
18 April 2024

POLITECNICO DI TORINO
Repository ISTITUZIONALE

EFESTO-2: European Flexible Heat Shields Advanced TPS Design and Tests for Future In-Orbit Demonstration-2 /
Guidotti, Giuseppe; Princi, Alessandro; Gutierrez-Briceno, Jaime; Trovarelli, Federico; Governale, Giuseppe; Viola,
Nicole; Dietlein, Ingrid; Callsen, Steffen; Bergmann, Kevin; Zhai, Junnai; Gawehn, Thomas; Gardi, Roberto; Tiseo,
Barbara; Prevereaud, Ysolde; Dauvois, Yann; Gambacciani, Giovanni; Dammacco, Giada. - In: AEROTECNICA MISSILI
E SPAZIO. - ISSN 0365-7442. - ELETTRONICO. - (2024). [10.1007/s42496-023-00191-4]

Original

EFESTO-2: European Flexible Heat Shields Advanced TPS Design and Tests for Future In-Orbit
Demonstration-2

Publisher:

Published
DOI:10.1007/s42496-023-00191-4

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/2987384 since: 2024-03-28T14:08:02Z

Springer



Vol.:(0123456789)1 3

Aerotecnica Missili & Spazio 
https://doi.org/10.1007/s42496-023-00191-4

ORIGINAL ARTICLE

EFESTO‑2: European Flexible Heat Shields Advanced TPS Design 
and Tests for Future In‑Orbit Demonstration‑2

Giuseppe Guidotti1 · Alessandro Princi1 · Jaime Gutierrez‑Briceno1 · Federico Trovarelli1 · Giuseppe Governale2  · 
Nicole Viola2 · Ingrid Dietlein3 · Steffen Callsen3 · Kevin Bergmann3 · Junnai Zhai3 · Thomas Gawehn4 · 
Roberto Gardi5 · Barbara Tiseo5 · Ysolde Prevereaud6 · Yann Dauvois6 · Giovanni Gambacciani7 · Giada Dammacco7

Received: 30 August 2023 / Revised: 31 October 2023 / Accepted: 8 November 2023 
© The Author(s) 2024

Abstract
EFESTO-2 is an EU-funded project under Horizon Europe that aims to enhance European expertise in Inflatable Heat Shields 
(IHS). Building on the achievements of the previous EFESTO project (H2020 funds No 821801), EFESTO-2 focuses on 
advancing key IHS technologies to increase their Technology Readiness Level (TRL). The project pillars include analysing 
the business case for IHS applications, exploring additional aspects of IHS, improving tools and models and establishing a 
development roadmap for IHS systems. This paper outlines the project objectives and plan, highlighting ongoing and future 
activities for the next 2 years, positioning it within the European re-entry technology roadmap. This project has received 
funding from the European Union's Horizon Europe program (grant agreement No 1010811041).

Keywords Inflatable heat shields · Re-entry · Reusability · Reusable launchers

1 Introduction

Current planetary entry systems rely on rigid heavy heat 
shields to decelerate and protect themselves from aerother-
mal loads during atmospheric flight. However, rigid heat 
shields are also constrained in size and mass to fit within the 
launcher fairing volume (see Fig. 1, [1]).

In that perspective, state-of-the-art rigid heat shields 
introduce non-negligible design constraints to space mis-
sions, heavily limiting the capability of re-entering a payload 
in atmosphere for current and future Earth re-entry applica-
tions as well as for Mars exploration missions.

In turn, innovative heat shields are needed to overcome 
the current design limits and extend the applicability range. 
The innovation relies on Flexible Thermal Protection System 
(F-TPS) and Inflatable Structure (IS) solutions (or Inflatable 
Heat Shields—IHS) because of their capability of having a 
packed heat shield during the launch phase with a reduced 
mass/volume impact on the launcher.

European experiences in the field of IHSs date back to 
mid-2000s [2]; however, the TRL achieved was not that sig-
nificant. Recently, interest in this field has revamped world-
wide, also thanks to NASA LOFTID mission [3, 4].

In EU, the EFESTO project, funded by European Union’s 
Horizon 2020 programme and run from 2019 to 2022, con-
tributed to the increase in the TRL from 3 to 4/5 [5–7], 
with a broad scope of activities ranging from mission and 
system level design to manufacturing and testing of bread-
boards of the two key technologies of an Inflatable Heat 
shield system (i.e. Flexible TPS and Inflatable Structure). 
Significant achievements were obtained in the frame of the 
EFESTO project. However, much more shall be done to 
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further increase the TRL to a maturation such as to allow 
an operational use of that technology in the field of space 
applications.

In view of the above context, the present EFESTO-2 ini-
tiative aims at implementing the needed forward advance to 
improve the current TRL 4–5 reached in the father project 
‘EFESTO’ towards a TRL 5–6 level, as the necessary inter-
mediate step between modern design capabilities and future 
operational IOD re-entry missions.

In November 2022, the EFESTO-2 project received funds 
from the European Union’s Horizon Europe program under 
grant agreement No.1010811041 and a kick-off was carried 
out to address the following four macro tasks:

 i. Consolidate the use case applicability of IHSs through 
a business case analysis for a meaningful space appli-
cation.

 ii. Extend the investigation spectrum to other critical 
aspects of the field through an extensive test effort 
focussed in parallel on aerodynamics and mechanical 
aspects in complementary way to what was done in 
the frame of EFESTO father project.

 iii. Increase the confidence level and robustness of tools/
models developed in the frame of the previous project 
EFESTO by feeding them with the test data.

 iv. Finally, consolidate the definition of the roadmap 
towards a near-future development up to TRL7.

Figure 2 represents the study logic applicable within the 
EFESTO-2 initiative for implementation of the planned 
effort.

2  Business Case Analysis

2.1  BCA Rational

With the objective to identify the most promising use case 
application for inflatable heat shields and guide the sub-
sequent design study for a reference mission/system, a 
Business Case Analysis (BCA) has been the very first task 
appointed in the early stage of the EFESTO-2 project. The 
BCA focussed on the possible range of applications poten-
tially making use of IHSs and oriented towards re-entry and 
recovery of space systems meant to be reused or potentially 
reusable.

State-of-the-art examples of missions potentially enabled 
by advanced IHSs inspiring EFESTO-2 are shown in Fig. 3:

• Recovery of Launch System stages [8]

Fig. 1  Rigid heat shield (MSL) 
and inflatable heat shield con-
cept (HEART, NASA)

Fig. 2  EFESTO-2 project study logic
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• Recovery of ISS cargo systems
• De-orbiting and recovery of Reusable satellites [9, 10]

A literature review of the advancements in space tech-
nology and exploration was appointed as preparation to the 
BCA, including: exploration of the socio-political environ-
ment regarding the enhancement of reusability for space 
hardware; review of regulations for Clean Space and exami-
nation of the "Green Deal" for the space industry; study of 
the new space market and trends; discussion of the European 
Space Agency's (ESA) Agenda 2025, including its vision for 
the future of space activities in Europe and the importance 
of maintaining and expanding Europe's excellence in space.

2.2  BCA workflow and Process

As depicted in Fig. 4, the BCA came across an articulated 
workflow with different stages through implementation of an 
iterative process fed by evaluation of the IHS key features 
on the one hand, and on the other, the execution of both a 
quantitative and qualitative evaluation of the problem.

The iterative segment of the workflow was executed 
through the following steps:

• Overview of reference target markets for IHSs technol-
ogy for re-entry purposes and definition of application 
scenarios.

• Identification of the most promising commercial applica-
tions using a trade-off analysis based on market interest, 
market timeline, IHS complexity and technological fit.

• Qualitative evaluation of IHS marketable applications 
using SWOT (Strengths, Weaknesses, Opportunities and 
Threats) and PESTEL (Political, Economic, Socio-cul-
tural, Technological, Environmental and Legal) frame-
works, and consideration of market trends, substitutes, 
competing solutions, and possible customers.

• Cost-oriented assessment of the reference use case in 
view of adoption of an IHS as device to perform re-entry 
and recovery.

The outcome of the whole process ended up with freezing 
a unique use case to be referred to for the subsequent project 
stage (i.e. mission and system engineering).

Fig. 3  Potential applications with IHSs for the BCA trade-space investigation

Fig. 4  BCA workflow
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2.3  IHSs Application Scenarios Under Evaluation

Figure 5 displays the potential IHSs application scenarios on 
the estimated commercialization timeline vs. system scale 
domain. In particular, the X-axis variable gives the order 
of magnitude of the time for the IHSs product to be sold 
and employed, in consideration of the maturity of the sce-
nario and the foreseen development challenges. As expected, 
direct correlation exists between these two aspects.

The applications have first been linked to the specific 
planetary re-entry scenario, clearly including Earth, Mars 
and Others (namely: E, M and O), and have been numbered 
to ease their identification along the trade-off as follows:

• Earth scenario cases: LV stage reusability (A1), satellite 
recovery (A2), small payload recovery (A3), high-speed 
cargo re-entry (A4), crew-return from LEO and beyond 
(A5), space mining cargo recovery (A6)

• Mars/Venus scenarios cases: Mars micro-lander (A7), 
Venus robotic missions (A8), Mars robotic missions 
(A9), Mars cargo delivery (A10), Crew delivery to Mars 
(11)

2.4  High‑Level Trade‑off of Different Potential 
Mission Scenarios

Based on the application scenario listed above, a quanti-
tative trade-off was carried out to down-select those that 
are more interesting from a commercial point of view to be 
investigated afterwards and in more detail in the frame of a 
qualitative SWOT/PESTEL analysis.

The possible application scenarios have been evaluated 
from the point of view of technological fit of the solutions in 

terms of complexity compared to competitors and in terms 
of interest of the target market specified by the expected size 
and estimated profitability timeline.

A total of 4 criteria (TS, IC, MS, MT), summarised in 
Fig. 6, were used to evaluate each alternative:

• Market Size (MS) identifies the rough order of magnitude 
in M€ of the reference market where the HIAD technol-
ogy will be employed, independently of the specific use 
niche of the HIAD within it.

• Market Timeline (MT) instead estimates an investment 
horizon when the corresponding market shall start to be 
profitable.

• Complexity (IC) score serves as an indication of the 
development and production cost of the solution.

• Technological Score (TS) gives an indication of how use-
ful or necessary the IHSs solution is expected to be for 
that specific market applications, also in consideration of 
existing alternatives.

The assumed weight of importance of the criteria is 
obtained by a combination of 4 gains (KXY) or factors, each 
factor being assigned a value as reported in Table 1.

The relative importance between the market and the tech-
nological aspects is assumed to be fairly equivalent (0.5, 
0.5), whilst sort of “rule-of-thumb perception” is applied 
with respect to identification of “criteria relative weight of 
importance” for the single factors. (e.g.: KTS is considered 
more important than KIC).

Afterwards, any HIAD application was judged vis-à-vis 
each criterion based on a “5-value grade scale”, with a sim-
ple logic as: the lower bound value is assigned when the 
alternative is considered to be “very poorly satisfactory” 

Fig. 5  HIAD application sce-
narios overview
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towards the criterion; and, on the contrary, the upper bound 
value is assigned when the satisfaction grade is deemed very 
high.

The 5-value scale for each criterion is reported in Fig. 6.
Based on the above, each alternative is first assigned a 

set of two couple-score, one couple related to the technical 
evaluation [TS, IC]; and the second related to the market 
evaluation [MS, MT]. Any single score is assigned based 
on the self-evaluation the project team was able to produce 
based either on project perception or coarse analysis of pub-
lic available data or a combination thereof.

Second, for each alternative, a total score is derived to 
obtain the eventual commercial interest associate to that 
alterative. For this to be done, the following formula is 
applied:

APPLICATIONscor e = TSvalue ∗ KTS + ICvalue ∗ KIC 
+ MSvalue ∗ KMS + MTvalue ∗ KMT.

For the sake of clarity, the alternative A1 (Launcher stage 
recovery) is evaluated as worth as:

• 3.5 w.r.t. technology; and 3.5 w.r.t. complexity; hence it 
is [TS = 3.5, IC = 3.5]

• 4.0 w.r.t. market size; and 4.5 w.r.t. market timeline; 
hence it is [MS = 4.0, MT = 4.5]

Table 2 and Table 3 collect the evaluation scores of each 
alternative in terms of gains, whilst Table 4 lists the out-
come of the whole trade-off as result of the formula above. 

In particular, Table 2 refers to Earth-oriented applications, 
whilst Table 3 refers to Mars-oriented applications.

The results in Table 4 highlight that the stage reusability 
(A1), the small payload recovery (A3) and the space min-
ing cargo recovery (A6), seem to be the promising applica-
tions where adoption of IHSs can introduce a commercially 
advantage. In particular, whilst for the A1 and A3 cases, the 
strong point is the good market size coupled with an esti-
mated short market timeline, and for A6, the potentially huge 
market guarantees the high interest despite the uncertain and 
far in time profitability.

Also, for the Mars scenario, the outcome confirms the 
expectations, with the micro-lander (A7) and large cargo 
delivery (A10) resulting to be the most commercially inter-
esting cases for the use of HIAD. Again, whilst for A7, the 
high overall score is pushed by the low complexity and the 
high packability advantage. For A10, it is a combination 
of the promising Mars colonisation market size and the 
expected technological fit.

As conclusive remark, it is reminded that being the Hori-
zon Europe program exclusively focussed on Earth re-entry 
applications, then the EFESTO-2 project team decided to 
retain only the Earth scenario cases for the subsequent stage 
of the BCA. In turn, stage reusability (A1), small payload 
recovery (A3) and space mining cargo recovery (A6) will 
be analysed using a dedicated framework whilst instead the 
Mars winning applications as micro-lander (A7) and large 
cargo delivery (A10), despite relevant from a commercial 

Fig. 6  Trade-off criteria and 
satisfaction grade scale for the 
trade-off of alternatives

Table 1  Criteria weights of 
importance with respect to 
technology and market aspects
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point of view will not be discussed any further. These cases 
might be considered only for future possible technology 
development synergies.

2.5  SWOT‑/PESTEL‑Based Selection of the Best 
Candidates Amongst Earth Re‑Entry 
Applications

The preliminary trade-off analysis presented above has iden-
tified three Earth re-entry use cases potentially character-
ised by a high commercial interest in view of adoption of 
Inflatable Heat Shields device as solution for implementa-
tion of re-entry and recovery of a space system element. 
Specifically, the selected use cases are LV stage recovery 

(A1), small payload recovery (A3) and space mining cargo 
recovery (A6).

Pros and cons of these three use cases have been fur-
ther assessed within the frameworks of SWOT (Strengths 
– Weaknesses – Opportunities—Threats) and PESTEL 
(Political – Economic – Social – Technological – Environ-
mental—Legal) with the goal to support the selection of 
a unique reference use case for the final step of the BCA 
(i.e. profitability evaluation in consideration of the estimated 
costs of development and realisation).

Information regarding market trends, competitors and 
substitute solutions were injected to support the analysis.

The PESTEL framework embedded the following assess-
ment factors:

Table 2  Earth recovery 
and reusability applications 
evaluation

Table 3  Mars recovery and 
reusability applications 
evaluation

Table 4  Final trade-off outcome
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• Political: EU strategy strictly related to access-to-space 
autonomy and space technology independence

• Economic: sustainability and affordability of access to 
space

• Social: public interest for innovative technology and EU 
self-reliability

• Technological: contribution to scientific community 
know-how and promotion of technology grow-up

• Environmental: reusability vis-à-vis the green deal phi-
losophy

• Legal: near-future regulations regarding disposal, re-
entry and reuse of space transportation systems

In the frame of the PESTEL assessment, a solution is 
evaluated as “preferable” when: minimises mass and vol-
ume impact on the launch system; minimises the delta-TRL 
needed for its eventual exploitation vis-à-vis a prompt mar-
ketability; exhibits great growth potential and capability to 
trigger new solutions and services in the space transportation 
realm; minimises cost penalties.

The SWOT framework embedded the following assess-
ment factors:

• Political and economic factors as EU and ESA favour 
with respect to reusability of launch systems and the 
positive impact of re-sue for launch cost reduction

• Public interest for innovative technology and perception 
of EU autonomy needs in the field of innovative tech-
nologies as the ones relate d to space applications

• Contribution to scientific community know-how
• Compatibility with the green deal philosophy
• Compatibility with future legal aspects regarding LV 

stage disposal, re-entry and reuse

Results of PESTEL and SWOT evaluation, summarised 
in Tables 5, 6, respectively, show that the best candidate use 
case in the frame of Earth re-entry is the ‘LV stage recovery’, 
and it will be the reference use case for the work presented 
in the following section.

2.6  Engineering‑Based Selection of the Best 
Alternative Within the LV‑Stage Recovery use 
Case

Once the recovery of a ‘reusable LV stage’ has been identi-
fied as the most promising commercially profitable scenario 
for an Inflatable Heat Shield, the aim is to identify a range 
of launch vehicle to determine the most promising class size 
for applying the IHS technology. In this regard, a review of 
potential candidates was performed in order to clarify the 
bandwidth of size and mass of the application.

Table 5  SWOT assessment 
outcome

Table 6  PESTEL assessment 
outcome
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Launch systems for which a minimum level of informa-
tion is available, either by literature research or by in-house 
crosscheck analysis, were considered for further review. 
From over 70 cases around the world identified, 20 were 
down-selected depending on their potential, specifically 
commercially available launch systems in the United States 
or Europe at a time horizon compatible with the develop-
ment time of the IHS technology.

It shall be highlighted that this selection is only motivated 
to obtain a higher degree of analysis depth but does not aim 
to exclude any launch system as a potential future applica-
tion of the IHS technology. Furthermore, the selected launch 
systems are to be understood only as a study case and not as 
a preselection for the IHSs.

Key Parameters and Indicators (KPI) as length and 
diameter of the LV stages as well as their mass at re-entry 
have been considered to organise the different cases within 
‘classes’ in order to ease the further down-selection. By ana-
lysing the KPIs, it is possible to appreciate that the launch 
systems can roughly be classified in four clusters as sum-
marised in Table 7.

Again, it shall be highlighted that this categorization 
is only based on candidates for which sufficient data were 
available to perform this analysis.

As a result, for the application of EFESTO technol-
ogy, the Cluster II was selected as the most promising one, 
because of two reasons: on the one hand, it exhibits the 
greater number of potential LV systems to which the IHS 
may be applied; on the other hand, in terms of size and mass, 
it includes cases comparatively close to that for which a sig-
nificant technology development step was already taken into 
account during the EFESTO project.

In turn, the identified reference study case for the sub-
sequent stage of the EFESTO-2 project is the recovery of 
a medium-size LV stage within the range [500–2000] kg.

3  Reference Mission and System Design

3.1  ConOps

Based on the Business Case Analysis investigation, the refer-
ence use case for the Inflatable Heat Shield exploitation is 
the recovery of a launch vehicle upper stage. In this context, 
the Concept of Operations (ConOps) for the Inflatable Heat 

Shield exploitation relies on the recovery of a launch vehicle 
upper stage as for Figs. 7, 8.

Basically, the ConOps is divided into two main phases:

A. The LEOP/ORBITAL, during which the launcher is 
meant to execute the typical tasks of the Launch and 
Early Operation Phase and orbit injection of the main 
payload (i.e.: the satellite);

B. The RECOVERY phase, during which the LV stage is 
recovered;

Regarding Phase 1 (LEOP/ORBITAL), after having 
reached a certain altitude above the ground level and hav-
ing passed the ascent heat flux peak, the separation of some 
masses is executed (i.e.: the LV fairing and the IHS cover) 
and subsequently the satellite is placed into its final orbit. 
Afterwards, the LV stage executes a de-orbit burn in order 
to decelerate and allow to place itself on a re-entry path. 
Before the re-entry interface point (namely an altitude of 
about 120 km), the P/L adapter is also separated and the 
shield is inflated.

As for Phase 2 (RECOVERY), it is remarked that the 
baseline strategy for EFESTO-2 is to execute the recov-
ery via ‘Mid-Air Retrieval’ by helicopter at the end of the 
descent sub-phase. Therefore, the very first section of the 
RECOVERY phase is the hypersonic re-entry, executed—
thanks to the inflatable heat shield itself. Then, once reached 
the proper conditions, a descent section is initiated by extrac-
tion of a supersonic parachute to decelerate passively the 

Table 7  Clusters of 
classification for the launch 
systems considered

Cluster Stage category Re-entry mass range

I Very small stage Below or equal to 500 kg
II Medium Sized stage Above 500 kg and below or equal to 2000 kg
III Large stage Above 500 kg and below or equal to 5000 kg
IV Very large stage Above 5000 kg

Fig. 7  Re-entry mass of LVs stages as a function of stage length
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system trajectory. Prior to triggering the parachute extrac-
tion, the IHS is ejected since it will be no longer useful. The 
parachute will act down to the subsonic velocity to allow 
a parafoil to be extracted and then to obtain the controlled 
flight towards a target area where a helicopter is expected to 
complete the recovery of the system.

It should be noted that the engineering effort addressed 
during the project focussed exclusively on the re-entry 
part of the recovery until the parachute triggering. This is 
because the key aspects for the design of the IHS and its key 
elements are strictly related with the re-entry only. It is all 
about the missions’ sections of descent, and MAR is out of 
the scope of the EFESTO-2 project objectives.

3.2  Mission Analysis

Based on ConOps, a mission design loop was executed 
through a parametric analysis conducted to determine 
which combination of ballistic coefficient (BC) and flight 
Path Angle (FPA) range could allow a re-entry trajectory in 
compliance with system constraints listed in Table 8, namely 
aerothermal and mechanical loads limits.

The 2-D local entry corridor (LEC) analyses were con-
ducted by simulating multiple trajectories with variations 
in the entry co-rotating flight path angle and the ballistic 
coefficient. The variation in the ballistic coefficient was uti-
lised also in tight relation with aeroshape design to assess 
different vehicle sizes and shapes.

The Local Entry Corridor (LEC) analyses were per-
formed with a predetermined landing site located on 

Kourou (French Guyana) and an inertial re-entry velocity 
of approximately 7.5 km/s.

Reference and sizing trajectories were also calculated 
for an entry flight path angle range between -2.56° and 
-1.70° and ballistic coefficient of 57 kg/m2. Those are in 
fact the extreme FPA values for which two limits design 
conditions are reached, respectively (max q dot and max 
landing accuracy) as it can be noticed in Fig. 9.

Sizing trajectories correspond to shallow case limiting 
the LEC superiorly (by landing accuracy constraint), and 
to step case limiting inferiorly (by heat flux constraint). 
The reference trajectory is the balanced one corresponding 
the maximum margin in terms of FPA.

Furthermore, a Monte Carlo analysis was conducted 
to confirm that the expected peak conditions fall within 
the limits identified by the Local Entry Corridor (LEC) 
analysis for all the constraints.

Fig. 8  EFESTO-2 baseline ConOps

Table 8  LEC constraints

Constraint D10 Req. on 
F-TPS region

Value on 
stagnation 
area

Heat flux (kW/m^2) 450 600
Heat losd (MJ/m^2) 45 60
Axial load factor (earth g’s) 12 12
Entry dynamic pressure (kPa) 12 12
Max. land. accuracy (km) 150 150
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Results of Figs. 9, 10, 11 refer to the most promising 
combination of shape size and entry conditions that allow 
us to obtain an existing flight corridor for a feasible shape. 
Key parameters represented are the flight corridor map; the 
time history of different loads (heat flux, heat load, dynamic 
pressure and g-load).

3.3  Aerodynamics and Aerothermodynamics

Based on EFESTO heritage, different variants of a reference 
aero-shape have been investigated by varying key parameters 
as cone angle and diameter (Fig. 12). For each of aero-shape 
under investigation, the aerodynamics and aerothermody-
namics studies have been carried out in two stages: 1) the 
development of an aerodynamic database for Mach number 

between 1.5 and 30 and angle of attack of ± 20°, using engi-
neering tools; 2) the investigation of aerodynamics and aer-
othermodynamics physical phenomena for selected flight 
point of the trajectory, using CFD.

Based on the project objectives, the flight domain inves-
tigated is limited to hypersonic and supersonic flow in con-
tinuum regime where the boundary layer can be laminar or 
turbulent according to the Reynolds number experienced 
during the flight.

The aerodynamic database allows performance evalua-
tion including trajectory envelope and flying qualities. A 
trade-off was performed with the down-selection of the best 
aero-shape with respect to maximisation of the entry corri-
dor as well as compliance to the system constraints (namely, 
maximum allowable heat flux, heat load, dynamic pressure 

Fig. 9  EFESTO-2 Local Entry Corridor (left) and flight path angle margin (right)
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and g-load). The baseline aero-shape chosen (option #1.1, 
which is a variant of option #1) for the project is the one 
featuring: a diameter of 5.32 m, an half cone angle of 60°, 
and a nose radius of 1.3 m.

CFD simulations have been also conducted, focussing 
on the critical flight points as maximum heat flux and 

maximum pressure flight points (Fig. 13). The objectives 
were an in-depth evaluation of the aerodynamic and aero-
thermodynamic behaviour, as well as to get distributions 
of loads (pressure and heat flux) along the body in support 
of the system design loop, sizing of the Thermal Protec-
tion System (TPS) and of the Inflatable Structure (IS), as 
illustrated in Fig. 14.
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Fig. 11  EFESTO-2 reference trajectories time history: dynamic pressure (left), g-load (right)

Fig. 12  Various aero-shapes 
investigated during the pre-
liminary phase of EFESTO 2 
project

Option #1 Option #2 Option #3 Option #4

Fig. 13  Flight point under investigation for the CFD simulations for the reference shape (option #1.1) (left), flow topology for the Mach 21 flight 
point (right)
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3.4  System Design

A system design loop was performed in order to obtain a 
coherent layout for the IHS and its subsystem integrated to 
the use case of the Firefly Alpha upper stage with the objec-
tive to obtain a suitable architecture, geometry and a mass 
estimation. The loop was initiated by performing a trade-off 
of the maximum diameter of the inflated heat shield. Four 
shapes were identified as potential candidates:

• Option 1: Diameter 5.79 m, half cone angle 60°
• Option 2: Diameter 6.40 m, half cone angle 60°
• Option 3: Diameter 5.79 m, half cone angle 48°
• Option 4: Diameter 4.29 m, half cone angle 60°

A qualitative assessment supported by an evaluation 
of the aerodynamic performance (see Sect.  3.3) led to 

a down-selection of Options 1 and 2 and finally to retain 
Option 1, due the estimation with a more favourable mass. 
This geometry was then elaborated to higher detail, involv-
ing aerothermodynamics simulations (Sect. 3.3) and mission 
analysis (Sect. 3.2). These results were used for F-TPS siz-
ing (Sect. 3.4) and mass estimation of the inflation system 
and the inflatable structure, complemented by a mass esti-
mation for secondary subsystems. Further effort to reduce 
system mass resulted in a minor reduction in the diameter 
of the inflated IHS to 5.32 m. Figure 15 presents major key 
dimensions and an external view of the retained configura-
tion. It shall be noted that the shape of the annulus volume 
is simplified to a circular cross section, whilst it is actually 
tear-shaped.

The mass distribution for the re-entry configuration can 
be consulted in Fig. 16. As it can be seen, the additions 
to the system in re-entry configuration sum up to no more 

Fig. 14  CFD results for the reference shape (option #1.1): pressure distribution (left), heat flux distribution (right)

Fig. 15  Key dimensions (left) and exterior view (right) of the retained configuration during re-entry
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than 31% of the total re-entry mass. It shall be highlighted 
however that all masses, including the one of the stage itself, 
were subjected to a 15% system margin. Furthermore, some 
mass additions are not included in the mass distribution 
when not present during re-entry, such as the external HIAD 
cover or the dedicated payload adapter, which are separated 
prior to re-entry.

3.5  Flexible TPS and Inflatable Structure Design

The system design loop mainly involved the two key sub-
systems of the Inflatable Heat Shield (i.e.: Flexible TPS and 
Inflatable Structure) that underwent modelling and analysis 
through a dedicated effort, covering thermal and structural 
investigation by adopting design approaches, models and 

material databases inherited from the previous project, 
EFESTO.

The numerical investigation allowed the evaluation of dif-
ferent architectural solutions, also ensuring the identification 
of the optimal ones as well as to obtain system budgets in 
terms of mass and volumes.

Figure 17 and Fig. 18 depict the design outcomes for the 
two subsystems along with key elements.

4  Future Work: Tests Effort Implementation 
and Exploitation

In the near future, the project will focus on conducting 
ground tests, consisting of two parallel efforts:

• The first effort, involving the investigation of aerody-
namics and flying qualities, will be conducted through 
cold-flow wind tunnel testing of subscale models at 
DLR-Cologne facilities (H2K, TMK). For that purpose, 
it will study the dynamic and static stability of capsule-
like bodies, particularly focussing on deformed shapes at 
relevant flow regimes.

• The second effort, focussing on the mechanical charac-
terisation of the Inflatable Structure, will aim at further 
exploring the structural behaviour of these unique struc-
tures, with a focus on modal survey, stiffness, deforma-
tion measurements and morphing observation.

The aerodynamics and flying qualities investigation will 
involve the design and manufacturing of wind tunnel mod-
els that replicate the deformed shape of the Inflatable Heat 
Shields at critical points of the trajectory (Fig. 19).

Two wind tunnel test (WTT) campaigns have been 
planned: the first one, at the H2K facility, to cover static 
stability tests in the Mach number range of 5.3 to 7, and 
the other one, at the TMK facility, to cover both static and 

Fig. 16  Mass distribution of the reference configuration during re-
entry

Fig. 17  LV stage and Inflatable Heat Shield integration (left), F-TPS layers and temperatures (centre/right)
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dynamic stability tests in the Mach number range of 1.4 to 
4, with variations in terms of Reynolds number. The WTT 
tasks will include the characterisation of surface properties, 
calibration, integration of strain gauge balances for static 
tests and free oscillation devices for dynamic stability tests. 
Then, the collected experimental data will be used to update 
the Aerodynamic Database and cross-correlate with compu-
tational fluid dynamics (CFD) simulations to reassess trajec-
tory and flying quality.

Regarding the mechanical characterisation of the Inflat-
able Structure, a ground demonstrator with a diameter 
of 2.4 m will be utilised, along with a dedicated test rig 
developed in the previous EFESTO project (Fig. 20). This 
extended test campaign aims to improve the correlation 
between numerical and experimental results, including 
dynamic tests to evaluate the system's behaviour under 
dynamic loading by means of hammers (tuned for low 
frequency search) and with specific shakers (to apply 

localised periodical solicitation at controlled frequency). 
The demonstrator will be instrumented with acceler-
ometers (mono-axial and triaxial) to identify the modal 
behaviour, and photogrammetric reconstruction will be 
employed to analyse the deformed shape under load and 
calculate the applied axial force.

After the completion of the test effort, a numeri-
cal–experimental cross-correlation will be performed to 
compare the results with numerical models and enhance 
the predictive capability at the material, structural and 
aerothermodynamics levels. Successful testing and model 
revision will improve the confidence level in design and 
simulation tools, increase knowledge about inflatable heat 
shield technology, and lead to enhanced performance in 
the design, manufacturing and testing of these complex 
systems. The project will conclude with the development 
of a roadmap towards technology consolidation up to 
TRL7.

Fig. 18  LV stage and Inflatable Heat Shield integration (left), Inflatable Structure model (right)

Fig. 19  Reference flow of wind tunnel testing for the EFESTO-2 tasks
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5  Conclusive Remarks

Building upon the achievements of the previous EFESTO 
project, the EFESTO-2 project aims to further advance 
European expertise in the field of Inflatable Heat Shields 
(IHS). The project, initiated in November 2022, has com-
pleted its initial stage, which involved conducting a Busi-
ness Case Analysis and engineering a reference mission/
system design for an IHS solution tailored to a specific 
use case in Earth re-entry and reusable space transporta-
tion systems.

This paper provides an overview of the project's objec-
tives, scope and ongoing activities, as well as a glimpse 
of the planned work for the next 2 years. The Business 
Case Analysis revealed that the recovery of LV stages in 
the small launcher mass class/size range (500–2000 kg) 
appears to be the most promising application for IHS. 
Despite the mass penalty associated with employing an 
IHS-based solution for stage recovery, the cost reduction 
enabled by stage reuse continues to make it commercially 
viable and environmentally beneficial.

Additionally, the project successfully developed a con-
ceptual engineered adaptation of an IHS for the re-entry 
and recovery of a generic LV stage within the specified 
mass/size class. This conceptual adaptation was translated 
into a reference design baseline, including the mission and 
system requirements, which will serve as a foundation for 
the extensive test effort planned in the second phase of 
the project.

The project is currently progressing according to plan, 
aiming to achieve an important milestone before the sum-
mer of 2023. The next steps will deal with the organisation 
and the conduction of test campaigns, which will provide 
valuable data to improve the confidence level of numerical 
models and enhance the consortium's knowledge in this stra-
tegic field. Additional papers will be produced to document 
the second half of the project and disseminate the results.

Acknowledgements This project has received funding from the Euro-
pean Union Horizon Europe research and innovation programme under 
grant agreement No 1010811041. More information available at: http:// 
www. efesto- proje ct. eu/.

Funding Open access funding provided by Politecnico di Torino within 
the CRUI-CARE Agreement.

Data availability The request of the dataset generated and analyzed 
during the study will be evaluated on a case-by-case basis and it will 
be subjected to the consortium decision.

Declarations 

Conflict of interest No conflict of interest/competing interests to de-
clare.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Hughes, S. J. et al. 2013. Hypersonic Inflatable Aerodynamic 
Decelerator (HIAD) Technology Development Overview. In: 13rd 
International Planetary Probe Workshop.

 2. Marraffa, L., Boutamine, D. 2006. IRDT 2R Mission, First 
Results”. In Proceedings of the 5th European Workshop of Ther-
mal Protection Systems and Hot Structures. Edited by K. Fletcher. 
ESA SP-631.

 3. LOFTID flight: https:// www. nasa. gov/ featu re/ loftid- infla table- 
heat- shield- test-a- succe ss- early- resul ts- show

 4. Dillman, R. A. et al. 2018. Planned Orbital Flight Test of a 6m 
HIAD. In:  15th International Planetary Probe Workshop.

Fig. 20  Static-load testing of the EFESTO inflatable heat shield ground demonstrator

http://www.efesto-project.eu/
http://www.efesto-project.eu/
http://creativecommons.org/licenses/by/4.0/
https://www.nasa.gov/feature/loftid-inflatable-heat-shield-test-a-success-early-results-show
https://www.nasa.gov/feature/loftid-inflatable-heat-shield-test-a-success-early-results-show


 G. Guidotti et al.

1 3

 5. Guidotti, G. et al. 2022. The EFESTO project: Advanced Euro-
pean re-e ntry system based on inflatable heat shield. In:  2nd Inter-
national Conference on Flight Vehicles, Aerothermodynamics and 
Re-entry Missions & Engineering, Heilbronn, Germany, 2022.

 6. Schleutker, T. et al. 2022. Flexible TPS design and testing for 
advanced European re-entry system based on inflatable heat shield 
for EFESTO project. In: 2nd International Conference on Flight 
Vehicles, Aerothermodynamics and Re-entry Missions and Engi-
neering, Heilbronn, Germany, 2022.

 7. Gardi, R. et al. 2022. Design development and testing of the Inflat-
able Structure and its Demonstrator for the EFESTO project. In: 
2nd International Conference on Flight Vehicles, Aerothermody-
namics and Re-entry Missions & Engineering, Heilbronn, Ger-
many, 2022.

 8. DeRoy S.R., et al. 2016. Vulcan, Aces And Beyond: Providing 
Launch Services For Tomorrow’s Spacecraft. AAS 16–052.

 9. Chandra, A., Thangavelautham, J.: De-orbiting Small Satellites 
Using Inflatables. Department of Aerospace and Mechanical Engi-
neering, University of Arizona, Space and Terrestrial Robotic 
Exploration Laboratory (2018)

 10. Andrews, J. et al. 2011. Nanosat Deorbit and Recovery System to 
Enable New Missions. In: 25th annual AIAA/USU Conference on 
Small Satellites. SSC11-X-3.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	EFESTO-2: European Flexible Heat Shields Advanced TPS Design and Tests for Future In-Orbit Demonstration-2
	Abstract
	1 Introduction
	2 Business Case Analysis
	2.1 BCA Rational
	2.2 BCA workflow and Process
	2.3 IHSs Application Scenarios Under Evaluation
	2.4 High-Level Trade-off of Different Potential Mission Scenarios
	2.5 SWOT-PESTEL-Based Selection of the Best Candidates Amongst Earth Re-Entry Applications
	2.6 Engineering-Based Selection of the Best Alternative Within the LV-Stage Recovery use Case

	3 Reference Mission and System Design
	3.1 ConOps
	3.2 Mission Analysis
	3.3 Aerodynamics and Aerothermodynamics
	3.4 System Design
	3.5 Flexible TPS and Inflatable Structure Design

	4 Future Work: Tests Effort Implementation and Exploitation
	5 Conclusive Remarks
	Acknowledgements 
	References


