [37,38]. In particular, this optimization process considers the

A. Riccio et al. / Applied Thermal Engineering 119 (2017) 541–552

Fig. 16a. Initial computational mesh for ID 0.
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Fig. 17a. Final computational mesh for ID 0.

Fig. 16b. Initial computational mesh for ID 1336.
Fig. 17b. Final computational mesh for ID 1336.

volume of the ablative shield as the object function, while the constraint function is the maximum temperature on the bond-line. An
initial population of 50 individuals has been considered for the first
generation, and a total of 50 generations have been analyzed. The
choice of the first 50 individuals is based on a random sequence,
filling randomly, with a uniform distribution, the design space [39].

Each individual of the population is described with six design
variables. These variables represent the value of thickness of the
PICA heat shield, measured starting from the bond line to the outer
surface, in seven control points, as shown in Fig. 11.
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Fig. 19a. Final temperature on the bond-line nodes for ID 0.

Fig. 18a. Final nodal temperature distribution for ID 0.

Fig. 19b. Final temperature on the bond-line nodes for ID 1336.

Fig. 18b. Final nodal temperature distribution for ID 1336.

4. Numerical results
In this section, the results of the FE model optimization are
shown. In particular, in Fig. 12, the object function variation versus
the Design ID is shown. The minimum of the object function occurs
for the individual ‘‘1336”.

As the individuals keep growing, they tend to concentrate along
a certain path resulting in a stabilization of the objective function
(see Fig. 12). Fig. 13 is a detail of Fig. 12 clearly showing the best
estimated individual.
In Fig. 14 the values of maximum temperature on the bond-line
(constraint function) for each ID are shown. In this case the values
of the peak temperature tends to approach the limit set to 394 K
[37,38], indicated in the Fig. 14 by the dotted line.
Fig. 15 shows the scatter matrix, representing the influence of
optimization parameters on the analysis.
Scatter matrix shows how the variable sp9 (see Fig. 12) has
more influence with respect to the other variables on the objective
function. The ID ‘‘0” refers to the initial configuration while ID
‘‘1336” is the configuration with the lowest volume. In Figs. 16a

A. Riccio et al. / Applied Thermal Engineering 119 (2017) 541–552
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study the ablation phenomenon on the ablative heat shield. In particular, the numerical analysis consists in a FE model allowing to
estimate the surface and bond-line temperatures and the final
thickness of the ablative shield. Thanks to an optimization algorithm, the lowest ablative volume configuration, respecting the
imposed temperature constrain, has been found. By comparing initial and best configurations, a 46% volume reduction resulted.
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Fig. 20. Detail of Fig. 19b.

Table 4
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Volume reduction
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