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Abstract

Re-entry flights of reusable first or upper stages typically foresee phases in the hypersonic
flight regime, characterized by severe aero-thermal loads which could become critical for the
most exposed components, like the vehicle forebody or the fin leading edges. These require
consequently dedicated thermal protection systems (TPS), whose design generally requires
a multi-disciplinary approach. In this framework, a viable solution is the use of high-
temperature resistant ceramic matrix composite (CMC) structures, but the implementation
of such technology, especially for the manufacturing of complex components and its
application in real flight conditions, still presents significant challenges. In this work, the
design activities for the CMC-based TPS of the payload forebody of a hypersonic sounding
rocket are presented, developed within the framework of the STORT project, whose mission
includes in flight demonstration of multiple critical technologies required for sustained
flight at Mach numbers above 8, corresponding to a significantly high integral thermal load.

Keywords: ceramic matrix composites; thermal protection system; hypersonic flight experiment

1. Introduction
High-energetic missions of atmospheric entry vehicles or spaceplanes flying in hy-

personic conditions for prolonged time present big challenges especially due to the corre-
sponding severe aerothermal loads. In fact, the flow is characterised by strong shock waves,
dissipating the kinetic energy into internal energy in an extremely short distance, intense
heat fluxes, heating up the vehicle external components, the high aerodynamic pressure
loads and the presence of dissociated species, creating additional chemical reaction on the
material surface [1].

In this context, one of the most challenging aspects in the development of these
vehicles is the design of suitable thermal protection systems (TPS). Although the classic
solution of an ablative TPS, which dissipates the heat through the thermochemical ablation
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process of the surface material, is still widely used for many applications [2,3], this is not
a viable solution in the cases in which the stability of the aerodynamic shape is needed,
or for example, when full reusability is required. In those cases, the use of sophisticated
structures based on ceramic matrix composite (CMC) materials is required, which provide
a so-called passive heat protection, by sustaining very high temperatures at which they can
radiate back most of the convective heat [4].

In particular, among the CMCs, the C/C-SiC material offers a very good potential for
application in the hypersonic flight regime because of its combination of relatively low
density, around 2 g/cm3, high temperature resistance, with the typical temperature limit
set above 1900 K at which there is the transition from passive to active oxidation of the ma-
terial, and good thermo-mechanical properties also at high operational temperatures [5,6].
Although the C/C-SiC material was first produced already a long time ago [7], the research
on the topic is still widely active for what concerns, for example, the use of different raw
materials [8,9], the possible manufacturing processes [10,11], the modelling and characteri-
zation of the material properties and the testing of the thermo-mechanical behaviour under
representative operating conditions [12].

In the context of the improvement of the readiness level of the technology, the val-
idation under realistic flight conditions with the application of the CMC material to the
design of complex TPS structures integrated in real vehicles for flight experiments assumes
a fundamental role for the development. In fact, flight tests enable the characterization
of real flight conditions, offsetting the limitations of ground testing while simultaneously
providing data for the calibration and validation of numerical tools and models required in
the design process. Among the past flight experiments foreseeing the integration of CMC
components [13,14], the well-known SHEFEX I and SHEFEX II [15] are worth mentioning,
in which CMC structures were integrated as TPS of the vehicle forebody for the evaluation
of the thermal response in hypersonic flight conditions. Nevertheless, the mentioned flight
experiments were characterized by ballistic trajectories reaching hypersonic conditions
only for relatively short durations, with a consequent limitation of the integral aerothermal
loads and the corresponding temperatures to which the structures were subjected. In order
to achieve a longer flight duration, the STORT project was initiated by DLR, which planned
a three-stage sounding rocket to fly on a suppressed trajectory, achieving a peak Mach
number of more than 8 and keeping the speed above this threshold for more than two
minutes. As a result, the encountered environmental conditions in terms of accumulated
heat load shall be close to the ones typical of high-enthalpy re-entry flights, especially for
reusable first stages, and potentially upper-stage, configurations [16].

While an overview of the STORT hypersonic flight experiment, of the setup of the
three-stage sounding rocket and of the most relevant flight mission and scientific data are
presented in [16], the present work focuses on the challenges characterizing the design
process of the C/C-SiC-based TPS structure for the scientific payload forebody of the
STORT sounding rocket. These are the components exposed to the highest thermal load
and consequently require taking into consideration several engineering aspects for their
full validation. Moreover, while a first technical discussion of the main engineering aspect
of this process were presented in [17,18], the present work reports a systematic, complete
and scientifically rigorous description of the design. In particular, starting from the planned
nominal flight trajectory and the main requirement to have an axisymmetric smooth
aerodynamic surface with minimized segmentation and without disturbances due to rivets
or bolted connections, in order to reduce drag and avoid local heat flux increases, the paper
will describe first the main design choices, in terms of the segmentation, the selection of
the C/C-SiC shells manufacturing process through wet filament winding of the fibres and
the selected configuration for the connection between the hot external TPS and the inner
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cold structure. Then, the numerical models for the thermal analysis and the mechanical
validation of the structure under the most critical load cases expected during the mission
and the corresponding results will be presented. Finally, a detailed and critical comparison
of the in-flight measured temperature profiles in some significant points of the structure
will be compared to the corresponding numerical results for a partial validation of the
numerical model and the identification of improvement possibilities.

2. STORT Sounding Rocket Configuration and Planned Trajectory
As mentioned above, the DLR project STORT focused on several key technologies for

flight at prolonged time at hypersonic Mach number, with the main aim to foster reusability
of the systems and to support cost reduction of future space transportation systems while
keeping them highly reliable.

In this framework, a big part of the project activities was focused on the definition,
implementation and carrying out of a flight experiment in the hypersonic flight regime for a
relatively long operational time, in order to increase the corresponding integral aerothermal
load as much as possible. For this purpose, a three-stage sounding rocket configuration
was defined, as shown in Figure 1, including the S31 rocket as first stage, the S30 as second
stage and the Improved Orion rocket as an engine of the third stage. Figure 2 shows the
details of the third stage configuration with the scientific payload, including the C/C-SiC
structure for the forebody thermal protection, which is the subject of the present paper.

Figure 1. STORT three-stage sounding rocket configuration [16].

Figure 2. Upper stage of the STORT launch vehicle with scientific payloads [16].

Moreover, in order to prolong the flight time in hypersonic regime, specific manoeuvres
were planned. In particular, relatively long coast phases were foreseen between the burnout
of the first stage and the ignition of the second stage and between the burnout of the second
stage and the ignition of the third stage, during which the rocket would perform a gravity
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turn adjusting the flight direction to a lower flight path angle. The resulting planned
nominal trajectory is shown in Figure 3, in terms of velocity and altitude (Figure 3a) and
Mach and Reynolds numbers (Figure 3b) over time. It can be seen that the rocket was
expected to fly at a Mach number around 8 for an overall time of 110 s. In Table 1, the
key flight events are reported, in particular, for what concerns the motors ignition and
burnout times.

  
(a) (b) 

Figure 3. Planned nominal trajectory of the STORT flight [16], in terms of: (a) flight velocity and
altitude; (b) Mach and Reynolds numbers.

Table 1. Characteristic flight events and their corresponding times [16].

Event Time, s

Lift-off, ignition 1st stage 0
Burnout 1st stage 11.4
Ignition 2nd stage 24.0
Burnout 2nd stage 51.1
Ignition 3rd stage 88.0
Burnout 3rd stage 113.0

Apogee 141.9
Impact 265.4

An overview of the STORT sounding rocket configuration, with additional details
concerning the several technologies implemented on the scientific payload, the mission
definition and operation and the main selected flight data can be found in [16,18].

3. Design Overview
3.1. Forebody Structure Concept

In this section, an overview of the overall design of the 1.5 m long rocket scientific
payload forebody structure with its TPS will be presented, which is schematically shown in
the section view in Figure 4.

On the base of the experience collected in the previous SHEFEX II program, where a
temperature increase at the edges of the faceted TPS structure of the forebody was detected,
due eventually to a localized increase in the heat fluxes [15], a critical requirement defined
in the case of STORT for the TPS design of the forebody was to obtain a smooth ogival
aerodynamic surface, reducing the segmentation and minimizing geometrical disturbances
and gaps. This requirement had a primary effect on the design choices regarding the
manufacturing process and the structure configuration. In particular, the full C/C-SiC
structure was divided in only five components. In the very front of the forebody, the nose
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made from one solid block of material was located, featuring a tip with a spherical nose
of 2.5 mm radius. The bulk design provided for a significant mass to act as a heat sink in
the stagnation region. Downstream of the nose, the C/C-SiC structures are designed as
axisymmetric, closed shells. The manufacturing of these structures is carried out via wet
filament winding in the CFRP production and subsequent transformation into the C/C-SiC
material, as detailed in Section 3.2.

Figure 4. Cross-section of the STORT payload forebody structure.

Moreover, although gaps in the order of 1–1.5 mm were included between the shells
to compensate the thermal expansion and avoid mechanical stresses between the segments,
such gaps were closed with a high-temperature resistant soft graphite-based paste for
keeping the external geometry neat.

The CMC segments are installed on an aluminium alloy substructure which connect
the forebody to the rest of the scientific payload, fulfilling the bearing function and allowing,
at the same time, the integration of sensors and other electronic hardware systems needed
for the data acquisition.

A polycrystalline wool thermal insulation is included below the CMC components,
preventing the energy to be conducted internally and keeping the temperature of the
underlying metallic structure below the material limit.

Finally, Section 3.3 describes the connection between the CMC main components and
the substructure, whose design was also defined according to the general concept of a clean
external aerodynamic surface.

3.2. Wet Filament-Wound CMC Components for the TPS

The C/C-SiC components used for the payload forebody TPS were manufactured
through the following process [7] involving the following steps.

• First, the raw component is set up in the carbon fibre reinforced polymer (CFRP) status.
• Second, the so-called carbon-carbon (C/C) status is generated through a pyrolysis

process, at temperatures that generate the carbonization of the matrix.
• In the present case, the in-house developed in-situ joining process (see Ref. [19]) was

implemented in the C/C-state to integrate ceramic brackets on the internal surface of
the shell component for the connection to the substructure, according to the configura-
tion that will be explained in details in Section 3.3.

• Finally, the C/C-SiC integral final component is realised through reactive silicon
melt infiltration.

For what concerns the bulk nose component, three 30 mm thick plates were produced
using carbon fibre prepregs, polymerized using an autoclave and pyrolyzed to the C/C
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status. The three plates were joined and siliconized together in order to get a material block
large enough to be machined to the prescribed geometry.

On the other side, as already mentioned, an innovative process was implemented
for the manufacturing of closed-shell C/C-SiC components for the other segments, start-
ing from the LSI process described above, but using the wet filament winding of pre-
impregnated carbon-fibre bundles for the production of the initial CFRP preform.

This process is best suited for the near-net-shape production of rotationally symmetric
components, like the forebody segments in the present work. In this process, a single
carbon fibre roving is first impregnated with the phenolic resin in a resin bath and then
placed on the winding core, which determines the inner contour, through computer control.
Once the winding is complete, curing normally takes place directly on the winding core at
prescribed temperature in drying ovens or in an autoclave.

Important factors that influence the material properties of wound ceramic matrix
composites are the choice of the winding pattern and of the winding angle relative to the
winding axis [10,20]. The winding angle should be adapted to the existing load cases but
also needs to be varied over the wall thickness to obtain an even and delamination-free
structure. In this specific case, an average winding angle of 45◦ was chosen, which is best
suited for the combination of radial and axial loads. For segment A, this results in angles
between 40◦ and 55◦, for segment B, 36◦ to 67◦, for segment C, 36◦ to 62◦ and for segment
D, 39◦ to 54◦. CADWIND® was used to generate the winding programs of the forebody
components. The 6th winding layer of segment B generated by CADWIND can be seen in
Figure 5.

 
Figure 5. Sixth winding layer of segment B in CADWIND®.

The T800 carbon fibre from Toray Industries (Tokyo, Japan) was used in combination
with a phenolic resin with the internal name JK60. This combination has been established
for wound C/C-SiC structures at DLR. In order to achieve the desired component minimum
wall thicknesses of 5 mm, 12 winding layers were required for all segments. Nevertheless,
the segments were produced with a small amount of extra material on the outward surface
to machine the outer contour to the final shape in the C/C condition.

3.3. Connection Elements Between TPS and Substructure

The design of the connection between the CMC components and the metallic substruc-
ture represented one of the most significant challenges, since it needed to take into account
all the following requirements.

First, the general requirement of avoiding disturbances on the external aerodynamic
surface was also applied here and required that no bolt or rivet heads were present on the
surface. Therefore, the in-situ joining technique was selected [19] to attach bracket elements
on the segments’ internal surface. As mentioned before, this step can be applied when there
are two components in the intermediate C/C status which need to be attached together.
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This can be achieved using a carbonaceous paste that after tempering assumes a similar
porous state as the C/C material. The C/C components are pressed together, using the
paste as an adhesive, and infiltrated with molten silicon. The infiltration overcomes the
joining interface and yields a final integral C/C-SiC component. A consequence of this
choice is that the connection elements should include a bracket also made from the same
CMC material.

On the other side, the connections must fulfil the primary functions of bearing different
types of mechanical and thermal loads and providing a compensation of thermal expansion
mismatch between the high temperature experienced on the external components to the
near-ambient temperature of the metallic ones. In the case of the thermo-mechanical loads
arising during the STORT flight mission, it was proved that a purely CMC connection
would not be able to provide the needed mechanical resistance, as described in details in
the technical trade-off study presented in [17].

Therefore, the connection between the C/C-SiC structures on the surface and the
internal metallic structure was realized via the so-called double-L connection, as shown
in Figure 6. This design is a refinement of the connection elements that were used in the
SHEFEX II vehicle, that consisted only of CMC material and were made in one piece [15].
The design of the double-L connection consists of two parts, the one being a CMC angled
bracket which is joined to the TPS shell, the other one being a metallic angled bracket that
is attached to the CMC bracket and to the metallic substructure via bolts. The material of
choice for the bracket and the bolts was Inconel 600. This design is quite simple in terms of
the two parts required, and, more important, it provides elasticity in the metallic bracket
which reduces the mechanical stress in the CMC bracket, and it gives the possibility to
adjust for tolerances in the assembly process.

Figure 6. Two-L connection concept.

Figure 7 shows the implementation of the two-L connections for the overall assembly
of the TPS shell to the underlying structure for the example case of segment B, including
12 elements in the proximity of the front section and 12 elements in the proximity of the
rear section. A similar configuration was used for the segments C and D.

Figure 8 presents, finally, the distinct configuration for the assembly of the nose to
segment A, which requires dedicated treatment. In this case, in fact, on the forward part, a
special configuration was needed, in which an additional CMC disc component is included
to the segment A through the above described joining process, which presents four holes
through which four ceramic M10 screws ensure the connection to threaded holes eroded in
the tip. An overview of the CMC screw connection and their effectiveness can be found
in [21]. Moreover, the tilting movement between the TPS and the metallic structure is
avoided through four dowel pins bolted on the front face of the substructure and passing
through the CMC disc. On the rear side of the segment A, the two-L connection elements
could be still applied, but to allow the sensor integration, only 10 instead of 12 junctions
are implemented.
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Figure 7. Configuration for the connection between TPS shell and substructure, for the example case
of segment B (the thermal insulation is hidden for clarity).

Figure 8. Configuration for the assembly of the nose and segment A.

4. Numerical Analyses for the Thermo-Mechanical Validation of
the Structure

In this section, the numerical model and the corresponding results for the thermal and
mechanical validation of the forebody structure with its TPS will be presented.

4.1. TPS Thermal Analysis

Numerical model for the thermal analysis
As already discussed, one of the main challenges that the hypersonic flight presents

is the corresponding very high-energetic flow developing around the external surface.
Therefore, the definition and implementation of a suitable numerical model that allows
to predict the corresponding thermal load and consequently the thermal response of the
structure during the flight plays a fundamental role in the design process.

Here, a relatively simplified model is proposed that aims to fulfil the above-described
objective without requiring high computational time and resources, so that it can be used
also for parametric studies and several kinds of analyses during the design phase.

The numerical simulations were carried out using the ANSYS Mechanical simulation
environment, performing a transient thermal analysis via the Finite Elements method (FEM).
The model included the TPS shell structures and the high-temperature thermal insulation.
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The applied boundary conditions were:

• A convective heat flux
.
qc on the shell surfaces, given by the following equation

.
qc = h(Tr − Tw) (1)

with h being the heat transfer coefficient, Tr the recovery boundary-layer temperature and
Tw the wall temperature.

• A radiation heat flux from the shell external surfaces to the environment, using an
emissivity of 0.85 for the CMC material, as a typical average value from literature
data [22].

• Thermal contact between the shells and the high temperature thermal insulation.
• Adiabatic condition on the inner surfaces of the thermal insulation and model sides.

A simplified approach is assumed here for a fast estimation of the convective heat flux
on the external surface. The surface is divided into different areas according to the design
of the forebody. It considers the half-sphere of the tip for the stagnation region and in the
following the surfaces of the rest of the nose and those of the downstream segments. The
surface divisions are treated as linear objects for a simplified approach which is depicted
in Figure 9 (the figure is not in scale to magnify the approximation in the linearization).
For each division, a 1D analytical flow field calculation for the known payload forebody
geometry and the assigned nominal trajectory is considered. In particular, in the continuum
regime, which is a valid assumption considering that the nominal apogee, is around 47 km;
from the assigned nominal altitude H, the ambient pressure p∞ and temperature T∞ can
be obtained assuming the U.S. standard atmosphere model (COESA76) [23]. Assuming
ideal gas behaviour, from the nominal velocity V∞, the flight Mach number Ma∞ can also
be calculated. Furthermore, once supersonic flight is reached, the fluid dynamic conditions
for each segment can be calculated as the conditions downstream either the conical shock
wave or the expansion fan forming at each geometrical inflection (see Figure 9). In this
work, the approximate solution proposed in [24] is implemented for solving the conical
shock wave, while the classical Prandtl–Meyer [1] expansion model is used for solving the
expansion fans. For the stagnation region, which is treated separately, the classical model
for normal shock waves is used [1]. In the subsonic regime, at the beginning and at the
end of the trajectory, constant conditions are considered, while in the transonic regime, a
linear interpolation is assumed; by having these two phases, a relatively small effect on the
results of the thermal analysis. Finally, Sutherland’s law is considered for the estimation of
the dynamic viscosity µ and the thermal conductivity λ [25].

Figure 9. Schematic representation of the simplified 1-dimensional evolution of the supersonic flow
around the STORT forebody (not in scale).
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Assuming constant conditions at each of the mentioned regions, suitable classic corre-
lation formula are applied for the calculation of the heat transfer coefficient h.

In the stagnation region, the correlation following [26] is considered:

h = 0.763 Pr−0.6
∞

√
V∞

R
ρ∞µ∞ f (Ma∞, γ) cp (2)

where ρ∞ and µ∞ are the flow density and dynamic viscosity, cp is the specific heat at
constant pressure, γ is the specific heat ratio, Pr∞ =

cpµ∞
λ∞

is the Prandtl number and R is
the tip radius.

The heat flux coefficient present on the shell structures was estimated as:

h = St cp ρ V (3)

In addition, with the correlation for laminar flow over a flat plate of length L, whereby
the Mangler transformation [27] was applied to account for the fact of the shells being
axisymmetric bodies of revolution, to yield the Stanton number St as:

St =
√

3 × 0.664 Pr−
2
3 Re−

1
2

L (4)

where ReL = ρVL
µ is the Reynolds number. Although the hypothesis of laminar flow

is a strong simplification that could lead to significant errors in case of turbulent flight
regime, in case of the STORT flight, it is justified considering the expected nominal unit
Reynolds number, as shown in Figure 3b. This, in fact, reaches a relatively high value
(above 5·106 1/m) only in the initial phase of the flight, where the Mach number is still
relatively small, and in the final phase. Therefore, the flow was expected to be laminar
for the large part of the flight in hypersonic conditions. Further consideration about the
validity and the limits of such hypothesis are discussed in Section 5 on the basis of the
comparison between numerical results and flight data.

The recovery boundary-layer temperature on the other hand is calculated as:

Tr = T
(

1 +
√

Pr
γ − 1

2
Ma2

)
(5)

Finally, for the FE thermal analyses, an orthotropic model for the C/C-SiC components
is assumed, with a density of 1900 kg/m3 and temperature-dependant specific heat and
thermal conductivities in both the in-plane and the normal directions, as reported in [28]
and shown for the sake of completeness in Figure 10.

  
(a) (b) 

Figure 10. C/C-SiC thermal properties: (a) thermal conductivity; (b) specific heat.
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For the polycrystalline insulation, a density of 120 kg/m3 is considered, taking into
consideration the fact that the wool is compressed between the CMC shells and the alu-
minium structure, and the thermal properties as per catalogue are considered [29].

4.2. Results of the TPS Thermal Analysis

Here, the results of the above-described numerical model applied to evaluate the
TPS structure thermal response given the planned nominal trajectory shown in Figure 3
are presented.

First, Figure 11 shows the flow conditions around the different segments of the STORT
forebody as estimated with the 1D model described in the previous section. According
to the considered schematic evolution of the flow as shown in Figure 9, the flow Mach
number has first a drop downstream the shock wave forming in front of the nose and then
it gradually increases due to the following expansions. Correspondingly, static temperature
and pressure have a qualitative opposite behaviour.

  
(a) (b) 

Figure 11. 1D estimation of the flow conditions around the forebody segments, in terms of: (a) Mach
number; (b) temperature and pressure.

From the estimation of the flow conditions, the heat transfer coefficient can be cal-
culated with Equation (2) for the stagnation point, as shown in Figure 12a, and with
Equations (3) and (4) for the other areas, as shown in Figure 12b. Moreover, the recovery
temperature is calculated with Equation (5), which is also displayed in the same graphs. It
can be noticed that the heat transfer coefficient presents a significant increase for all the
areas during the burning of the first two stages and a corresponding decrease during the
coast phases. Then, a small increase can also be noticed during the third stage operation, fol-
lowed by an almost constant value during the flight at high altitudes. Finally, the coefficient
grows during the high-velocity descent reaching a maximum value and then decreases
due to the vehicle deceleration. The profiles of the recovery temperature on the other side
follow the trend of the Mach number, with a slight difference between the different areas
due to the change of the transport properties and, consequently, of the Prandtl number.
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(a) (b) 

Figure 12. Estimation of the time profiles of the heat transfer coefficient and recovery temperature on
the external surface of each TPS region for: (a) the stagnation point; (b) the other segment surfaces.

With the above described quantities set for the convection boundary conditions on
the forebody external surface, the FE thermal analysis was performed and the results are
shown in Figure 13, in terms of the time profiles of the convective heat flux and of the
maximum wall temperature for each segment, and in Figure 14, in terms of the calculated
temperature distribution on the TPS at t = 220 s, i.e., around the time when the maximum
value of the temperature at the stagnation point is reached.

 
(a) (b) 

Figure 13. Calculated time profiles of the maximum temperature and of the convective heat flux on
the external surface of each TPS region for: (a) the stagnation point; (b) the other segment surfaces.

In particular, the profiles of the convective heat flux qualitatively follow the trend of
the heat transfer coefficient, with the difference that the heat flux stays on a relatively high
value for the whole duration of the flight at Mach number 8, because of the high value
of the recovery temperature. Nevertheless, the convective heat flux profiles also reach a
peak between 220–230 s, with a maximum value of around 4 MW/m2 at the stagnation
point and between 0.2–0.5 MW/m2 on the other segments. Correspondingly, the maximum
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temperature profiles for the different regions reach also a peak around the same times, with
very high values at the stagnation point and in the surrounding surface.

Figure 14. Simulated temperatures on the TPS at time of t = 220 s.

A specific effect is expected to occur approximately at the time of t = 180 s, when the
tip temperature is predicted to reach and surpass 1900 K. At roughly this temperature, the
oxidation behaviour of the C/C-SiC material could change from passive to active oxidation,
depending on the pressure conditions. Thereby the mass loss rate due to oxidation would
increase considerably and the tip radius would also change, with a subsequent reduction
effect on the convective heat flux according to Equation (2). However, considering the
results shown in [30], which shows the erosion rates measured during previous laboratory
tests for the same C/C-SiC material for a wide range of conditions, the erosion rate at
the nose tip is expected to be on the order of 10−2 kg/(m2s) when the abovementioned
temperature limit of 1900 K is reached. Considering that this phenomenon interests a
maximum area extension of 1 cm2 for a maximum duration of around 60 s, we can expect a
maximum mass loss of 0.06 g that can be considered negligible for the STORT flight. The
downstream CMC structures do not see temperatures that come close to the transition
temperature and stay between 1200 to 1500 K.

Other important information for the structure design that could be obtained from
the described thermal simulation include the temperature on the thermal insulating poly-
crystalline wool inner surface, that is at its interface to the inner aluminium structure, as
shown in Figure 15. Here it can be noticed that the temperature on the insulation inner
surface stays quite low for the whole flight duration, except that in the most forward region
on segment A, where it is expected to increase above 450 K at around 240 s, which is the
temperature at which the loss of the mechanical strength of aluminium alloy is 25% [31].

Moreover, the temperature distribution calculated for the TPS represents also a critical
load for the structure, because of the corresponding thermal expansion of the material,
which in the present case, where the structure is made of close axisymmetric shells, signifi-
cantly affects the stresses in the connection elements. This has been properly taken into
consideration as it will be shown in the next section.
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Figure 15. Average temperature on the thermal insulation polycrystalline wool inner surface.

4.3. Forebody Structure Mechanical Validation

For the sake of completeness, the FE static mechanical simulations carried out with
the ANSYS Mechanical 2020 R2 software for the forebody structure mechanical validation
are presented in this section.

The different segments of the forebody were analysed separately, based on the jus-
tified assumption that there is no significant interaction between them in terms of me-
chanical behaviour. Each segment model contained the internal metallic structure, the
high-temperature insulation and the CMC shell structure including the CMC and metallic
connection brackets with bolts and nuts. The metallic substructure was given a fixed
boundary condition at its back interface. The CMC connection brackets were affixed to the
CMC shell by bonded contacts, whereas the bolt connections were treated with detailed
modelling of the frictional contacts, with a friction of coefficient of 0.2, including also the
pretension of the screws of 4500 N.

Also in this case, an orthotropic material model is assumed for the C/C-SiC shells,
with the material elastic properties taken from [32] for the case with ±45◦ fibre orientation.
For the coefficient of thermal expansion (CTE) the temperature-dependent data shown in
Figure 16 was implemented.

Figure 16. Temperature dependent coefficient of thermal expansion for the C/C-SiC material.

Different load conditions were simulated, representative of the critical loads expected
during the flight mission. In this work, only the most critical load case is presented in
detail, given by the combination of the thermal and the aerodynamic pressure loads. In
particular, the aerodynamic pressure load was determined through computational fluid
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dynamic simulations of the STORT payload in different points of the trajectory for different
possible angles of attack. Among the considered cases covering the most critical points in
the planned trajectory, the highest pressure load was calculated for the flight conditions
t = 217.9 s at the conservative case of an angle of attack of 10◦, as shown in Figure 17. The
combination of the presented asymmetrical pressure load, interpolated on the surface of
each segment and the corresponding temperature distribution calculated with the thermal
analysis shown in Section 4.1 at the same time t = 217.9 s was considered for the mechanical
simulation of each individual segment.

Figure 17. Simulated pressure over the forebody at time t = 217.9 s (angle of attack of 10◦).

The resulting overall deformation is shown in Figure 18 for the example of segment B
(the thermal insulation is omitted to highlight the behaviour of the connection elements). In
this case, the load is clearly non-axisymmetric, and the connection elements are subjected
partly to compression and partly to tension.

Figure 18. Deformation of segment B as result of combined pressure and temperature load.

Figure 19 shows the corresponding distribution of the maximum principal stress in
the CMC and in the Inconel brackets of the connection element, for which the maximum
stress is encountered. In particular, it can be noticed that the chosen two-L configuration
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allows to reduce the stress in the CMC element, below the limit of the C/C-SiC material,
whose bending maximum stress is around 180 MPa, thanks to the flexibility introduced
with the thin Inconel bracket. The Inconel bracket is correspondingly subjected to relatively
higher stress, but still low compared to the material maximum stress (for the Inconel 600 the
maximum stress is in the range 550–690 MPa).

(a) (b) 

Figure 19. Maximum principal stress distributions in the connection element for: (a) CMC bracket;
(b) Inconel bracket.

While the corresponding results obtained for segments C and D show qualitatively
a similar behaviour as the ones shown above, a special case is given by the assembly of
nose and segment A, which in this case, are directly connected to each other and needed
to be considered together. In this case, in the section between nose and segment A, the
thermo-mechanical load is transferred to the CMC disk element and screws (see Figure 8),
resulting in the stress distribution shown in Figure 20. It can be noticed that although the
maximum principal stress reaches a relatively high value, it is also still below the material
limit in the conservative load case considered here.

Finally, the main results for the different segments are reported in Table 2. The stresses
in the C/C-SiC shells and in the aluminium structure are relatively low for all cases. The
last row of Table 2 shows the maximum stress ratio, calculated as the ratio between the
calculated maximum stress and the CMC allowable stress, from which it can be seen that
the safety margin in the CMC components is always higher than 10%.

Table 2. Static mechanical simulation results for the case of the critical combination of pressure and
thermal load.

Segment A Segment B Segment C Segment D

Maximum axial displacement, mm 0.76 0.88 1.09 0.56
Maximum radial displacement, mm 0.52 1.27 1.51 1.20

Max. stress in CMC element, MPa
110.1 a

137.0 b

156.7 c
127.9 a 147.5 a 121.4 a

Max. stress ratio in CMC element
0.61 a

0.76 b

0.87 c
0.71 a 0.82 a 0.67 a

a For the CMC bracket in the connections between TPS shell and aluminium structure b For the CMC disk
connection between bulk nose and TPS shell c For the CMC screw.
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(a) (b) 

Figure 20. Stress distribution in the CMC components connecting forebody bulk nose and segment A:
(a) disk element; (b) screws.

5. Comparison Between Thermal Analysis Numerical Results and Flight
Temperature Data

Finally, in order to have a partial validation of the numerical model used for the
thermal analysis of the rocket payload forebody structure, a numerical simulation was
performed considering the real flown flight trajectory and the corresponding numerical
results are compared with the in-flight measured temperatures.

A detailed overview on the STORT launch campaign and some selected flight data
can be found in [16]. For the sake of completeness, here, the flown trajectory in terms of
altitude, velocity and Mach and unit Reynolds numbers profiles is shown in Figure 21,
also in comparison with the planned trajectory. Here, it can be noticed that the actual
time of flight at Mach number around 8 was shorter than planned, due to a mistakenly
delayed ignition of the third stage, which determined a flight at lower altitudes with higher
aerodynamic drag force leading to stronger deceleration of the vehicle.

Furthermore, the nominal positions of the thermocouples integrated in the forebody
CMC components are shown in Figure 22, from which the experimental data shown in
the following are obtained. In particular, two type S thermocouples (TS001 and TS002)
and two type K thermocouple (TS003 and TS004) were integrated in the bulk nose (see
Figure 22a), although it must be mentioned that the thermocouple TS001 was damaged,
probably during the integration, and delivered no data during the flight. For what concerns
the shell components, four type K thermocouples were integrated at each of the axial
positions shown in Figure 22b, separated by 90◦ in the azimuthal coordinate, with a
nominal distance from the external surface of 2 mm. In addition, computer tomography
scans were performed after the thermocouples integration to determine each sensor’s
exact position.
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(a) (b) 

Figure 21. Planned and flown altitude and Mach number of the STORT sounding rocket, in terms of:
(a) flight velocity and altitude; (b) Mach and Reynolds numbers.

Figure 23 shows the comparison between the in-flight measured temperatures at the
most significant example points and the corresponding numerical results obtained with
the model described in Section 4.1 for the flown trajectory data at the same locations of the
selected thermocouples. Table 3 reports the corresponding normalized root mean square
deviation (NRMS) calculated as:

NRMS =

√
1
n ∑n

i=1
(
Tnum,i − Texp,i

)2

Texp,max − Texp,min
(6)

 
(a) 

(b) 

Figure 22. Positions of the thermocouples integrated in the STORT sounding rocket forebody, in
particular: (a) in the bulk nose; (b) in the CMC shell segments (name tags referring to the 45◦ line).
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(a) (b) 

Figure 23. Comparison between the in-flight measured temperature data and the corresponding
numerical results for: (a) nose; (b) shell segments.

Table 3. Normalized root mean square deviation between flight data and numerical results.

Thermocouple ID CMC Component NRMS

TS002 Nose 0.06
TS003 Nose 0.14
TS004 Nose 0.12
TK005 Segment A 0.28
TK013 Segment B 0.25
TK021 Segment C 0.19
TK033 Segment D 0.24

The results show a generally satisfying agreement between the experimental and
numerical profiles, especially for the temperatures of the nose (see Figure 23a).

The discrepancies between the results are more pronounced in the case of the tem-
peratures at the shell segments, where the simplifying assumptions in the 1D estimation
of the flow evolution have a more significant effect. In addition, in this case, the thermal
response is also affected by the transition from laminar to turbulent flow. In particular,
this phenomenon has a significant effect in the early phase of the flight, where it can be
observed that the in-flight measured temperatures raise more than estimated from the
numerical simulation, and in the last part of the flight, where the flight data show a change
of the slope of the temperature profiles between 180 s and 200 s (to this regard, see also
Ref. [33]). The described effect can be correlated with the flight unit Reynolds number,
showing that the flow becomes turbulent for values above circa 5·106 1/m, confirming the
assumptions discussed in Section 4.1.

Even with the assumption of a fully laminar flow, the computed surface temperatures
become higher than the values measured in the flight phase with the laminar to turbulent
boundary layer transition. This could be caused by some phenomena that can impact that
data and are not considered in the model, like thermal non-equilibrium of the flow, change
of the surface emissivity due to the passive oxidation of the material surface, change of the
thermocouple contact behaviour and so on.

In spite of these discrepancies, considering that the flow is still laminar for the largest
part of the flight trajectory and noticing that the numerically predicted temperatures are
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conservative, the results show the validity of the implemented model as a relatively fast
tool for the structure design phase. Furthermore, as also already mentioned, the flight
results of this and other similar experiments constitute an important database which helps
to improve the numerical models, which is already the focus of the ongoing activities.

6. Conclusions
In the framework of the DLR project STORT, which had the aim of developing and

ultimately flight-testing key technology for reusable launcher first and upper stages also
in the hypersonic conditions typically encountered in the re-entry trajectory, a three-stage
sounding rocket was developed to be launched on a suppressed flight trajectory, allowing
to achieve a Mach number around 8 for a relatively long time. In the present paper, the
design process for the forebody TPS structure is presented, based on the application of the
high-temperature resistant C/C-SiC material allowing the thermal stability of the structure
also under the abovementioned severe flight conditions.

In order to meet the requirement of minimizing geometrical discontinuities on the
external aerodynamic surface, the 1.5 m long structure was divided in five segments, i.e., a
first bulk nose followed by four axisymmetric closed CMC shell segments obtained by wet
filament winding of the carbon fibre in the first step of the LSI manufacturing process. In
addition, to meet the same objective of keeping the aerodynamic flow free of disturbances,
the connection between the TPS shells to the internal metallic structure was realized via a
specific “double-L” connection. This design provides for a CMC bracket which is joined to
the inside of the TPS shell during the material processing, becoming an integral part of it
and avoiding surface disturbances, and a separate metallic bracket which is allowing for
the required level of elasticity to reduce the stress in the CMC bracket.

A commercial polycrystalline wool is inserted in between CMC shells and aluminium
structure to provide further thermal insulation.

The proposed design was supported and validated by numerical FE simulations. In
particular, a simplified model is proposed in the present paper to estimate the thermal
load for the given trajectory, providing the boundary conditions for the FE analysis of the
structure thermal response. Moreover, FE mechanical simulations have been carried out in
a number of representative load cases, among which the combination of the temperature
load and aerodynamic pressure load was assessed to be the most critical one.

Finally, the temperature measured in the CMC components during the sounding
rocket flight provided an important database to have a first assessment of the validity of the
proposed numerical model, which proved to be on the conservative side, while allowing on
the other side to continue the ongoing activity to refine the model and increase its reliability.
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