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ABSTRACT

New-generation hypersonic and reusable re-entry vehicles set increasingly
demanding requirements for the development of high-performance Thermal Protection
Systems (TPS), due to the challenges of extremely harsh aero-thermo-dynamic
conditions characteristic of atmospheric re-entry, including hypersonic Mach
numbers, temperatures above 2000°C, the activation of gas dissociation/recombination
reactions at extremely low oxygen partial pressures, which can substantially enhance
the heat flux on the exposed surface of the spacecraft.

On the other hand, challenges for solid and hybrid rocket technologies include the
design and fabrication of non-eroding firing thrusters able to survive severe thermal-
structural and thermal-chemical combustion environments without cooling systems.
The inner surface of the exhaust nozzle, through which the propellant flow is
accelerated to supersonic conditions, is very critical in this sense, as it is subjected to
the highest shear stresses, pressures and heat fluxes m a chemically aggressive
environment. These severe conditions usually lead to removal of surface material
(ablation) due to heterogeneous reactions between oxidizing species in the hot gas and
the solid wall. Because of the material erosion, there is an enlargement of the nozzle
throat section and a consequent decrease of the rocket thrust, with detrimental effects
over the motor operation. Thus, the requirement that dimensional stability of the nozzle
throat should be mamtained makes the selection of suitable rocket nozzle materials
extremely hard.

Over the last decades, research identified Ultra-High-Temperature Ceramic
(UHTC) materials, based on transition metals carbides and diborides, as potentially
promising candidates for these applications, especially in light of their high melting
temperatures, strength and ablation resistance at temperatures over 2000°C.
Nevertheless, some issues related to poor oxidative behaviour and mechanical
properties (damage tolerance, fracture toughness, thermal shock resistance) of single
and multi-phase UHTCs at high temperatures limit the applicability of these materials.

The introduction of SiC or other silicon based ceramics as minority phase, in the form



of particles, short/long fibres or whiskers, in the main refractory ceramic has been
often proposed to improve damage tolerance and oxidation resistance at intermediate
temperature, essentially thanks to the formation of a low-viscosity borosilicate glass
protective scale. The most recent frontiers in a research oriented to high Technology
Readiness Level (TRL) applications of the UHTC technology to aerospace involve the
enhancement of mechanical properties by introducing short and continuous carbon
fibre reinforcements in a UHTC matrix, leading to the definition of the Ultra-High-
Temperature Ceramic Matrix Composites (UHTCMCs). The overall objective is
developing large ultra-refractory aerospace transportation systems components with
outstanding ablation resistance and enhanced mechanical properties and reliability. To
achieve this goal, testing in a relevant environment is required to properly characterize
the ceramic materials in conditions representative of the real flight applications.

In this framework, the European Horizon 2020 C’HARME Project (Next
Generation Ceramic Composites for Combustion Harsh Environments and Space),
involving several research institutions and private companies all over Europe, has been
focused on the development of a new class of UHTCMC materials, based on an UHTC
matrix and reinforcing carbon fibres. The aim was to develop near-zero ablation
Thermal Protection Systems and near-zero erosion hybrid and solid rocket nozzles.
The University of Naples “Federico II” has been involved in the experimental
campaigns aimed at the characterization of the new materials in relevant environments,
in the definition of the geometries of the samples to be tested, and in numerical
modelling of the aero-thermo-chemical conditions around the test articles and the
material thermal response.

Most of the activities described in the present thesis have been carried out in the
framework of the C’ HARME project. Specifically, the objectives of this work include:
1) a characterization, as comprehensive as possible, of the aero-thermo-dynamic
behaviour of ceramic materials, with different formulations, sizes and shapes, in lab-
reproduced representative environments, and ii) the definition and employment of
numerical models for the simulation of the thermo-fluid-dynamic conditions and

material thermal response.
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After a general introduction to the topic and the description of experimental
facilities and computational models, results obtained in the framework of materials
characterization for hypersonic TPS are presented. Relevant tests were performed in
an arc-jet supersonic wind tunnel, where the typical aero-thermodynamic and chemical
conditions of atmospheric re-entry are reproduced at supersonic Mach numbers,
temperatures above 5000 K and a consistent amount of dissociated oxygen and
nitrogen. Non-intrusive diagnostic techniques (two-colour pyrometers and infrared
thermo-cameras) were used to continuously monitor samples surface temperatures
during testing. The main activities included: an extensive experimental campaign for
the characterization of UHTCMC materials with almost zero ablation properties at
ultra-high temperature; a series of dedicated test campaigns carried out in order to
understand the effect of SiC content on the ultra-high-temperature oxidation and
material behaviour under simulated re-entry conditions; specific experiments to
compare the material response in different chemical atmospheres (simulated air and
pure nitrogen flows); large scale tests on UHTCMC samples carried out in the arc-jet
wind tunnel available at the premises of the German Aerospace Centre (DLR) in
Cologne (Germany). The outcomes of all these experimental activities are presented
and discussed, also in light of the post-test characterizations carried out, in
collaboration with project partners, to investigate the features of the materials
microstructures after the exposure to the atmospheric re-entry environment. Moreover,
the experimental results were complemented by Computational Fluid Dynamics
(CFD) simulations, employed to allow accurate prediction not only of the thermo-
fluid-dynamic flow field around the test articles, but also of the thermal behaviour of
the materials samples, including an investigation of the effect of material properties,
such as thermal conductivity, emissivity and catalycity. A great interest has been paid
to the interpretation of a phenomenon observed in several tests, consisting in a rapid
temperature increment at constant flow conditions (known as temperature jump in the
relevant literature regarding UHTCs and SiC-based ceramics). This thesis intends to
propose a thorough and detailed analysis of the materials aero-thermo-dynamic
behaviour at ultra-high temperatures in a representative re-entry environment, aiming

to provide a comprehensive interpretation of the temperature jump, correlating the
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outcomes of infrared temperature measurements, post-test microstructural analyses
and numerical simulations to highlight the parameters which mainly affect the heat
transfer from the flow to the ceramic.

The second part of results is focused on characterization of the same class of
materials, for near-zero erosion rocket nozzles. The experimental activities were
carried out with a 200 N-class hybrid rocket engine in different test configurations.
The first tests have been performed with a novel, dedicated test set-up exposing
UHTCMC samples to the supersonic exhaust jet of the hybrid rocket operated with
gaseous oxygen burning cylindrical port High-Density PolyEthylene (HDPE) grains.
Also 1n this case, non-intrusive diagnostic equipment has been employed to monitor
the surface temperature of the samples. The combination of combustion temperature
over 3000 K, supersonic Mach number and stagnation pressures allowed reproducing
realistic rocket nozzles operating conditions, in order to demonstrate the ability of the
specimens to preserve their functional integrity in a relevant environment. The second
set-up (“Chamber insert test””) was meant to assess the capability of the test article (in
the shape and size of an annular combustion chamber element) to withstand high
thermo-mechanical stress at high pressures in relevant aero-thermo-chemical
combustion environment. As a third step, UHTCMC nozzle throat inserts have been
manufactured and experimentally tested to verify the erosion resistance and evaluate
the effects on the rocket performance by comparison with those obtained in similar
operating conditions employing a graphite nozzle. Finally, complete subscale nozzles,
made by different processing routes, matrix formulations, fibres architectures and
having different properties (such as fibre volume content and porosity), were
repeatedly tested in order to select the most promising technology for reusable non-
eroding rocket nozzles. Also in this case, CFD models were exploited to characterise
the flow field in the different test configurations, evaluate the aero-thermo-dynamic
loads on the prototypes during tests and to rebuild the thermal response of the
materials. Combining experimental and numerical results, general conclusions were
drawn about the effect of different parameters, such as matrix composition, fibre

architecture and volume content, densification process and final material porosity.
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CHAPTER 1. Challenges of Aerospace extreme environments

CHAPTER 1. CHALLENGES OF
AEROSPACE EXTREME ENVIRONMENTS

1.1 Atmospheric re-entry

Atmospheric re-entry is the terminal portion of the flight mission of spacecraft
returning on Earth. Since it involves re-entering into the Earth’s atmosphere at very
high speeds, this is certainly one of the most critical phases because the vehicle
structure is exposed to strong inertial (due to the deceleration it undergoes) and thermal
stresses (due to the hypersonic flow regime). It is therefore necessary to provide the
spacecraft with a suitable Thermal Protection System (TPS) for the external structure
and 1n order to keep the inner (cabin) temperatures within acceptable values. Indeed,
if the atmosphere acts as an acrobrake on the high-speed vehicle, allowing to approach
safely and gradually decelerating the spacecraft before final landing, on the other hand,
viscous effects in hypersonic flow lead to substantial aerodynamic heating [1].

The kinetic energy associated to hypersonic flows, in fact, is very high and due to
the viscous boundary layer around the vehicle, it is partly converted into internal
energy of the gases. Increasing the internal energy, the gas temperature may be higher
than 3000 K leading to excitation of the vibrational degrees of freedom of the
molecules, to molecules dissociation or even atoms 1onization.

The viscous boundary layer, however, is not the only region where a remarkable
increase in temperature is possible. In fact, it is well known that when a relatively blunt
vehicle i1s exposed to hypersonic flow conditions, a bow shockwave behind the
spacecraft provides a strong jump of the flow pressure and temperature, followed by a
“chemical relaxation zone” where the gas mixture modifies its composition due to the
high temperature downstream of the shockwave (Fig. 1.1). This layer 1s therefore
characterized by strong chemical concentration gradients and the chemical species

approach equilibrium compositions only if the shock "stand-off distance" is thick
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enough. Fig. 1.2 shows typical values of temperature and chemical composition in the

post-shock region as a function of velocity (or equivalently of Mach number).

*Thin shock layer (1E-7m) and very close to the surface
*Vorticity interaction due to entropy layer

*Presence of dissociated and ionic species
and thermal non equilibrium

Flow direction due to the high temperatures (2000-11000K)

— 3
—_— *Viscous interaction due

\\ to thickness of boundary layer

*Heat fluxes in the order of 1-20 Mw/m2

In hypersonic limit wave angle is
only 20% lager than wedge angle

Fig. 1.1. Schematics of a hypersonic flow field around an aerodynamic profile,

showing the bow shockwave structure and the main field features |2].
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Fig. 1.2. Post-shock conditions as a function of flow velocity (or Mach number).
The mass fractions of the main chemical species are shown. Two temperatures are
plotted, in the hypothesis of chemical equilibrium (black line) and of frozen

chemical composition (red line) [3].
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If the Reynolds number is not large enough due to rarefaction effects at relatively
high altitudes, hypersonic boundary layer /shockwave interactions become important.

It can be easily understood, therefore, how the combined effect of the two
mentioned phenomena (viscous dissipation and detached normal shockwave) has a
substantial impact on the temperature increase on the body surface, triggering complex
chemical reactions. The molecular oxygen (O2), for example, dissociates to form
atomic oxygen above 2000 K; the molecular nitrogen (N2), on the other hand, begins
to dissociate above 4000 K, when molecular oxygen is completely dissociated, and is
completely dissociated when the temperature is about 9000 K. Exceeding 9000 K ions
would form (thanks to the following reactions: N — N' + ¢, O — O' + ¢"), and the
gas becomes a partially ionized plasma.

It is also necessary to point out another critical and interesting aspect related to
aerothermal heating: when oxygen or nitrogen atoms come into contact with the
spacecraft walls, exothermic molecular recombination reactions may be triggered.
Consequentially, a significant additional energy can be released increasing the heat
flux. The parameter regulating this phenomenon is called catalycity of the wall, the
higher its value is the greater will be the additional energy the recombination reactions
will provide [4,5].

A further contribution to surface chemical reactions is related to the possible
presence of ablative coating materials, which, degrading during the exposure to the
considerable thermal flux, will react chemically with the dissociated atmospheric
gases.

In any event, the most important consequence of the exposure of a spacecraft to
hypersonic high-enthalpy flows is certainly represented by the considerable convective
heat exchange that is triggered between the thermal boundary layer and the cold body
surface. It should also be considered that in case of extremely high temperatures in the
shock layer, the energy radiated by the gas can be dangerously significant, giving rise
to an additional radiative heat flux towards the body walls.

It 1s interesting to provide quantitative estimations of the actual gas temperature
increase during of atmospheric re-entry. Let us consider a vehicle in Low Earth Orbit

(LEO) at the extreme limit of the atmosphere. In our analysis the potential energy
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contribution is neglected compared to the kinetic energy, because the atmosphere
thickness is negligible compared to the Earth’s radius. A realistic value of the orbital
velocity 1s 7.7 km/s, corresponding to a kinetic energy in the order of 30 MJ/kg, while
it would reach 11.2 km/s (escape velocity), resulting in kinetic energy of about 63
MJ/kg, if we consider an interplanetary probe. Under such conditions, if all the kinetic
energy, due to the viscous dissipation (friction) action in the hypersonic boundary layer
around the vehicle, was converted into internal energy, the wall temperature would be
unaffordable for any existing material. In particular, if a total enthalpy of 30 Ml/kg
was completely converted into specific thermal energy in the body, even materials with
relatively high specific heat, in the order of 1000 J/(kg K), should reach temperatures
in the order of 30000 K. In practice, metallic materials would melt at much lower
temperatures, while insulating materials (e.g. refractory ceramics) could reach very
high equilibrium temperatures only re-radiating a considerable amount of this energy

towards the outer space.

1.1.1 Thermal protection systems

It is therefore evident that in order to solve or at least minimize the heat flux
associated to the atmospheric re-entry, only a limited part of the kinetic energy
dissipated by friction can be converted into internal energy.

Nowadays different concepts of thermal protection systems are widely used in
acrospace [6]. Although deeply different, they share the common objective of
thermally insulating the internal structures of the aircraft. This task is pursued to avoid
degradation of the mechanical properties as well as consequent deformations or
failures.

Thermal protection systems based on radiative heat exchange only are typically
defined as passive; in this case no other mechanisms, e.g. active cooling or boiling or
evaporation, are possible. Another simple passive thermal protection system is the so-
called Heat-Sink that 1s capable of absorbing the incident heat and store it in its
structure. Its applicability 1s however limited by the fact that the energies involved in
aerospace applications are significant. It 1s difficult, in fact, at the current state of the

art, to apply this solution in atmospheric re-entry as it would require to large mass to
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absorb the energy exchanged between the flow and the vehicle during re-entry
operations.

Another solution, to this day the most widely used in hypersonic aerospace
applications, is represented by the so-called Insulated Structures, mmvolving the
superposition to the primary structure of the vehicle of materials or multilayers able to
quickly reach radiative equilibrium conditions, and then radiatively re-emit much of
the incident heat. The last solution, that will be widely discussed in this dissertation is
the Hot Structure, consisting in the use of materials with remarkable mechanical and
thermal performances in high enthalpy motion regimes [1].

An intermediate thermal protection strategy is the so-called semi-passive thermal
protection system, based on materials able to absorb energy during ablation, i.c. in the
transition from the solid to the vapour phase. Always extensively used as TPS since
the beginning of the space age for re-entering capsules, they are not viable solutions
for future reusable transportation systems. This is the reason why the research is
actually focused on the development of near zero-ablation and near zero-erosion ultra-
high temperature materials whose ability to withstand the critical conditions of high-

enthalpy hypersonic flows is a requirement of increasing importance.

1.2 Rocket propulsion

The issue of extreme heat fluxes and aero-thermo-chemical loads on aerospace
vehicles is not limited to atmospheric re-entry. In fact, the combination of extremely
harsh thermo-fluid-dynamic and chemical conditions achieved inside the combustion
chamber and through the exhaust nozzle of rocket engines sets demanding
requirements for advanced materials, resistant to chemical attack and to erosion at high
temperatures. The typical propulsion environment contains oxidizing chemical
species, such as Oz, O, CO2, H20 [7], resulting from the combustion reactions
occurring in the chamber, which are accelerated to supersonic Mach number through
the nozzle, whose inner surface experiences the aero-thermo-chemical loads deriving
from the tangential flow of the combusting mixture. Particularly, the throat section,

where a sonic Mach number is achieved, is the most solicited region, being subjected
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to the highest heat fluxes and shear stresses. The combusting gas expansion through
the nozzle, with consequent quick decrease of pressure and temperature along the
nozzle profile, generates asymmetric pressure loads and up to 3000 K flame
temperature in the boundary layer above the internal nozzle surface. This leads to
strong thermal gradient and thermal shock in the radial direction ( especially if material
thermal conductivity is low [8]) and high tensile stresses in the longitudinal direction.

Solid propellant rockets usually are used in first stages due to their capacity to
provide thrust high enough to overwhelm the launcher and payload overall weight [8].
High levels of thrust (> 1.5 MN) can be achieved by increasing both motors pressure
(> 50 bar) and minimum nozzle area (minimum diameter > 150 mm), leading to
necessity to use materials able to withstand thermo-structural strength and thermal
shock in thick components. In fact, nozzles for this kind of rockets does not foresee
any active cooling system, and the components have to withstand relatively long
operation times (on the order of several minutes).

Hybrid rocket motors, instead, are often characterized by lower operative pressure.
It must be observed that the wall heat flux that the nozzle can withstand may be higher
because, as in liquid rockets, nozzle cooling systems may be used, exploiting the same
liquid oxidizer, in order to remove heat from the most critical regions, e.g. the nozzle
throat. Therefore hybrid rockets offer the advantage to reduce throat ablation and to
increase the life and operating range of the nozzles with active or innovative
regenerative cooling mechanisms [9]. However, in general, conventional uncooled
nozzles are preferred for their simplicity but similarly to solid rockets often severe
ablation occurs, the nozzle throat area increases and the thrust performance degrades
continuously even throughout 10-20 seconds operations. Moreover, the requirement
of multiple operations is often set, so that hybrid rocket engines must be operative for
at least 2/3 cycle of burning, inducing the need for reusability of their components.

Besides the intensity of heat fluxes and mechanical loads, nozzles for rocket
applications typically operate in chemically aggressive environments. For instance,
Fig. 1.3 shows the typical chemical compositions of the combustion chamber of hybrid

and solid rockets in representative operating conditions.
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Molar Fractions of the Combustion Products: Nozzle Throat
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Fig. 1.3. Molar fractions of the combustion products in rockets with different
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propellants.

In particular, for the hybrid rockets, two cases have been analysed, considering
oxygen as oxidizer and a High-Density PolyEthylene (HDPE) fuel grain in one case
and a Hydroxyl-Terminated PolyButadiene (HTPB) fuel grain in the other one. In the
first case, the average Oxidizer to Fuel ratio (OF) considered is equal to 4, while in the
second case the average OF considered is equal to 3.2: these values are well
representative of the operating condition of the 200N-class Hybrid Rocket Motor
available at the Aerospace Propulsion Laboratory of the University of Naples
“Federico 117, that will be used for the experiments presented in this thesis. From the
figure it can be noticed that in these cases the chemical environment is characterized
by the presence of significant concentration of oxygen and other oxidizing species. On
the other side, for solid rockets, the typical propellant composition used for the
boosters of the launcher Ariane V has been analysed. In this case, although the
oxidizing species are present in smaller concentrations, they are enough to induce
thermochemical erosion of nozzle throat materials. Moreover, the environment is
characterized by the presence of condensed phase, such as liquid particles of Al2O3,
which can lead to a further mechanical erosion of the inner nozzle surface.

These severe conditions usually lead to removal of surface material, due to

heterogeneous reactions between oxidizing species in the hot gas and the solid wall
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[10], which could be significant also in relatively short single operation determining
detrimental effects on the rocket performance. In fact, for rocket converging-diverging

nozzle the mass balance equation leads to the following relationship

1 )=PcAt (L)

Mox (1 T OF ne*

in which m,, is the oxidizer mass flow rate, p, is the chamber pressure, 4; is the
nozzle throat area, c¢* is the theoretical characteristic exhaust velocity (that primarily
depends on the mixture ratio and, to a minor degree, on pressure) and 7 is the
combustion efficiency. Therefore, for a fixed propellant mass flow rate and mixture
ratio, the chamber pressure inversely depends on the nozzle throat area. Consequently,
throat erosion causes a decrease in the combustion chamber pressure, which in the end
results in a reduction of the thrust.

Thus, the requirement that dimensional stability of the nozzle throat should be
maintained guaranteeing a stable engine operation makes the selection of rocket nozzle

materials extremely challenging.

1.3 Ultra-High-Temperature @ Ceramic  Matrix

Composites

At the current state of art, the best structural materials for use in aerospace
environments characterized by high temperature and chemical oxidation are limited to
silicon-based ceramics, e.g. SiC, C/SiC, SiC/SiC, and protected C/C composites that,
unfortunately, boast service temperatures not higher than 2000 K [11-14]. Typical
applications include not only components of atmospheric re-entry vehicles but also
critical subsystems of propulsion system such as engine intakes, combustion chambers
or rocket nozzles. The classical materials used for the latter applications include
refractory metals, refractory metal carbides, graphite, ceramics and fibre-reinforced

plastics [15-17]. Certain classes of materials demonstrated superior performances
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under specific operating conditions but the choice depends on the specific application.
For instance, fully densified refractory-metal nozzles generally are more resistant to
erosion and thermal-stress cracking than the other materials. Graphite performs well
with the least oxidizing propellant but is generally eroded severely [18-20].

To extend the temperature range and develop materials able to withstand larger
aero-thermo-chemical loads, Ultra-High-Temperature Ceramic (UHTC) materials
have been progressively introduced and are increasingly gaining importance thanks to
some relevant characteristics, including melting point above 3250 K, high temperature
strength and capability to manage and conduct heat when the service temperature
exceeds 2250 K [21-23]. These characteristics allow UHTCs to work in thermo-
chemically aggressive environments encountered in the most demanding space
applications [24,25]. These materials generally include IV-V transition metal diborides
and carbides (i.e. ZrB,, HfB2, ZrC, HfC, TaC). Diborides, in particular, although
showed lower melting point than carbides, are characterized by substantial thermal
conductivity, therefore, they, by uniformly redistributing energy into the material,
succeed in relieving temperature gradients and minimizing peak of temperatures
nearby stagnation region.

However, at the same time, it was demonstrated that pure UHTCs are excessively
vulnerable to oxidation attack, so that there is no way to use them without the addition
of a secondary metallic or ceramic phase. Results obtained by intense experimental
campaigns realized in suitable supersonic and hypersonic wind tunnels underlined,
ultimately, that the use of UHTCs composites added to SiC or other silicon based
ceramic in form of particles, short fibres and whiskers have facilitated a considerable
improvement of their properties (only at modest temperatures, e.g. below 2000°C), in
particular their oxidation resistance [26,27]. It has been found that this solution led to
a marked improvement in damage tolerance and better thermal shock resistance in
chemically extreme reactive environments, characterized by the presence of
dissociated oxygen. The addition of SiC to ZrB; made it possible to exploit the
formation, following oxidation, of a surface layer of silica, silicon dioxide, which
would be able to preserve the composite material from erosion phenomena at relatively

high temperatures (up to about 2000°C).
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Anyway, the majority of UHTC-made components, despite the very good
oxidation resistance, unfortunately, turned out to be fragile, characterized by low
fracture toughness, low thermal shock resistance and lack of damage tolerance and
exhibited poor reliability, particularly in large scales components often subjected to
critical failures in high enthalpy flows.

For instance, TPS systems such as nosecones and leading edges entirely based on
bulk, unreinforced UHTC ceramics produced at CNR-ISTEC (the Institute of Science
and Technology for Ceramics, of the Italian National Research Council) were
successfully tested in lab scale arc jet experiments [28] at the University of Naples
“Federico II” (UNINA). Successive experiments in ground simulated re-entry
conditions of prototypes with more realistic sizes, however, suffered premature
aborting of the test due to a lack of thermal shock resistance and insufficient damage

tolerance (Fig. 1.4) [29].

H=90 mm
D= 120 mm

UHTC massive tip

Fig. 1.4. Test of large-scale massive UHTC/C-SiC nosecone in the CIRA
SCIROCCO plasma wind tunnel, failing during plasma exposure [29].

On the other hand, in Ref. [10] a tantalum carbide (TaC)-based nozzle throat insert
was manufactured and tested in the lab scaled hybrid rocket at the UNINA Aerospace
Propulsion Laboratory. Although no erosion occurred in the throat, the outer surface
remained unchanged after the test and no visible chemical alteration was observed,
radial cracks were detected, as shown in Fig. 1.5, which demonstrated the fragility of

this UHTC material.
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Ceramic thro:

Fig. 1.5. (a) Segmented nozzle (after removal of the converging outer element), (b)

ceramic throat, (¢) details of the ceramic throat showing radial cracks [10].

Therefore, the current research in aerospace field is oriented to the
experimentation of Ultra-High-Temperature Ceramic Matrix Composites (UHTCMC)
materials [25,30-33], consisting of a matrix of UHTC reinforced by carbon or SiC
fibres that represent, to this day, the best candidates to develop thermal protection
systems of new generation hypersonic vehicles, or high-temperature components for

rocket engines [34-36].

1.4 Aero-thermo-dynamic characterization of Ultra-

High-Temperature Ceramic materials

Based on these considerations, it appears clear that development of materials able
to perform properly in such conditions is a topic of major interest. In particular, the
ability of surviving exposure to harsh environments without significant
oxidation/ablation is one of the key requirements of ceramic materials and relevant
experimental characterization is needed. Initial evaluations of high-temperature
ablation resistance are often performed relatively inexpensively utilizing high power
lasers [37,38], shock tubes [39] and plasma [28,40,41] or oxyacetylene torches [42—
45], which can produce significant heat fluxes and ultra-high temperatures. However,
as suggested in [46], testing the material performance in an environment representative
of hypersonic flight conditions requires a realistic combination of heat flux, gas
composition, surface pressure, and flow velocity. An air plasma may exhibit very high

temperatures (in excess of 5000 K) and Mach number in excess of 3 with highly
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dissociated gas species (oxygen and nitrogen), while a flame in a rocket nozzle reaches
supersonic Mach numbers at high pressures (order of 10 bar) in presence of highly
reacting chemical species (including in some cases solid metallic particles). On the
other hand, oxyacetylene torch produces a confined jet of combustion products (carbon
mono/dioxide, water vapor, OH and active hydrocarbon species) at lower (subsonic)
Mach number and temperatures in the order of 3000 K. The specific total enthalpies
are relatively lower than in typical atmospheric re-entry conditions or in a supersonic
combusting flow in a propulsion application. The flame torch operates at subsonic flow
conditions and atmospheric pressure. Therefore, the ablation is generally induced by
oxidation and vaporization with weak effects of surface shear stresses. Whereas, in
hypersonic re-entry flow or in supersonic flows in nozzles of rockets, ablation is
additionally enhanced by high-velocity-induced mechanical erosion.

The above-mentioned facilities are thus convenient especially for preliminary,
qualitative evaluation of the thermal shock and ablation resistance properties of
different materials. Instead, a hypersonic wind tunnel is the only facility able to
provide the real gas flow conditions and aerodynamic loads at the realistic static and
dynamic pressures to simulate real flight environments and related fluid-solid surface
interactions for characterization of materials for aerospace Thermal Protection
Systems [47,48]. Also, materials for rocket components can be tested by means of
similar low-cost techniques but the most relevant thermo-fluid-chemical environment
can only be reproduced in dedicated rocket propulsion facilities [49].

Another important difference is related to the different surface modifications
occurring in different gas environments, even if heat fluxes and temperatures are
comparable, as demonstrated by previous activities carried out in UNINA facilities.
Specifically, in [28], ZrB2-SiC ceramic samples were exposed to a subsonic plasma
jet, at atmospheric pressure. Total enthalpies higher than 10 MJ/kg were reached, for
a maximum wall heat flux of 7 MW/m?, corresponding to a maximum temperature of
2200 K. Scanning Electron Microscope (SEM) analyses performed after the test
showed the formation of a glassy layer, protecting the external surface directly facing
the oxidizing environment (Fig. 1.6a). On the other hand, the characterization of

samples with the same composition in arc-jet facility, with supersonic flow and low
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partial pressure (in the order of some kPa) conditions resulted in a different material
surface behaviour [50]. In this case, although lower heat fluxes (3.5 MW/m?) and
maximum temperatures (2000 K) were reached (but with a specific total enthalpy of
18 MJ/kg), the coating was wiped away and the oxidation proceeded faster, leaving a
more catalytic oxide scale (Fig. 1.6b). This demonstrates once more that, even
reproducing the same chemical environment, the material response is significantly

influenced by the operating conditions.

- SiCupleted 7, region
e e S A

Fig. 1.6. Cross-section of a ZrB2-15SiC material (a) after subsonic plasma torch
testing (at atmospheric pressure) [28] and (b) after supersonic arc-jet testing (at

low pressure) [50].

It 1s also known that the worst environment for UHTC and UHTCMC ablation
should be at the maximum heat flux and at the lowest possible pressure. In fact, under
well-known values of the temperature-pressure domain, SiC suffers an active
oxidation with significant mass losses (Fig. 1.7) [51]. Therefore, the transition from
passive to active oxidation of UHTCMCs materials based on SiC fibres takes place at
the lowest pressures. Furthermore, also for Si-free ZrB:-based ceramic composites
(e.g. with carbon fibres) low partial pressure conditions are critical in terms of ablation
behaviour, since the glassy phase formed by boron oxides is actively removed at high
temperatures and low pressures. At reduced pressures significant mass losses

(ablation) may occur, making this phenomenon interesting to be investigated.
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Fig. 1.7. Oxygen partial pressure versus temperature for the active to passive

transition of SiC under molecular (o) and (A) dissociated air [51].

Another important example of the effect of peculiar test conditions on material
surface modifications is the spontaneous temperature jump phenomenon first reported
by Marschall [52] and then found also by other authors [47,50,53-59]. When a sample
of material in presence of SiC-containing MeB: ceramics or Cy-SiC based CMC is
exposed to a flow of constant total enthalpy for some minutes, the surface temperature,
after having reached an apparent steady state, exhibits an abrupt jump of several
hundreds of degrees under the same free stream conditions. A number of
interpretations were proposed: - the loss of protective silica glass which substantially
increases the chemical component of heat flux delivered to the surface [52]; - a
transition from passive to active oxidation of SiC [47,53,54]; - an enhanced catalytic
recombination of N2 due to the presence of Si(g) [55]; - an accelerated oxygen
diffusion rate through new formed cracks which promotes exothermic reactions of
oxidation and nitridation [54,56]; - a surface chemical modification which alters
emissivity and catalycity [50,57]. Despite the variety of interpretation, a sound
consensus on one of them has not been reached yet, making this topic extremely
interesting to be investigated in order to achieve a global comprehension of UHTCs

and UHTCMCs behaviour in the most demanding (and relevant) conditions.
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1.4.1 Role of numerical simulations

Due to the complexity of the flow conditions generated in high-enthalpy plasma
wind tunnels and lab-scaled rocket engines [60,61], computational tools play an
important role as support to the design of arc-jet and rocket tests, making possible an
accurate prediction of the aero-thermo-chemical flow field in different operating
conditions and also to rebuild the thermal field inside the samples [62,63]. For
example, the most interesting parameters, such as heat flux to material samples, can
be somehow measured by means of dedicated devices. Unfortunately, not all the
realistic experimental conditions can be reliably reproduced. For instance, only cold-
wall heat fluxes can be directly measured, but information about the thermal loads on
samples heated at ultra-high temperatures cannot be obtained by conventional
measurement techniques. In general, some of the critical parameters, such as flow
temperature or chemical species mass fractions, are measurable only by expensive and
complex techniques, thus these parameters need to be rebuilt a posteriori by means of
appropriate computational models, and by a combination of numerical and
experimental results.

In the framework of this topic, it is extremely interesting to evaluate the effect of
material properties, such as thermal conductivity, or surface emissivity and catalycity,
which can substantially alter the material response to ultra-high-temperature heating.
For instance, a significant interest has been shown in recent studies for
numerical/experimental determination of surface catalytic efficiency [64—68].
Numerical simulations offer the possibility to perform parametric analyses of the
individual effect of each property, providing a step-by-step improvement of the

understanding of experimental results.
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1.5 The C*HARME European Project

In the framework of the European Union’s Horizon2020 research and innovation
program, University of Naples “Federico IT” has been involved in the C’HARME
(Next Generation Ceramic Composites for Combustion Harsh Environments and
Space) research project, whose main purpose 1s the design, development,
manufacturing and testing of a new class of UHTCMCs suitable for application in
severe aerospace environments. The project was meant to bring the Proof-of-Concept

of these new materials into two main applications:

e Near zero-ablation thermal protection systems (tiles) able to resist the very high
heat fluxes in strongly reactive gases and thermo-mechanical stresses found at

launch and re-entry into Earth’s atmosphere.

® Near zero-erosion nozzle inserts that can maintain dimensional stability during
firing in combustion chambers of high-performance rockets for civil aerospace

propulsion.

The project was structured in a 4-year plan of research activities, aimed at
introducing innovative material solutions with high performances and optimizing
standard processing techniques in order to manufacture final products suitable for
space applications. The research and development activities relied on the integration
of extensive existing experience with both UHTCs (ultra-high temperature ceramics)
and CMCs (ceramic matrix composites). Well-established techniques for CMC
production were integrated with state-of-art methods for the hot consolidation of ultra-
refractory ceramics.

The University of Naples “Federico II” has contributed to the definition of the
requirements and has been responsible for the prototypes design and the identification
of the corresponding testing conditions. An incremental approach was proposed,
aiming to start the experimental campaign with simple material samples and increasing
the complexity up to a Technology Readiness Level (TRL) 6. The experimental
activities were performed also in collaboration with the German Aecrospace Centre

(DLR) and the large Italian company AVIO S.p.a., in order to characterize the
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materials in different experimental conditions, with incremental scale up. The
University of Naples “Federico II” performed tests on samples for both applications.
Arc-jet testing included experimentation on small specimens (dimensions in the
order of 1.5 cm), with TRL up to 4, in a relevant atmospheric re-entry environment,
Fig. 1.8. Characterizations allow identifying the most promising material compositions
and manufacturing processes, before starting experimental activities on larger and
more complex geometries, that were carried out at DLR facilities, until a complete

TPS assembly test, which allowed achieving a TRL 5.

s FLAT PLATE
SPECIMENS LARGE SAMPLES

1
Size : 15mm Size: 50mm Size: 240x190mm?

TRL

Arc jet test at UNINA I’lﬂ-‘v'll".i'l Wind Tunnel Plasma Wind Tunnel
T'est at DLR Test at DLR

Fig. 1.8. Design of prototypes tested in arc jet facilities at the University of Naples
“Federico I1” and DLR in C’HARME Project. The red square highlights the test

configurations included in this thesis.

The reference mission for the UHTCMC thermal protection systems in the
C*HARME project, defined by ARTANEGroup, is the re-entry from Low Earth Orbit
(LEO) of Advanced Re-entry Vehicle (ARV) re-entry module spacecraft. The
complete set of aero-thermo-dynamic requirements, has been deduced from nominal
and abort trajectories of the reference mission, as shown in Table 1.1. Table 1.2 shows

the main environmental requirements for the materials for this application.
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Table 1.1. Aero-thermo dynamic parameters for critical points on front shield of

the ARV capsule.

Max heat Max

Ret-Enetry flux Pressure I_[];;; /ll‘;?ld Remarks
P [MW/m?] [kPa]
Guided 0.684 13 211 Guided, highest heat load
Abort 1.988 45 98 Abort, highest heat flux
Abort 0.749 65 42 Abort, highest pressure

Table 1.2. Aero-thermo-dynamic requirements for TPS characterization.

Parameter Specification Remarks

Maximum stagnation pressure 64.79 kPa From abort trajectory
Peak Heat Flux 1.988 MW/m? From abort trajectory
Integrated Heat Load 211.2 MJ/m? From nominal trajectory

The arc-jet facilities considered in this thesis (whose details are presented in next
section) are not able to guarantee the maximum heat flux requirement (2 MW/m?) and
the maximum required pressure (more than 60 kPa) simultaneously. However, from
Table 1.1 1t can be noticed the critical conditions for both heat flux and pressure
requirements, corresponding to the abort (ballistic) re-entry scenario, are obtained in
different points of the TPS and different moments of the trajectory, so the materials
shall not withstand simultaneously the maximum heat flux at the maximum pressure
and for the maximum integrated heat load. Moreover, as highlighted in the previous
section, the most demanding condition for SiC-containing UHTCs ablation
corresponds to high temperature and low pressure, because of passive/active SiC
oxidation transition, so that the tests that will be presented will be somehow even more
demanding than the requirements in terms of ablation resistance.

Also referring to the second application, near-zero erosion rocket nozzles, an
incremental approach has been used for prototype design, proposing to start the
experimental campaign with simple material samples and increasing the complexity
up to a TRL 6, as shown in Fig. 1.9. The experimental activities for this application

were carried out in UNINA test facilities, the AVIO laboratory and DLR facilities.
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Fig. 1.9. Design of the test articles for C'HARME experimental campaign for

characterization of UHTCMCs in propulsion application. The red squares

highlight the test configurations included in this thesis.

Requirements for solid and hybrid rocket applications have been set in collaboration

with AVIO. Table 1.3 summarizes typical operating conditions and design ranges

encountered in solid (SRM) and hybrid rocket (HRM) chamber and nozzle.

Table 1.3. Solid and hybrid rocket nozzle operating conditions.

Range SRM Range HRM
Pressure [bar] 50-100 5-25
Combustion time [s] 70-150 >10
Throat diameter [K] 0.1-1 0.1-0.2
Throat flame temperature [K] =3000 K =3000 K
Throat heat flux [MW/m?] 5-30 5-15
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1.6 Summary of original contributions of the present

dissertation

The research goals of this thesis work are the characterization of the aero-thermo-
dynamic response of innovative ceramic materials for high-temperature space
applications, with different formulations, sizes and shapes, in lab-reproduced
representative environments, and the definition and employment of numerical models
for the simulation of the thermo-fluid-dynamic conditions and material thermal
behaviour.

Regarding research for hypersonic TPS materials, an extensive experimental
campaign has been first carried out, in the framework of the C.HARME project, for
the characterization of UHTCMC materials with almost zero erosion properties at
ultra-high temperature, comparing materials with different formulations, fibre/matrix
architecture, and manufacturing process. Relevant tests were performed in an arc-jet
supersonic wind tunnel, where the typical aero-thermodynamic and chemical
conditions of atmospheric re-entry are reproduced at supersonic Mach numbers,
temperatures above 5000 K and a consistent amount of dissociated oxygen and
nitrogen. Non-intrusive diagnostic techniques (two-colour pyrometers and infrared
thermo-cameras) were used to continuously monitor samples surface temperatures
during testing. Based on interesting results achieved with material samples based on
Z1rB»-SiC, both in terms of ablation resistance and of a series of phenomena observed
at ultra-high-temperatures, further experiments were carried out for a more detailed
investigation of these materials aero-thermal response. Specifically, a series of
dedicated test campaigns has been carried out in order to understand the effect of SiC
content on the ultra-high-temperature oxidation and material behaviour under
simulated re-entry conditions. Moreover, a further test campaign allowed comparing
the material response in different chemical atmospheres (simulated air and pure
nitrogen flows). Finally, a part of the PhD activities has been spent at the premises of
DLR Institute of Aerodynamics and Flow Technology, in Cologne (Germany), where
tests were carried out in a larger scale arc-jet supersonic plasma wind tunnel for the

second step of UHTCMCs characterization in stagnation point configuration.
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The outcomes of all these experimental activities are presented and discussed, also
in light of the post-test characterizations carried out, in collaboration with project
partners, to investigate the features of the materials microstructures after the exposure
to the atmospheric re-entry environment. Moreover, the experimental results are
complemented by Computational Fluid Dynamics (CFD) simulations, employed to
allow accurate prediction not only of the thermo-fluid-dynamic flow field around the
test articles, but also of the thermal behaviour of the materials samples, including an
investigation of the effect of material properties, such as thermal conductivity and
catalycity.

Specifically, a rapid temperature increment during the highest-enthalpy steps (the
phenomenon known as temperature jump in the relevant literature regarding UHTCs
and SiC-based ceramics, as discussed above) has been observed. This thesis intends to
propose a thorough and detailed analysis of the materials aero-thermo-dynamic
behaviour at ultra-high temperatures in a representative re-entry environment, aiming
to provide a comprehensive interpretation of the tfemperature jump, correlating the
outcomes of infrared temperature measurements, post-test microstructural analyses
and numerical simulations to highlight the parameters which mainly affect the heat
transfer from the flow to the ceramic. A deep understanding of the materials response
is indeed an important step in the path towards a reliable engineering application of
these novel TPS technologies.

The other research topic 1s characterization of the same class of materials,
developed within the framework of C*HARME, for near-zero erosion rocket nozzles.
The experimental activities were carried out with the hybrid rocket test bench available
at the aerospace propulsion laboratory of the UNINA Department of Industrial
Engineering, in different test configurations, according to the scheme of Fig. 1.9. In
particular, the first tests have been performed with a novel, dedicated test set-up
exposing UHTCMC samples to the supersonic exhaust jet of a 200 N-class hybrid
rocket operated with gaseous oxygen burning cylindrical port HDPE grains. Non-
intrusive diagnostic equipment, including two-colour pyrometers and an infrared
thermo-camera, has been employed to monitor the surface temperature of the samples.

The combination of combustion temperature over 3000 K, supersonic Mach number
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and stagnation pressures allowed reproducing realistic rocket nozzles operating
conditions, in order to demonstrate the ability of the specimens to preserve their
functional integrity in a relevant environment. The second set-up (“Chamber insert
test”) was meant to assess the capability of the test article (in the shape and size of an
annular combustion chamber element) to withstand high thermo-mechanical stress at
high pressures in relevant aero-thermo-chemical combustion environment. As a third
step, UHTCMC nozzle throat inserts have been manufactured and experimentally
tested to verify the erosion resistance and evaluate the effects on the rocket
performance by comparison with those obtained in similar operating conditions
employing a graphite nozzle. Finally, complete subscale nozzles, made by different
processing routes, matrix formulations, fibres architectures and having different
properties (such as fibre volume content and porosity), were repeatedly tested in order
to select the most promising technology for reusable non-eroding rocket nozzles.
Also in this case, CFD models were proposed and used to characterise the flow
field in the different test configurations, evaluate the test conditions experienced by
the prototypes, and in some cases to analyse the steady or unsteady thermal response
of the materials. Combining experimental and numerical results, general conclusions
were drawn about the effect of different parameters, such as matrix composition, fibre

architecture and volume content, densification process and final material porosity.
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CHAPTER 2. EXPERIMENTAL
FACILITIES

This chapter describes the experimental facilities used in this thesis for the
characterization of ceramic materials in relevant harsh environments. Section 2.1
presents the small-scale arc-jet wind tunnel SPES, available at the University of Naples
“Federico II”. Section 2.2 describes the plasma wind tunnel L3K, available at DLR.
Section 2.3 presents the hybrid rocket test bench available at UNINA, while its

subsections describe the different set-ups used for materials characterization.

2.1 SPES arc-jet wind tunnel

SPES (Small Planetary Entry Simulator, Fig. 2.1) is a continuous, open-circuit,
blow-down arc-jet wind tunnel, provided with a torch (Perkin-Elmer 9MB-M) with
maximum power of 80 kW, able to operate with inert gas (He, N2, Ar and their
mixtures), which is connected, downstream, to a mixing chamber and then to a conical
convergent/divergent nozzle exhausting into the test chamber where pressure is
lowered by two vacuum pumps in series, a mechanical booster (EH4200) and radial
pump (E2M275). This vacuum system is able to achieve a static pressure of 10 Pa in
the test chamber. The torch, the mix-chamber and the nozzle are cooled by water
flowing in a double wall.

A nitrogen plasma is generated by the industrial torch at mass flow rates up to 5
g/s. In order to simulate the air composition, the mixer downstream the torch is used
to supply a secondary gas (e.g. O2) to the primary plasma. Specific total enthalpies
above 20 MJ/kg are achieved at gas mass flow rate of 1g/s. The convergent-divergent
conical nozzle is characterized by a throat diameter of 11 mm, and an outlet diameter
of 22 mm and is able to accelerate the flow up to a nominal Mach number about 3. A

schematics of the facility 1s shown in Fig. 2.2.
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Fig. 2.1. SPES Arc-heated facility available at the University of Naples.

Test Chamber

Ambient | Rotary Pump
e

Mixing Chamber 8! Vacuum Pump

Fig. 2.2. Schematics of UNINA SPES laboratory.

The test articles (nominal design in Fig. 2.3a,b) were accommodated inside the
test chamber of the plasma wind tunnel, at the exit of the supersonic nozzle, by using
a dedicated set-up with thermally protected mechanical supports (Fig. 2.3c). The
position was regulated to place the sample at the desired distance from the nozzle. In
the current test campaigns, the samples were placed at a distance of 1 cm from the

nozzle.
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Fig. 2.3. (a-b) Design of UHTCMC sample to test in UNINA SPES facility, (c) a
picture of the mechanical support for the test article mounted inside the test

chamber.

In the test campaigns discussed in this thesis, samples were exposed to a
supersonic flow generated by the expansion of a high enthalpy gas mixture of nitrogen
(0.8 g/s) and oxygen (0.2 g/s). During the test, the arc power of the plasma torch and
consequently the total enthalpy of the flow are gradually increased through successive
increments, leading correspondingly to an increase of pressure and temperature. A
quasi-stationary condition generally occurs when the maximum value of temperature
1s reached during the last steps of the test. In the tests discussed in the present report,
the nominal duration of each step was 30 seconds, except for the last step of 120
seconds. As shown below, some tests had a different duration. The total specific
enthalpy is obtained through an energy balance at the exit of the plasma torch, based
on measurement of temperature and flow rate of cooling water, according to the

following formula:

o= VI + cgymitg, Ty, + cpimnggz = Co ity ATy o0
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in which Hp is the Mean Total Specific Enthalpy at the nozzle exit, VI the power
provided by the arc heater to the gas, My, and 1y, represent the mass flow rates of
the gas in the primary line and in the secondary line respectively, Tgfl and T;Zthe initial
temperatures of the gases, m,, the mass flow rate of the water in the cooling line of the
torch and the nozzle and AT, the delta temperature of the water at the end of the
cooling line, m the total gas mass flow rate, ¢, 41, ¢, g2 and cp,,, the specific heat values
at constant pressure of the gases and the water.

In Table 2.1, the typical values of the physical quantities of interest for each torch
arc power step are reported. Specific total enthalpy values are averaged over different
test, with an uncertainty around +1 MJ/kg. Heat fluxes were measured by a copper
slug calorimeter. The pressure in the test chamber was approximately equal to 2 mbar.
At the end of the most stressful enthalpy step, the torch power was decreased gradually

until facility shutdown, resulting in a stepwise cooling of the buttons.

Table 2.1. Test conditions in SPES facility.

Ho Heat Flux - Slug Calorimeter Stagnation Point Pressure
Step [MJ/kg] [MW/m?| [mbar]|
0 5.5 0.8 62
1 7.0 0.95 64
2 8.5 I 67
3 10 | 70
4 12 210 73
5 14 2.5 76
6 16 3.0 79
7 18 3.6 82
8 20 4.2 85

The surface temperature of the samples was continuously measured (+1%
instrumental accuracy) by digital two-colour pyrometers (Infratherm ISQ5 and
IGARG6, Impac Electronic GmbH, Germany) at an acquisition rate of 100 Hz. In
addition, the infrared response of the specimen during the arc-jet testing was obtained
by means of an infrared (IR) thermo-camera (TC, Pyroview 512N, DIAS Infrared
GmbH, Germany). The two-colour ISQ5 pyrometer exploits two overlapping infrared

wavelength bands at 0.7-1.15 pm and 0.97—1.15 um to measure the temperature from
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1273 K up to 3273 K. The IGAR6 pyrometer operates in the bands 1.5-1.6 um and
2.0-2.5 um to return the sample temperature in the range 523-2273 K. The
measurement area of the ISQ5 pyrometer is approximately a round spot 3.3 mm in
diameter. The pyrometers mode can be set in order to give back the peak value of the
temperature field detected inside the focused area. In addition, the so-called “two-
colour mode” provides an output value independent on the (directional) spectral
emittance (&). It is generally assumed that the observed surface behaves as a grey body
over the operating temperature range. Surface chemical reactions occurring during
testing can have been responsible for changes in &, versus testing time. On one hand,
the two-colour pyrometers overcome this problem measuring the true temperature. On
the other hand, the IR-TC detects the spectral radiance coming out from the heated
sample along the infrared band wavelength of 0.8-1.1 um. The surface temperature
distribution can be calculated assuming constant emissivity along the monitored
surfaces of the samples and taking into account the axial symmetry of the specimens.
Once the local temperature was measured thanks to the pyrometers at the measurement
spot, that value was input to determine the spectral emittance in the range of the IR-
TC, and finally the surface temperature distribution was evaluated. The operating
wavelength is that in which most of the radiative power is emitted at ultra-high
temperatures [69], which reduces the error in temperature estimation due to spectral
emittance uncertainty (an error of 10% in emissivity leads to an error of about 1% in
temperature). High-Definition videos of the tests were recorded by means of a Camera
Flea3 1.3 MP Color USB3 Vision with a resolution of 1328x1048 and a frame rate
equal to 25 fps. A picture of the optical and infrared setup in shown in Fig. 2.4.

A balance (1 mg accuracy) and a precision calliper (0.01 mm accuracy) were used
to measure mass and thickness losses of the specimen. In the post-processing analyses,
two erosion rates were calculated: one based on the loss of mass (assuming uniform
consumption of the sample in the axial direction) and the other evaluated by the

thickness measurement made by the calliper.

30



CHAPTER 2. Experimental facilities

a) HOLDER
‘ BUTTON .
| SYMMETRY
| AXIS
HOLDER

NOZZLE

Fig. 2.4. Arrangement of pyrometers ISQS and IGARG6 (a), and infrared (IR)
thermo-camera (TC) with video recorder FLEA (b): the coloured portions of the

button surface match diagnostics and their field of view.

2.2 L3K hypersonic plasma wind tunnel

As described in section 1.5, the qualification tests of the UHTCMCs in the
framework of the C*HARME project were designed according to an incremental
approach, with a progressive increase in the size of the samples. Based on this, a part
of the PhD was spent in the premises of DLR (German Aerospace Centre) in Cologne,
Germany, where tests on larger-sized samples in stagnation point configuration were
carried out. The qualification tests were performed in DLR’s arc-heated facility L3K,
which is part of DLR’s arc-heated facilities LBK (LichtbogenBeheizter WindKanal)
in Cologne. A picture of L3K is shown in Fig. 2.5. L3K is setup very similar to a
conventional hypersonic blow-down wind tunnel, complemented by a segmented arc-
heater with a maximum electrical power of 6 MW, which allows for energising the
working gas to high enthalpy conditions.

For thermal testing, samples and models were placed in the homogeneous
hypersonic free stream, which was generated by a convergent-divergent nozzle. The
nozzle is modular, its expansion part is conical with a half angle of 12°. Different throat
diameters from 14 mm to 29 mm are available and can be combined with nozzle exit

diameters of 50 mm, 100 mm, 200 mm, and 300 mm. So, the facility setup can
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effectively be adapted to specific requirements. With this facility setup, thermal
protection materials and structures can be tested for atmospheric entry conditions at
flight-relevant heat fluxes and pressures. The test conditions provide a realistic
chemical environment. Accordingly, the effects of surface catalycity and surface

reactions are properly included in the specimens thermal response.
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Fig. 2.5. The L3K facility. Dimensions in mm.

In L3K cold wall heat flux rates of more than 12 MW/m? can be achieved on a
50 mm flat-faced cylinder sample at stagnation pressures up to 1500 hPa. In general,
stagnation point models with a diameter up to 150 mm can be tested in L3K. For flat
plate models, the size 1s limited to a width of 280 mm, a length of 350 mm and a height
of 70 mm. A detailed description of the LBK facility is given in [70,71].

In compliance with the reference C*HARME mission (section 1.5), all tests in L3K
were performed with air as working gas. The stagnation tests were performed on
circular samples with a diameter of 50 mm. The nominal sample geometry is illustrated
in Fig. 2.6. The baseline samples (Fig. 2.6a,b) had a mushroom shape with an overall
thickness of 10 mm. In the bottom half, the diameter was reduced to 42.5 mm in order
to fit into the ceramic shell of the model holder. The mushroom-type geometry could
not be realized with one of the tested processing routes, since sample thickness was
restricted to a maximum value of 4 mm for this process. Therefore, those samples were

prepared as conical disks (Fig. 2.6a,c).
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Fig. 2.6. Pictures and main dimensions of stagnation samples: a) front view, b)

rear view (mushroom type), ¢) rear view (disk type).

The complete test assembly for the mushroom samples is shown in Fig. 2.7a. Its
overall geometry was a sharp-edged flat-faced cylinder. The head of the sample was
forming the front part. Three ceramic pins were used to fix the sample to the ceramic
shell. At the bottom, the sample was in touch with a large block of insulation material.
Due to the insulation, the thermal response of the sample was not being influenced by
the water-cooling of the model holder. For the conical disk samples, also the ceramic
shell was modified to a corresponding cone at its front part (Fig. 2.7b). As in the
nominal setup, sample fixation was realized by three ceramic pins, and a block of
insulation material was installed at the samples rear end.

saapter screw  _spring

(@) : ’ ®)

T

...........

Fig. 2.7. Test assembly used (a) for mushroom-type and (b) for disk-type

stagnation samples.

The materials were provided baseline qualification by sustaining the specified
values for heat flux rate and integral heat load. In order to make the qualification more

representative, three samples of each UHTCMC variant were foreseen. By that,
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additional information was achieved on sample-to-sample repeatability and particular
influences of a single sample properties on the measured data could be reduced.
Details of the test conditions are listed in Table 2.2. The measured cold wall heat
flux rate of 2.39 MW/m? matches quite well to the specified heat flux rate of
1.99 MW/m?. L3K was setup with a 29 mm nozzle throat and a 200 mm nozzle exit
for these tests. Based on the specified heat flux rate, a test duration of 106 seconds was

defined in order to meet the specified integral heat load.

Table 2.2 Operating and test conditions for the stagnation tests in L3K.

Reservoir conditions L3K-Q1

Mass flow rate [g/s] 101
Specific enthalpy [MJ/kg] 15.9

Pressure [hPa] 3750

Temperature [K] 6450

N> mass fraction 0.645

02 mass fraction <107

NO mass fraction 0.016

N mass fraction 0.113

O mass fraction 0.225
Nozzle throat diameter [mm] 29
Nozzle exit diameter [mm] 200
Test location wrt to nozzle exit [mm] 200
Heat flux rate [MW/m?] 2:39
Stagnation pressure [hPa] 85
Test duration [s] 106

Non-intrusive temperature measurements were performed to record the samples
surface temperature. Two different pyrometers, i.e. a spectral pyrometer (Dr. Maurer
KTR 1485, temperature range 973-3773 K, wavelength 1um) and a two-colour
pyrometer (Dr. Maurer QK'TRD 1485-1, temperature range 1273-3573 K, wavelength
lum), were adjusted to the stagnation point in the centre of the front surface. The
simultaneous measurement of both instruments at the same spot principally allowed to

extract additional information on potential changes in the materials emissivity from

34



CHAPTER 2. Experimental facilities

the temperature data. In addition to the pyrometer measurements, infrared camera

systems (InfraTec VarioCAM HD head 980 HT, temperature range 773-2273 K,
wavelength 7.5-14 pm; and Optris P1 1M, temperature range 723-2073 K, wavelength

I um) were used for monitoring the thermal response and to obtain information on the

homogeneity of heating to the front surface. A principal sketch of the optical setup is

given in Fig. 2.8.

Pyrometers
(two-colour and spectral)

IR-thermocamera
Front view

Video camera
Front view
Other instrumentation
— Video camera (global view)

— IR-thermocamera (side view)

a2\
Fig. 2.8. Optical setup for L3K stagnation tests.

In addition to the thermal response data, erosion measurements were taken before

and after the tests. Weight and thickness were measured to evaluate the sample mass

loss and recession as well as the corresponding time-based rates. All thickness

measurements were taken at the centre of the front surface.

During all tests in L3K, the samples and models were exposed to constant flow

conditions. This was achieved by applying the following principal test procedure:

The model assembly with the specimen was mounted to the facility’s model
support.

The test chamber was closed and evacuated.

The arc heater was ignited and the set parameters were gradually changed until
the desired operating conditions were reached (during this period the model
with the specimen 1s placed at its park position where it is not exposed to the
flow).

After achieving steady flow conditions, the model was moved to the test
position.

After the specified test duration, the model was moved out of the flow.
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e The arc heater was shut down.

e The test chamber was pressurized and opened.

2.3 The Aerospace Propulsion Laboratory

The experimental activities described in this work for the characterization of
rocket nozzle materials were carried out at the Aerospace Propulsion Laboratory of
University of Naples “Federico 117, located in the Military Airport “F. Baracca” of
Grazzanise (CE, Italy). The test rig is a versatile set up primarily designed for testing
hybrid rocket engines of several sizes [72]. It i1s equipped with a test bench and a
general-purpose acquisition system, which allow evaluating propellant performance
and combustion stability [73], testing of sub-components and/or complete power
systems, nozzles [10,74], air intakes, catalytic devices [75,76], burners, ignition and
cooling systems [77]. For the purposes of the C*HARME project, the experimental set-
up was adjusted for testing materials in harsh combusting environment for propulsion
applications.

Several rocket demonstrators of different scales are available for testing at the
Laboratory. The experimental firings presented in this thesis were performed with a

200 N-class hybrid rocket whose schematic is depicted in Fig. 2.9.

Pressure tap Pressure tap

Methane T Pre-combustion chamber Afl mixing chamber

Injector R =1
Nozzle e o (

Free-jet test sample

Oxygen
Injector L

@
&

Spark Plug e
) Solid Fuel Grain

Combustion chamber insert

Fig. 2.9. Layout of 200 N-class hybrid rocket engine, including the set-up for
UHTCMC testing.

The lab rocket engine has an axisymmetric combustion chamber, with 350 mm

length and 69 mm case inner diameter.
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The motor forward closure can accommodate different injectors; the tests
presented in the following sections were performed with a converging nozzle injector,
whose exit section diameter 1s 6 mm, which delivered oxygen in single-port cylindrical
fuel grains.

Upstream and downstream of the solid grain a dump plenum and an aft-mixing
chamber were set up. The pre-chamber, which is 25 mm long with a 46 mm inner
diameter, shifts the broad oxidizer recirculation towards the fore end of the grain, in
order to increase the overall regression rate. The post-chamber is usually required in
hybrids to promote gas mixing at the exit of the fuel port, thereby improving
combustion efficiency. Aft-mixing chamber with either 38 mm or 58 mm length can
be employed with the aim of testing fuel grains of either 240 mm or 220 mm length,
respectively. The engine has two pressure taps for static pressure measurements in the
pre- and in the post-chamber.

A graphite converging-diverging exhaust nozzle was usually employed. The
modular design of the engine allows the use of nozzles with different throat diameter
and area ratio. As will be discussed in detail in the following subsections, the graphite
nozzle can be easily replaced by segmented nozzles with throat insert or by complete
nozzles made of new high performance materials to test their erosion behaviour and
structural and thermal resistance for this kind of applications.

A spark plug powered by a Honeywell solid-state igniter spark generator is
arranged in the pre-chamber where methane gas 1s injected for 3 seconds
simultaneously with the oxygen to ignite the motor. This system ensures repeatable
ignition conditions as well as motor re-ignition.

A schematic of the oxidizer feeding line is depicted in Fig. 2.10. Gaseous oxygen
was supplied by a reservoir of 4-6 pressurized tanks connected to the motor feed line.
The feeding pressure was then set by means of the TESCOM ER3000 electronically
controlled pressure valve, which regulated an electro-pneumatic valve in order to
reduce the pressure to the desired set point. The control was performed on the basis of
the pressure signal measured by a transducer located downstream the regulator. The
presence of a chocked Venturi tube before the injector ensured that the set feeding

pressure was directly proportional to the desired oxygen mass flow rate. The same
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device allowed the evaluation of the latter parameter through gas temperature and

pressure measurements upstream of the throat section. An additional line was present

for nitrogen purging into the chamber for the burn out and in case of an accident.

of| L

(P) Pressure gauge TF  Nonrewmvave = mjector
Air vent valve —
{manual) T Relief valve ® Thermometer Flexible hose Venturi flow meter
Electronic 3 way valve Relief Fire Valve Re[l\lrgf
pressure regulator (pneumatic) va {pneumatic) va
Emergency

Pressure A;rw\;ent PN X airventvave :
e N2 valve (pneumatic) To Engine
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) N2 security valve
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Fig. 2.10. Test feeding lines schematic.

Several sensors were present for the measurement of significant quantities during

experimental test, which are listed in the following.

Three capacitive pressure transducers and three thermocouples were located along
the feeding line and at the section upstream of the oxidizer injector for the
measurement (and monitoring for safety reasons) of the feeding pressure and of
the temperature.

As above mentioned, a choked Venturi tube was located upstream the oxidizer
injector; a pressure transducer and a thermocouple allowed the measurement of
the pressure and the temperature upstream its throat section for the evaluation of
the oxidizer mass flow rate.

Two pressure transducers were assembled on proper pressure taps present on the
rocket for the measurement of the pressure in the pre-chamber and in the aft-
mixing chamber during engine operation.

Four load cells assembled on the test bench allowed evaluating the motor thrust

by computing the sum of the loads measured with each cell.
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The analogue signals generated by thermocouples, pressure transducers and load
cells were sampled at 5 kHz, digitally converted, processed and recorded on the hard
disk by a National Instruments (NI) PXI Express standard system interconnected with
the computer by means of optic fibre connections. With this equipment and using a
software developed in LabView, the motor was ignited and the firing test was
completely automated. All the signals were stored in a binary format and, after
downsampling the data to 100 Hz with a boxcar average, in text format for post-
processing.

Finally, digital two-colour pyrometers and an infrared thermo-camera were
available for non-intrusive monitoring of surface temperature in the case of
characterization testing on materials for propulsion applications, as it will be described
in more detail in section 2.3.1.

The main parameters directly measured in the firing tests were the oxidizer mass
flow rate m,,, the chamber pressure p., the motor thrust Th, the fuel grain mass
consumption AM and the burning time t;. The remaining quantities of interest were
derived from the measured ones, according to the procedure described in [78,79].

For material testing purposes, four experimental configurations were conceived,
according to the incremental approach defined in section 1.5:

- Free-jet tests

- Combustion chamber msert tests

- Nozzle throat insert tests

- Complete subscale nozzle tests

The following subsections describe 1n detail the corresponding test set-ups.

2.3.1 Free-jet test

The Free-jet test configuration was conceived to expose different UHTCMC
samples to the supersonic exhaust jet of the 200 N-class hybrid rocket nozzle. The
specimens were small, button-like samples, with maximum diameter of 17 mm, as for

tests carried out in the SPES arc-jet facility (Fig. 2.11).
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Fig. 2.11. Nominal design of UHTCMC samples for free jet tests.

Each specimen was placed downstream the hybrid rocket engine, in order to be
reached by the exhaust plume coming from the nozzle (see Fig. 2.9). The size of the
specimen, chosen accordingly to the available mechanical interfaces, was such that the
front surface diameter was comparable to the nozzle exit section, allowing the sample
to be thoroughly hit by the supersonic jet. The experimental set-up consisted in a
mechanical system connected to the test bench in order to support and keep the
specimen aligned with the motor axis. This system was designed to place the test
article at the desired distance to the nozzle exit, d. In the present test campaign, a
distance of 15 cm was selected, compatibly with the mechanical requirements for the
fixation to the test bench, in order to provide realistic conditions to test the materials,
in terms of heat fluxes, temperatures, pressures and gas composition. In fact, it is
expected that, for this kind of applications, throat heat fluxes in hybrid rockets are on
the order of 15 MW/m?, throat pressures are on the order of a few bars, temperatures
can be higher than 3000 K, as highlighted in section 1.2, while the reacting gas
products are the same, as in free-jet test the flow comes directly from nozzle exit.
These conditions were well reproduced by the present configuration, as will be shown
in detail in section 5.1.1. The described configuration was in some way similar to that
adopted to test materials in the arc-jet wind tunnel simulating the re-entry conditions,
simplifying manufacturing; but while in this latter case the environment was
characterized by near-vacuum conditions (stagnation pressure on the sample of the
order of 10 kPa), in the free-jet tests the stagnation pressure was on the order of 2-5
bar. Therefore, the material was subjected also to significant structural stresses due to

the relatively high pressure.
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Fig. 2.12 shows pictures of the experimental set-up, including the non-intrusive
diagnostic equipment employed for the real-time evaluation of the sample surface
temperature. In particular, the surface temperature of the samples was continuously
measured by the digital two-colour pyrometers Infratherm ISQ5 and IGARG6 described
in section 2.1. In addition, the infrared response of the specimen during the free-jet
testing was obtained by means of the IR-TC Pyroview 512N. The two pyrometers,
both pointing at the central area of the samples front surface, gave perfectly equivalent
responses, so only the temperature profiles measured by ISQS are herein reported. The
measurement area consists in a round spot of roughly 5 mm in diameter. The spectral

emittance of the surfaces in the range of the IR-TC was estimated as described in

section 2.1.
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Fig. 2.12. Set-up for free-jet test. The area within the red circle in the left picture

is zoomed in the right picture.

2.3.2 Combustion chamber insert test

The second UHTCMC sample was designed as a simple flat disk. Fig. 2.13 shows
the prototype design, characterized by a simple shape: an external diameter of 68 mm,
an internal diameter of 15 mm and a thickness of 5 mm. Referring to Fig. 2.9, the new-
class material insert was able to replace one of the thermal protections usually placed

between the fuel grain and the post-chamber.
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This chamber insert was conceived to combine simple shape and low
manufacturing cost, allowing to evaluate the response of the materials to be tested in
typical operating conditions in the combustion chamber of a hybrid rocket, where high
temperatures and pressures are expected, in presence of a combustion flame, with
relevant chemical composition. Although a relevant environment for nozzle
applications was not fully reproduced (gas velocities are low in the combustion
chamber), this kind of sample can be considered a breadboard validating the main
structural functionalities of the final component in a laboratory-reproduced

representative environment.

268
15

Fig. 2.13. Nominal design of UHTCMC combustion chamber inserts. Dimensions

are in mm.

2.3.3 Nozzle throat insert

The third kind of prototype was a segmented nozzle with UHTCMC throat insert,
having the same shape and size of the graphite nozzle typically used in the hybrid
rocket engine to expand and accelerate the combustion gases produced by burning
propellants. Before manufacturing a subscale complete UHTCMC nozzle to be tested
on the test bench of the rocket motor, the prototype was segmented in order to assemble
the converging and diverging parts together with a new-class material throat (Fig.
2.14). The converging and diverging elements were manufactured in graphite. This
prototype was characterized by small dimensions: overall dimensions about 15x20mm
and a nozzle throat section of 9.6 mm of diameter. This configuration allowed to

manufacture relatively small prototypes, gradually increasing the geometric
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complexity, and to test them to most severe conditions in terms of shear stresses and

heat fluxes, which are encountered right in the nozzle throat region.

(Graphite)

Graphite

\F

(UHTCMC)

(

Fig. 2.14. Design of subscale segmented nozzle with UHTCMC nozzle throat

insert for hybrid rocket engine. Dimensions are in mm.

2.3.4 Complete subscale nozzle

In the final step of the characterization activities, the sample was an entire nozzle
completely manufactured in the UHTCMC material. The design was the same of the
previous section, without segmentations (Fig. 2.15): overall dimensions of 47 mm of
diameter and 35 mm length, nozzle inlet of 27 mm of diameter and converging
inclination about 38°, nozzle throat section of 9.6 mm diameter with 11.6 mm of
curvature radius, nozzle exit diameter of 16.6 mm and 10° of diverging angle. This
configuration, besides allowing a further validation of critical functionalities in TRL
5, could also provide an approach to a TRL 6. In fact, a complete nozzle of such
dimensions could be considered a full-scale component for specific applications, such

as attitude control hybrid rocket motors for mini- or micro-satellites.
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Fig. 2.15. Design of complete subscale UHTCMC nozzle, for UNINA hybrid

rocket testing. Dimensions are in mm.

Nozzle surface temperatures were measured by an infrared thermo-camera (FLIR
ThermaCam P40, spectral range 8-14 pm).

Samples and nozzle throat section surfaces were observed before and after the test
by a Digital Microscope KH-8700 (HIROX-USA, Inc., United States), employing a
MX(G) 5040SZ optical lens with 50-400x magnification factor. The throat diameters
were also measured by a digital calliper (0.01 mm accuracy), for each test, before and

after the experiment.
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CHAPTER 3. NUMERICAL MODELS

This chapter describes the numerical models and computational domains used for
the simulation of the flow field in the different test configurations and the analysis of
the materials thermal behaviour. Section 3.1 presents the CFD models for the
simulation of supersonic plasma flow in arc-jet wind tunnels, including the description
of the chemical model and the catalytic reactions. Section 3.2 describes the different
models used for the simulation of rocket propulsion environment, in the various test
configurations. Section 3.3 describes the models used for the simulation of materials

thermal response.

3.1 CFD models for arc-jet testing

For the simulation of the aero-thermo-dynamic flow field around test articles in
arc-jet environment and the evaluation of loads on the samples, Computational Fluid-
Dynamic simulations were carried out by means of a commercial Navier-Stokes
equations solver.

The Reynolds-Averaged Navier-Stokes equations, in the Favre-averaged
formulation [80], were solved for a turbulent multi-reacting gas mixture with a control-
volume-based technique and a density-based algorithm [81]. The equation for total
energy was solved taking into account energy transfer due to conduction, species
diffusion, and viscous dissipation, including also the heat of chemical reaction.

The system of equations was closed by the Standard k-¢ turbulence model [82], in
which the turbulent kinetic energy, k, and its rate of dissipation, €, were obtained taking
into account the generation of turbulence kinetic energy due to the mean velocity
gradients [82] and the contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate [83], with a turbulent Prandtl number
Pr. = 0.85.

As tests were carried out considering air, gas was considered made of five species

(O, 02, NO, N and N2), in chemical non-equilibrium. Viscosity, thermal conductivity
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and mass diffusivity of the gas species were derived from the kinetic theory of gases.
For the calculation of density, mixture was modelled as an ideal gas and a mass-
weighted mixing law was considered for the mixture transport properties.

A simplified 2D-axi-symmetric computation domain was employed to perform
steady-state simulations of the high-enthalpy flow field in the SPES mixing chamber,
supersonic nozzle and test chamber. The computations were carried out dividing the
domain into two separate parts: 1) mixing chamber and nozzle (Fig. 3.1a); ii) test
chamber (Fig. 3.1b). The two computational grids were made up of 3900 and 18300
quadrilateral cells respectively. Cells were clustered towards the specimen front wall
in order to ensure that the maximum value of the dimensionless wall distance y* (which
may be interpreted as a local Reynolds number, which means that its magnitude can
be expected to determine the relative importance of viscous and turbulent processes),
which should be smaller than 5 to guarantee an appropriate treatment of the boundary
layer [84], was in the range 0.1+2 at the wall-adjacent cell all along the surface.

Concerning the grid related to mixing chamber and nozzle (Fig. 3.la), the
specified mass flow rate of the hot nitrogen coming from the torch was injected into
the computation domain throughout a mass flow inlet boundary condition simulating
the exit section of the torch. The gas total temperature and chemical composition (i.e.
mass fraction of N2 and N) were evaluated by the NASA Chemical Equilibrium with
Applications software (CEA) [85] in order to match the total specific enthalpy
corresponding to the input value of the arc power (see Table 2.1). Furthermore, a radial
mass flow inlet was used to simulate the injection of the cold gas (i.e. O2) in the mixing
chamber. The top surface of the domain was treated as a no-slip stationary wall (using
the Enhanced Wall Treatment model), at temperature T =400 K (in order to simulate
water-cooling of the nozzle). The nozzle exit section was modelled as a supersonic
pressure outlet.

Concerning the grid related to the test chamber (Fig. 3.1b), the thermo-fluid-
dynamic conditions at the nozzle exit section were used as input to study the aero-
thermo-dynamic flow field around the specimens. Here, the nozzle exit section was
described as a velocity inlet. The surfaces of the specimen were treated as cold walls

(T =300 K). The treatment of the chemical boundary conditions for such walls is
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described in section 3.1.1. A pressure-outlet condition, corresponding to the
experimental vacuum environment, was set on the top and rear boundaries of the
domain. The computational domain of Fig. 3.1b includes both the fluid region of the
test chamber and the solid components. Details about material samples thermal

analyses are reported in section 3.3.
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Fig. 3.1. Mesh for the CFD simulations: a) mixing chamber and nozzle; b) test

chamber, including test sample and solid supporting system.

The same fluid-dynamic model was used to simulate the flow field in the L3K arc-
jet facility of DLR. Also in this case, 2D-axisymmetric steady-state simulations were
carried out. Fig. 3.2a shows the computational grid used for the simulation of the flow
in the reservoir upstream the nozzle, the nozzle itself, and a portion of the test chamber.
The flow entered the domain through a pressure inlet boundary, at the far left, in which
the (uniform) conditions of total pressure, temperature and mass fraction of the

chemical species (corresponding to an equilibrium composition at the specified
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pressure and temperature) were set according to the values reported in Table 2.2.
Nozzle wall cooling was taken into account by specifying a boundary temperature T =
500 K.

The conditions achieved at the nozzle exit were then used as input for the
simulation of the flow inside the test chamber (Fig. 3.3b), setting a velocity inlet
boundary condition (identified by a blue line in the Figure). This allowed estimating

the aero-thermo-dynamic loads acting on the samples during test.

400

L
=
=

200

100

radial coordinate, mm

0 200 400 600 800 1000
axial coordinate, mm

(a)

300 P .

o]
i
(=]

]
=
(=]

radial coordinate, mm
>
=

L 1
0 100 200 300

axial coordinate, mm

(b)
Fig. 3.2. Mesh for the CFD simulation of L3K flow field: a) reservoir, nozzle and
test chamber without samples; b) test chamber, with shape of the actual

UHTCMC sample and its holder.
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3.1.1 Chemical model and catalytic reactions

The CFD simulations implemented the chemical models by Dunn-Kang [86].

Reaction rates were calculated according to an Arrhenius law:

E
K = AgTP exp (— ﬁ) (3.1)
0

where Ay is a pre-exponential factor, T is temperature,  is a temperature
exponent, which allows taking into account reaction rate dependence on temperature,
E, is the activation energy and R, is the universal gas constant. The details on the
chemical model are reported in Table 3.1. In the present application, ionization was
not considered. In fact, previous studies [87] verified that the degree of i1onization,
evaluated by the Saha equation [88] at conditions pretty close to the present ones, was

almost negligible.

Table 3.1. Chemical model for arc-jet flow simulation. The M symbol refers to a

generic third body for the reaction.

4 Reaction Ak B Ea Third body
(m*/kgmol-s) (J/kgmol) efficiency
0,=9, N»=2
— 1013 _ 108 5 )
1 O+M220+M 3.61-10 1 4.94-10 0=25, N=NO=1
0=1, N»=2.5
1014 . 108 E) 9
2 No+M22N+M 1.92-10 0.5 9.41-10 O=N=NO=1
3 N2+ N 2 3N 4.15-10" -1.5 9.40-10% -
02=N>=1
—_ e 17 - ” 8 »
4 NOZ2N+O0 3.97-10 1.5 6.29-10 O=N=NO=20
NO+020:+N 3.18:10° 1 1.64-10% =
6 N2+O2NO+N 6.75-10" 1 3.12:108 -

Surface catalycity is defined as the ability of the material surface to promote
exothermic recombination reactions at the wall. The diffusive flux of atomic species
at the wall, part of which recombines into molecules, results in an increased heat flux
(as will be shown in Eq. (3.10) in section 3.3). According to [89], the diffusive flux at

the wall for the i-th atomic species can be written as:

49



CHAPTER 3. Numerical Models

ay; YK
— =l (3.2)
an Di
where Y] is the species concentration, D; the corresponding diffusivity and K, is
the material catalytic recombination rate constant, which is both function of the wall

material and of the considered chemical species. K, can be expressed as function of

the catalytic recombination coefficient y,,:

ROTW
2mm;

Ky = Yw (3.3)

where R is the universal gas constant, T,, is the wall temperature and m; is the
molar mass of the i-th species. ¥, is the ratio between the number of atomic collisions
effective in recombination and the total number of atomic collisions occurring at the
wall [90]. It can assume values between () and 1, being y,, = 0 the case of not-catalytic
wall (zero species diffusive flux) and y,, = 1 the case of fully catalytic wall (zero
atomic species concentration at the wall).

In the CFD simulation, the non-catalytic (NC) condition was specified by
assigning, for each species, a zero diffusive flux in the direction normal to the
specimen surface. The fully-catalytic condition (FC) was set by assigning, on the
specimen surface, the species mass fractions corresponding to a complete
recombination of atoms into molecules. Intermediate catalytic recombination levels
were set by assigning a specified value for the species concentration at wall.
Extracting, from the fluid field solution, the quantities appearing in Egs. (3.2)-(3.3),
the values of K,, and y,, were calculated. In the present thesis, to reduce the number
of unknown quantities, it was assumed that the catalytic recombination coefficients

were the same for the two atomic species, nitrogen and oxygen.
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3.2 CFD models for rocket propulsion

In this section the models for the numerical simulations of the thermo-fluid
dynamic flow field inside the combustion chamber and through the nozzle of hybrid
rocket engines and for the evaluation of the operating conditions around the test article
are described. The presented numerical models were employed as a relatively low-
computational-cost support to the experimental tests in order to get additional
information, that are difficult to collect experimentally, about the operating conditions
corresponding to the different selected test conditions. The 1D model presented in
section 3.2.1, based on simplified chemical equilibrium calculations, was used for a
rapid estimation of the average conditions in the combustion chamber and at the rocket
nozzle exit section. These were then provided to the CFD model described in section
3.2.2, as inlet boundary conditions for the simulation of the flow field in the nozzle
and in free-reacting jets, respectively. To have a detailed description of the thermo-
fluid-chemical flow field inside the rocket combustion chamber, useful to estimate the
test conditions for chamber insert tests, stand-alone CFD simulations were carried out

by means of the model presented in section 3.2.3.

3.2.1 One-dimensional model for chamber and nozzle

conditions simulation

A one-dimensional model based on NASA CEA software was used to rapidly
evaluate the evolution of the operating conditions in the combustion chamber, in
particular the chamber pressure, and through the nozzle during the time. In this case,
the inputs of the model were the oxidizer mass flow rate, the geometrical dimensions
of the fuel grain and the operating time. The 1D approach provides a sensitive
reduction of the computational cost for a preliminary estimation of the above-
mentioned conditions.

As the instantaneous regression rate is an unknown parameter and the oxidizer
mass flux and chamber pressure depend on the regression rate itself, the expected data

were estimated assuming the classical regression rate law
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= aGh. (3.4)

where the coefficient a and n were selected from the values available in literature
relevant to the combustion of gaseous oxygen with HDPE fuel grains [91]. Integrating
Eq. (3.4) in time, the instantaneous port diameter D(t) was calculated. Then,
considering the prescribed oxidizer mass flow rate, the corresponding mass flux G, (t)
and regression rate 7(t) were estimated. Then the fuel mass flow rate was easily

calculated as

e (t) = pymD (£ LF(t) (3.5)

where py is the solid fuel density and L is the length of the grain, and correspondingly

oy
()

the average mixture ratio OF (t) = was derived. From these calculations, the

estimation of the aft-chamber pressure p. was performed by means of an iterative

procedure to solve the steady-state mass balance equation

Thox 1 ) _ Pc
A, (1 Y or) = nG* :0)

in which 4, is the nozzle throat area, C* is the theoretical characteristic exhaust velocity
(that primarily depends on the mixture ratio and, to a minor degree, on pressure) and
the combustion efficiency, 7, has been assumed equal to unity. For the dependence of
the € on pressure, Eq. (3.6) is implicit and an iterative calculation technique was
needed. A combustion pressure was first assumed, then the CEA code [85] was run to
calculate the equilibrium composition and the theoretical exhaust velocity, assuming
frozen flow through the nozzle, at the given OF ratio in input. Finally, combustion

pressure was adjusted repeatedly until convergence.
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3.2.2 CFD model for simulation of flow and heat transfer in

free-jet test and throughout rocket nozzles

In order to provide a better understanding of test conditions around the material
samples and prototypes, CFD simulation of the flow through the rocket nozzle and of
the external plume of the exhaust gases were performed, employing as boundary
conditions the time-averaged results of the numerical tool described in the previous
section.

To this purpose the RANS equations for single-phase multicomponent turbulent
reacting flows were solved with a control-volume-based technique and a density-based
algorithm [81], employing the SST k—@ model as turbulence closure [92]. A detailed
analysis of thermo-chemical evolution of gas mixture was performed, in order to have
an accurate prediction of heat transfer at solid walls. The transport equations for the
main combustion products (02, C2Hg, H2O, CO», CO, H», H, O, OH were the species
considered in the current model, together with the non-reacting N2) were solved, and
the Eddy Dissipation Concept (EDC) model [93] was employed for the combustion
mechanism, which accounts for detailed chemical reaction rates in turbulent flows.

Consequently, the Arrhenius rate K for each reaction was calculated as

E
K = A TP exp (— ﬁ) (3.7

where Ag is a pre-exponential factor, T is temperature, f is a temperature
exponent, which allows taking into account reaction rate dependence on temperature,
E, is the activation energy and R is the universal gas constant. The constants were
taken from Ref. [94] and are reported in
Table 3.2.

The Discrete Ordinates model [95] for the radiation was included in the numerical
modelling.

The computational grid used for the simulation of the free reacting jet exiting from
the nozzle 1s shown in Fig. 3.3. A supersonic inflow boundary condition was set on

the surface representative of the nozzle exit section, imposing the total pressure and

53



CHAPTER 3. Numerical Models

the total temperature corresponding to the operating chamber pressure and temperature

in the rocket and the static pressure and the chemical composition at the exit of the

nozzle. The ambient pressure was set on the other external boundaries of the

computational domain.

Table 3.2. C:H4 — O2 reaction system. The symbol M refers to a generic third

body for the reaction.

No. Reaction? AP B E,’
1 C;Hs + 022 2CO + 2H> 1.80e+14 0.0 35500
2 CO+02CO+M 5.30e+13 0.0 -4540
3 CO+OHZ2CO+ M 4.40e+06 1.5 =740
4 Hz + O2 2 OH + OH 1.70e+13 0.0 48000
5 H+0,20H+0O 2.60et14 0.0 16800
6 OH + H, 2 H O + H 2.20e+13 0.0 5150
7 O+H,20H+H 1.80e+10 1.0 8900
8 OH+OH 2 H,0+ 0 6.30e+13 0.0 1090
9 H+Hz2H, +M 6.40e+17 -1.0 0
10 H+OH2H,O0+ M 2.2e+22 2.0 0

*Third-body efficiencies for all thermolecular reactions are 2.5 for M = Ha,
PUnits are in seconds, moles, cubic centimeters, calories and Kelvin.

100 et

16 for M = H20, and 1 for all other M.

o
S
i SN

=N
(=]
S E EEE

4
(=1

radial coordinate, mm

80 100 120
axial coordinate, mm

140

Fig. 3.3. Computational grid for the simulation of the free reacting jet exiting

from the rocket nozzle, including solid components for material thermal analysis.
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The typical computational grid for the simulation of the flow field through the
exhaust nozzle of the hybrid rocket is shown in Fig. 3.4. Similarly to what described
above, a pressure inlet boundary condition was set on the inlet section of the nozzle
imposing the time-averaged values of the total pressure, the total temperature and the
chemical composition estimated by means of the model described in the previous
section. A supersonic outlet condition was set at the exit section.

For the simulation of the material thermal behaviour, also the solid components
were meshed. Details about the models used for this analysis are reported in section

3.4,

radial coordinate, mm

) 25
axial coordinate

Fig. 3.4. Computational grid for the simulation of the flow through the rocket

nozzle, and material thermal behaviour.

3.2.3 CFD model for the simulation of flow and heat transfer

in chamber insert test

The application of suitable numerical model assumes even a higher importance for
having a deep insight on the operating conditions for the test of chamber inserts, which
were located inside the combustion chamber of the rocket and therefore could not be
monitored by means of optical diagnostic instruments used in the case of free-jet tests.

Also in this case CFD simulation were carried out applying a numerical model
specifically defined at the University of Naples “Federico II” for the detailed
simulation of hybrid rockets internal ballistics [96-98], in which the correct estimation

of the wall heat fluxes, which was the main objective of the present simulations, was
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a key factor to correctly predict the fuel regression rate, and the achieved agreement
between simulation and experiment was highly satisfactory in a range of test cases.
Again, the model provided the resolution of the RANS equation considering the
SST k- model as turbulence closure. In this case, considering that the diffusion
processes typically occurring in hybrid rocket motors are slow with respect to the
chemical kinetics, the non-premixed combustion of oxygen and gaseous fuel injected
from the wall was modelled by means of the Probability Density Function (PDF)
approach coupled to chemical equilibrium [99]. Accordingly, combustion was
simplified to a mixing problem, and the difficulties associated with closing non-linear
mean reaction rates were avoided. The turbulence-chemistry interactions were
described by means of the average mixture fraction, £, and its variance, /. The shape
of the assumed PDF was described by the B-function of these two quantities. Once f
and 1 were calculated at each point in the flow field, the known PDF was used to
compute the time-averaged values of individual species mole fractions, density, and
temperature with simple thermochemistry calculations based on the minimization of
Gibbs free energy [85]. Although the actual products of solid fuel pyrolysis are
numerous and their composition depends on both the wall temperature and heating
rate, the practice common in the literature is to consider the gaseous monomer alone;
here, thus, gaseous ethylene was considered as the fuel injected from the grain surface.
Fig. 3.5 shows a typical axisymmetric computational grid employed for the CFD
simulation of the flow field inside the subscale hybrid rocket, constituted by the
internal volume of the pre-chamber, of the fuel grain port, of the aft-mixing chamber

and of the nozzle.

Chamber insert

Post-chamber

Fuel grain surface

Nozzle

B

20 40 60 80 100 120 140 160 180 200 220 240 260 280
Oxygen . s
injector axial coordinate, mm

300 320 340

radial coordinate, mm

Fig. 3.5. Typical computational grid for the simulation of hybrid rocket internal
ballistic
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The model included a specific treatment for the boundary conditions at the
interface between the gaseous flow region and the solid fuel wall, based on the mass,
energy and species balance and an Arrhenius-type equation for the fuel pyrolysis, in
order to allow calculation of the local fuel regression rate, which governs the fuel mass
flow rate and in the last instance the oxidizer-to-fuel ratio. Details on this aspect can

be found in the cited literature [96].

3.3 Thermal analysis of materials samples

For the thermal analysis of the solid samples in both applications, the time-
dependent temperature field inside the sample and its supporting elements was

computed solving the energy equation
aT
(pC)sE = k V2T (3.8)

where p,, Cg and k, are the solid density, specific heat and thermal conductivity,
respectively.

The distribution of the thermo-fluid dynamic quantities and the chemical
compositions in the fluid area near the solid material, and subsequently the convective
heat flux, are influenced by the temperature on the exposed surface of the sample. For
these reasons, an accurate approach is the one considering the interaction between the
fluid and the materials. The thermal coupling condition wass set on the interfaces

between fluid and solid domains, that 1s temperature and heat flux continuities:

Ttint = Ts,int (3.9)

aT aT

f a3 + Qrad,in t dchem = k

+ 3.10
an fint Qrad,out ( )

—
on s,int

a7
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where n is the normal direction of the interface, the subscripts f and s represent
fluid and solid, respectively, ;44 in, 15 the radiative heat flux entering the solid domain,
Gcnem 18 the chemical contribution to the heat transfer (due to the
dissociation/recombination reactions occurring at the solid/fluid interface) and
Grad.out = €0T? is the radiative heat flux emitted by the solid surface, being ¢ the total

hemispherical emissivity of the surface and o the Stefan-Boltzmann constant.
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CHAPTER 4. RESULTS IN ARC-JET
ENVIRONMENT

This chapter presents and discusses all the results obtained regarding the
characterization of innovative ceramic materials for TPS applications. Tests on UHTC
and UHTCMC samples were carried out by the two arc-jet wind tunnels (SPES and
L3K) described in CHAPTER 2, and a combined experimental/numerical effort
allowed proposing interpretations for the wide range of observed phenomena
occurring during plasma exposure of the materials.

The content is structured as follows. Section 4.1 describes the results of numerical
simulations for the characterization of the flow field in SPES and L3K. Section 4.2
presents the results obtained in SPES on different UHTCMC small-scale samples,
comparing their performance in terms of ablation resistance and focusing on the ultra-
high-temperature behaviour of ZrB:-SiC-based samples. In section 4.3, the outcomes
of a series of test campaigns for the investigation of the effect of SiC content on ZrB»-
based UHTCs aero-thermal response are described. Section 4.4 presents the results of
a test campaign aimed at the analysis of the effect of flow composition (simulated air
and pure nitrogen) on UHTCs ultra-high-temperature behaviour. Tests carried out on
larger-scale UHTCMC samples in L3K are reported in section 4.5. Finally, section 4.6
presents a comprehensive discussion of the most interesting observed phenomena,
including a spontaneous temperature jump, combining experimental and numerical
results to correlate the UHTC and UHTCMC response with their high-temperature

oxidation process.

4.1 Numerical simulations and flow characterization

Numerical simulations offer the possibility to model the aero-thermo-dynamic
conditions experienced by the samples in the test chamber and to characterize the

unknown thermal and chemical properties of the material. In particular, it could be
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interesting to investigate the effects of thermal conductivity and surface catalycity on
the radiative equilibrium temperatures at different specific total enthalpy levels, as will
be discussed in detail in next sections. To achieve these objectives, some of the
conditions of the experimental tests have been simulated by means of the CFD models

presented in section 3.1.

4.1.1 Simulation of the flow field in SPES

First, the flow field in SPES has been simulated, considering different values of
the torch arc power (see Table 2.1). As an example, the Mach number distribution
calculated inside the mixing chamber and nozzle of the arc-jet facility, for the case of
step #5 (Ho = 14 MJ/kg), 1s depicted in Fig. 4.1. As expected, a strong expansion occurs
to the flow up to a Mach number value of almost 3 at nozzle exit. It resulted that higher
values of the torch arc power lead not only to an increase in velocity, pressure and
temperature at nozzle exit, but most of the specific total enthalpy is used to increase
the mass fractions of the dissociated species (N and O). As discussed in next section,
this 1s one of the reasons why surface catalycity becomes increasingly important at

higher enthalpy levels.

radial coordinate, mm

L
0 20 a0 .60
axial coordinate, mm

Mach Number: 02040608 1 12141618 2

Fig. 4.1. Mach Number distribution inside the mixing chamber and nozzle of the

arc-jet facility. Conditions corresponding to step #5 (Ho = 14 MJ/kg).

60



CHAPTER 4. Results in arc-jet environment

(a) (b)

20
E ]
g E 10
[ o
o -
=} =
58 =
E E
S S
= =
g- 5-10
o g
-20
10 20 0 10 20
axial coordinate, mm axial coordinate, mm

(c)

(]
(=]
.

]
-_

O mass fraction N mass fraction

: ‘W E : 4 B
g 10 0.18 g 10 0.18
= 0.16 = 0.16
B 0.14 - 0.14
B 0.12 < 0.12
g 0.1 g 0.1
s 0.08 = 0.08
2 0.06 2 0.06
=10 w , =-10
= 0.04 = | 0.04
~ l 0.02 L l 0.02
L 0 0
2208 -2 =
Q 1(}_ 20 0 10‘ 20
axial coordinate, mm axial coordinate, mm

Fig. 4.2. Distribution of a) static pressure, b) static temperature, ¢) O mass
fraction and d) N mass fraction around the test sample. Conditions corresponding

to step #5 (Ho = 14 MJ/kg).

The profiles of the thermo-fluid-dynamic quantities and of the species
concentrations, obtained at nozzle exit, are used as inputs for the CFD simulation of
the flow field inside the test chamber. As an example, Fig. 4.2 shows the distributions
of pressure, temperature and atomic oxygen and nitrogen mass fractions around the
sample obtained in correspondence of the enthalpy level of step #5. It is clear that,
even at intermediate enthalpies, there is a considerable amount of dissociated species,
resulting in a non-negligible effect of surface catalycity on sample equilibrium
temperature. It is also interesting to notice that the A-structure of the shock-wave that,
according to CFD solution, forms in front of the sample, is clearly visible also in a

picture taken by a CCD (Charge-Coupled Device) camera during a test (Fig. 4.3).
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A-shaped
shock-wave

Fig. 4.3. Comparison between numerical distribution of temperature (left) and a
CCD picture of the test (right), which shows the A-structure of the shockwave in

front of the specimen.

Table 4.1 summarizes the average and maximum values of the surface heat flux
obtained on the sample front surface at cold wall with the assumption of non-catalycity
at different enthalpy steps. As discussed above, the increase in the enthalpy level only
causes a slight rise in the flow static temperature at nozzle exit, whereas most of the
energy is spent in the endothermic dissociation reactions of oxygen and nitrogen.
Therefore, as reported in the Table, the heat flux only increases by less than 50% from
Step 1 to 8, being in the order of 1-2 MW/m?. In order to match the sample equilibrium
temperature in different cases, it was necessary to suppose that the sample surface
promotes a partial catalytic recombination of oxygen and nitrogen dissociated atoms
into molecules.

A detailed analysis of the effect of surface catalycity on aero-thermal loads was
carried out for the conditions corresponding to step #5. As shown in Table 4.2, in
presence of a complete recombination of both the atomic species at the wall, the
average heat flux at those conditions increased from 1.62 MW/m? up to 3.59 MW/m?,
whereas the maximum heat flux rose from 1.83 MW/m? to 4.50 MW/m?. The actual
value of surface heat flux, depending on the effective catalytic recombination
efficiency, is expected for this reason to attain values in the interval defined by the two

limit cases (non-catalytic and fully-catalytic).
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Table 4.1. Average and maximum heat flux on the sample front surface at cold,

non-catalytic wall, for the four analysed enthalpy steps.

Step Average Surface Heat Flux Maximum Surface Heat Flux
[MW/m?| [MW/m?|
1 1.04 1,22
3 1.47 1.71
5 1.62 1.83
8 1.98 2.15

Table 4.2. Average and maximum heat flux on the sample front surface at step #5,

comparison between non-catalytic and fully catalytic wall.

Average Surface Heat Flux Maximum Surface Heat Flux
[MW/m?] [MW/m?]
Non-catalytic 1.62 1.83
Fully catalytic 3.59 4.50

As also test in pure nitrogen flow have been performed, one related test condition
(corresponding to an enthalpy of 18 MJ/kg) has been simulated, and compared to step
#8 on a conventional test in air. The mass fraction of dissociated nitrogen was
comparable in the two conditions (Fig. 4.5 and 4.4¢). The absence of oxygen, whose
endothermic dissociation reaction lowered the amount of sensitive enthalpy in the air

flow, caused the static temperature to be slightly higher in the case of nitrogen flow.
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Fig. 4.4. (a) Temperature, (b) Pressure and (c) N mass fraction distributions

around the test article, nitrogen flow, Ho = 18 MJ/kg.
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Fig. 4.5. (a) Temperature, (b) Pressure, (¢) N mass fraction and (d) O mass

fraction distributions around the test article, air flow, step #8.

4.1.2 Simulation of the flow field in L3IK

CFD simulations have been carried out also to describe the flow field in L3K. As
an example, Fig. 4.6 shows the distribution of Mach number in the reservoir, the
converging-diverging nozzle and the test chamber. It can be seen that, as expected, the
flow reached hypersonic conditions, achieving a Mach number around 5 at nozzle exit.
The flow would have continued its expansion through the test chamber in absence of
a sample. Fig. 4.7a-d shows instead the distribution of temperature, pressure and mass
fractions of atomic nitrogen and oxygen, in close proximity of the test article. As in
SPES, the pressure contour highlights the formation of a normal shockwave in front
of the sample. Temperatures in excess of 7000 K were reached close to the stagnation
point. Also in this case, oxygen was completely dissociated, while the mass fraction
of atomic nitrogen was relatively lower than in SPES.

These flow conditions generated, on the front surface of the sample, an average
cold-wall heat flux of 1.29 MW/m? in the case of non-catalytic surface, and of 2.38
MW/m? in the case of fully catalytic surface. It is worth noticing that the FC value was

perfectly in line with the measured heat flux reported in section 2.2.
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Fig. 4.6. Mach number distribution from the reservoir to the test chamber of L3K.
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4.2 Comparison of different UHTCMC formulations
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thermo-camera (dotted lines) are compared, allowing an estimation of the surface
spectral emissivity of the sample. Test 1 was a preliminary test, carried out a relatively
low enthalpies (step #0 of Table 2.1), to assess the capability of the material to
withstand exposure to supersonic plasma flow without significant damages. In Test 2,
higher enthalpy levels were reached, achieving temperatures up to 2020 K. The
spectral emissivity appears to be decreasing with temperature, possibly also because
of the surface modification occurring during the exposure to plasma jet. The
temperature measured by the thermo-camera is in fact shown in the assumption of a
constant spectral emissivity €, of 0.75 [101] but it does not perfectly overlap the actual
surface temperature measured by the pyrometer, in the two-colour mode. Employing
the procedure outlined in section 2.1, it was possible to estimate that the spectral
emissivity of the sample decreased from a value of 0.85 during the first two steps
(specimen temperatures up to 1600 K), to 0.75 at the third step (temperature around
1700 K), to 0.6 during the fourth step and 0.5 for the fifth step, when the temperature
exceeded 2000 K. This behaviour is in line with literature data [102,103] and the value
of 0.5 1s typical for zirconium oxide/silicon oxide outer scale [104]. The surface
modifications are highlighted by the white colour assumed by the sample head due to
the oxidation, as clearly visible in Fig. 4.9a-c, showing the specimen before and after
the tests. After the exposure to the first two heating cycles, however, the sample
exhibited neither structural damages, nor significant mass losses.

Hence, it was possible to expose it to the arc-jet during a third test, reaching, as
anticipated, a specific total enthalpy of the flow of 20 MJ/kg and temperatures higher
than 2400 K. Once again, the decrease in spectral emissivity with temperature 1s
noticeable, since the thermo-camera (dotted) curve is plotted in the assumption of &, =
0.75. Tt is interesting to notice the appearance of a high-temperature spot on the front
surface of the sample, highlighted in Fig. 4.8b, which shows the infrared thermal
images detected by the thermo-camera during steps #5 and #8. The sample temperature
in step #5 was rather uniform, around 2000 K, except for the zone where the sample
appears red, corresponding to a temperature of more than 2100 K. The hot spot was
clearly visible until the end of the test, as demonstrated by the second thermal image

of Fig. 4.8b, where the presence of a thin layer relatively hotter than the rest of the
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sample surface is observable. This behaviour could be related to the formation of a
zirconium oxide layer, leading to a dramatic reduction of the material thermal
conductivity, which however preserved the rear part of the sample at sustainable
temperatures. From Fig. 4.9d, which depicts the sample after Test 3, it is possible to
observe the tendency of the oxide to spall off, since a structural crack is evidently
noticeable. This could justify the presence of the localized hot spot discussed above.
However, an almost negligible erosion rate was detected, as reported in Table 4.5.

(b)

2430 K
2330 K
2230K
2130K
2030 K

1930 K
1830 K
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1630 K
1530 K

0 50 100 150 200 250 300 350 400
t(s)
—Test 1, Pyrometer © Test 1, Thermo-camera
—Test 2, Pyrometer © Test 2, Thermo-camera

—Test 3, Pyrometer © Test 3, Thermo-camera

1430 K

Fig. 4.8. a) Time histories of the maximum surface temperature of Sample n.1
during the three arc-jet tests, comparison between pyrometer and thermo-camera
measurements. The specific total enthalpy levels corresponding to each step are
listed in Table 2.1. b) IR thermal images of ZS-LF-1 at step #5 (top) and step #8
(bottom) of Test 3.

Fig. 4.9. Pictures of ZS-LF-1 (a) before the tests, (b) after Test 1, (¢) after Test 2,

(d) after Test 3, showing surface oxidation and oxide delamination (Fig. d).
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Table 4.5. Ablation data for the three tests on sample ZS-LF-1.

s . Average
Test # bl A’ erosion rate
mass mass
(mass)

1 4781g 4.777g 2.510° mm/s
2 4777g 4763 g 3.5-10* mm/s
3 4763 g 4.669g 4.9-10*mm/s

Sample ZS-LF-2 was tested once, reaching the enthalpy levels corresponding to
steps from #1 to #8, listed in Table 2.1. The last step (Ho =20 MJ/kg) lasted about
120 s. The thermal history of the specimen is plotted in Fig. 4.10, comparing the real
temperature measurement performed by the pyrometer and the thermo-camera output,
obtained assuming a constant spectral emissivity of 0.5. A slightly different
positioning of the thermo-camera allowed in this case to observe also the front surface
of the sample.

An interesting phenomenon was detected during the last step, when the thermo-
camera signal presented a sudden discontinuity in the measured temperature (in Fig.
4.10, it is highlighted by a red circle), similar to those detected during arc-jet
characterization of ZrB»-SiC UHTCs [50] and C-SiC composites [55]. This “jump-of-
radiance” was associated to the appearance of some surface instabilities on the front
face of the sample. Fig. 4.10 also shows two thermal images of the sample, just before
and just after the jump in the measured temperature. In the second picture, higher
values of the irradiated power are noticeable in a bubble forming on the surface, due
either to an increase in spectral emissivity or to an increase in temperature. In the
second case, since the two-colour pyrometer did not detect significant temperature
jumps during the test, a possible explanation of this might be that the instrument, facing
the opposite side of the sample, did not point directly on the instabilities. The formation
of bubbles evolved unsteadily during the last enthalpy step, until a thin hot layer was
formed also in this case in the front part of the sample, as shown in Fig. 4.11. In the
picture on the right, in particular, the front surface of the sample, relatively hotter than
the rear region, is clearly distinguishable. According to the thermo-camera

measurements, the highest temperature reached on the sample was almost 2550 K.
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Fig. 4.10. a) Time history of the temperature of ZS-LF-2 with comparison
between pyrometer and thermo-camera data. The temperature profile of the
thermo-camera is obtained under the hypothesis of a spectral emissivity of 0.5.
The red circle highlights a “jump-of-radiance” detected by the thermo-camera
during the final step. b) IR thermal images of the sample just before (above) and

just after (below) the appearance of the jump-of-radiance.

Fig. 4.11. Thermal images of the evolution of surface instabilities on ZS-LF-2

during step #8, showing bubble bursting on the front surface (right in the frames).

Bubble nucleation might be explained with extrusion of volatile products (e.g. CO,
Si0, produced at high temperatures after transition from passive to active oxidation of
SiC) through the liquid film of SiO> covering the surface, until almost total removal
of the glassy phase, which left exposed a zirconium dioxide layer, according to the
typical oxidation mechanism of ZrB»-SiC ceramics [27], as will be discussed in detail

in the next sections. The ZrO: scale, as discussed for ZS-LF-1, exhibits significant
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insulating properties resulting in the temperature distribution observed by the IR
thermal images, with the front, oxidized, area hotter than the rear bulk material.

To provide a deeper insight in the material behaviour and also to validate the
numerical models, coupled to the fluid field (see section 4.1), the thermal behaviour
of the material has been studied, performing steady-state simulations. The results of
the simulations corresponding to the enthalpy levels of steps #1, #3 and #5 were
compared to the data measured during Test 2 on sample ZS-LF-1. The density of the
sample was derived from mass and volume measurements, and was equal to
3000 kg/m>. The thermal conductivity was estimated by means of a sensitivity analysis
comparing the CFD and experimental axial temperature profiles. The material surface
emissivity, as discussed above, changed during the different steps of Tests 2 and 3.
Different values have for this reason been used in the different simulations. The values
of the overall surface emissivity have been estimated based on the spectral emissivities
derived from the IR-TC measurements, in the assumption that, at the high temperatures
reached during the tests, most of the power is irradiated in the wavelength band around
Ipwm, where the value of &, was calculated [69]: it is therefore reasonable to assume
that the estimated value of spectral emissivity 1s representative of the total emissivity
along the whole wavelength spectrum.

To evaluate the thermal conductivity of the sample, a sensitivity analysis was
performed. Assuming a surface emissivity € = 0.9 and non-catalytic behaviour,
different CFD simulations were carried out to match the temperature axial profile
obtained by means of the thermo-camera measurements, in the case of step #1. As
shown in Fig. 4.12a, the value of k =20 W/(m K) allows matching the experimental
surface temperature slope along the axial direction. Hence, this value was used also
for the simulations of steps #3 and #5. At these enthalpy levels, the formation of
zirconia on the surface appeared not to play a significant role in the determination of
thermal conductivity, which was uniform all along the sample surface. Fig. 4.12b and
¢ show also a comparison between the numerical and experimental distributions of
temperature inside the sample.

To match the experimental values of maximum temperature at higher enthalpy

levels at the steady state, both the conditions on surface emissivity and catalycity
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needed to be changed. In particular, based on the analysis of the spectral emissivity
reported above, values of 0.75 and 0.5 were set for the total emissivity of the specimen,
respectively for step #3 and #5 of Test 2. However, the reduction in the irradiated
power was not enough to justify the rise in temperature. To match the experimental

value of the surface temperature, the catalycity also needed to be taken into account.
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Fig. 4.12. a) Experimental and numerical temperature axial profiles at steady
state, for different values of the thermal conductivity. Conditions corresponding
to step #1 of Test 2 on ZS-LF-1 (Ho =7 MJ/kg). b) Temperature distribution inside
the UHTCMC specimen: comparison between b) CFD steady-state solution and

¢) experimental measurement by IR thermo-camera.

Therefore, based on the models described in section 3.1.1 and 3.3, a detailed
parametric analysis on the effect of the catalytic recombination occurring at wall was
performed for step #5. For different values of the catalytic recombination coefficient,
ranging from zero- to fully-catalytic condition, steady state simulations were carried

out. The resulting maximum sample temperature is reported versus yw in Fig. 4.13.
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The diagram shows the typical s-shape also reported in [105,106]. Comparing the
results of the simulations with the experimental data, it was possible to estimate the
value of yw allowing to match the pyrometer measurement. In particular, the catalytic
recombination coefficient yw was set to 5.5-10 and 8.5-1073, respectively for steps #3

and #5.
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Fig. 4.13. Maximum sample front surface temperature versus -catalytic
recombination efficiency, for step #5 of Test 2 on ZS-LF-1 (Ho =14 MJ/kg, £ = 0.5).

A good numerical-experimental agreement was found for yw = 8.5-1073.

Fig. 4.14 shows a comparison between the numerical and experimental
temperature axial profiles along the specimen for the three analysed steps of Test 2.
The curves confirm that there is a good agreement not only in the maximum value, but

also 1n the slope along the axis, justifying again the choice of a thermal conductivity

of 20 W/(m K).

2200 E
2000 ey 4eseactne Bec0ae
Q 1800 e e e Step 1. Thermocamera —— Step 1. CFD
' - .2.0.900 0 00 000000
= 1600 e  Step 3. Thermocamera == Step 3, CFD
i (Feessns s nnasnnanna.. e  Step 5. Thermocamera ~——— Step 5. CFD
1200 L | | | | | | | |
0 1 2 3 4

axial coordinate (mm)
Fig. 4.14. Comparison between experimental and numerical temperature axial

profiles for the three analysed steps of Test 2 on ZS-LF-1.
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4.2.2 Further test on sintered ZrB:-SiC-based UHTCMCs

Based on the promising results of the early test campaign on ZrB»-SiC-based
samples, further test were performed on materials provided by CNR-ISTEC, with the
same matrix components (plus the inclusion, in some cases, of stabilizing Y203) and
either short or long fibres. Samples are labelled ZS-SF, ZSY-SF and ZSY-LF. Two
samples of each formulation were tested. Samples ZS-SF (densified by Spark Plasma
Sintering, SPS) contained 10vol% SiC in the matrix. Sample ZSY-SF-1 (densified by
HP) contained 5 vol% SiC and 5vol% Y20;. Samples ZSY-SF-2 and ZSY-LF
(densified by HP) contained 10 vol% SiC and 5 vol% Y>0s.

The thermal histories of the different samples, measured by the ISQ5 pyrometer,
are plotted in Fig. 4.15. The stepwise increase in temperature is associated to the power
increase procedure. At the maximum enthalpy level, the temperatures of all the
samples reached values close to 2700 K and even overpassed 2800 K for one of the
samples tested at the highest power condition, ZSY-SF-2. In particular, it was clear
that a sudden rise in temperature (herein defined as spontaneous temperature jump
because it occurs rapidly and at constant Ho, and labelled 7J) of several hundred
degrees occurred during the highest-enthalpy steps, even at a constant arc power, after
a steady state condition had apparently been reached. The jump happened for all the
samples when the flow specific total enthalpy was 18 MJ/kg. For samples ZS-SF-1
and 2, the jump occurred around t = 160 s, when the temperature had reached an
apparent stable value of 2200 K. For sample ZSY-SF-1 the jump occurred around t =
150 s, few seconds after the surface temperature reached a stable value over 2250 K,
while for samples ZSY-SF-2 and ZSY-LF-1 and 2, the momentary equilibrium
temperature was around 2150 K (achieved a t = 160 s and 180 s, respectively). For
samples ZS-SF-1 and ZSY-SF-2 the torch arc power was further increased to the
maximum value (Ho =20 MJ/kg) at t = 180 s, when the jump had already been triggered
and the surface temperature was 2270 K, resulting in an increased slope of the
temperature time profile and a surface temperature exceeding 2800 K at the end of the
heating phase. The temperature jump phenomenon is typically observed for UHTC-
and SiC-based composites [107,108] and can be associated to a drastic change in

surface chemistry, as will be widely discussed in section 4.6.
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Fig. 4.15. Temperature histories of the samples, measured by the ISQS pyrometer.

After the tests, all samples heads appeared completely oxidized, with a white layer,
mainly composed of ZrO,, as discussed below, covering the surface. For samples
described in the previous section, this layer had been found to be porous, fragile and
with tendency to spall off. The outer oxide layer of samples ZS-SF-1 and 2
demonstrated a poor adherence to the lower substrate, from which it detached (Fig.
4.16a). The thickness of this layer was about 0.45 mm and this phenomenon clearly
affected the estimation of erosion rate. All the other samples preserved instead the
original shape and a perfect structural integrity, despite the clearly noticeable signs of
surface oxidation (see Fig. 4.16b and c). The long-fibre layered architecture of samples
ZS-LF is still observable (see Fig. 4.16c¢).

The average mass- and thickness-based erosion rates are reported in Table 4.6 and
all of them are on the order of 10*-10* mm/s. Balance between oxygen inclusion and
C, Si1 and B volatilization upon sample oxidation resulted in a net, although limited,

mass loss. It is interesting to observe that, on the other hand, oxidation led to a
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thickening of samples heads, resulting in a negative ablation rate based on thickness
measurement. Since no other samples dimensions had significant variations with
respect to the nominal values, only thickness data are here reported. Based on these
measurements, it can be concluded that all the samples experienced a slight volume

increase despite the net mass loss.

a) ZS-SF

b) ZSY-SF ¢)ZSY-LF

Fig. 4.16. Pictures of some samples before (left) and after (right) test. For sample
ZS-SF-1 (a), pictures of the detached zirconia layer are also shown (the two

pictures on the right).
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During test on sample ZS-SF-1, at the last enthalpy step (Ho = 20 MJ/kg), after the
temperature jump, some instability phenomena were observed, in the form of bubbles
nucleation (Fig. 4.17). These phenomena have also been detected by the ISQS5
pyrometer, which observes oscillations of the temperature profile at the maximum
power condition (see Fig. 4.15a). As stated in the previous section, the appearance of
bubbles on the exposed face had already been observed on the earliest samples,
associated to a sudden increase by over 200 K in the temperature measured by the

thermo-camera.

Fig. 4.17. IR pictures of sample ZS-SF-1 showing bubble bursting on the exposed

surface.

The IR video of test on sample ZSY-SF-1 showed that, few seconds before the
temperature jump, an unsteady evolution of the irradiated power appeared on the side
surface, resulting in a wavy oscillation of the surface temperature. Specifically, the
colour of the surface in the IR images displayed an unsteady variation, taking the form
of a train of vertical waves of a liquid phase convectively moving downstream along
the axial direction. A comparable phenomenon has been already reported by
Monteverde et al. [50], who defined it as waves of radiance and correlated it to the
transport of a liquid glassy oxide phase from the front surface along the side of the
sample by the shear stresses induced by the supersonic flow. Evidence of the waves of
radiance 1s provided in Fig. 4.18, which is referred, as examples, to samples ZSY-SF-
1 and ZSY-LF-2, respectively. The diagrams on the left (Fig. 4.18a) show the
temperature axial profiles measured by the TC on the side surface of the samples, each
curve representing a specific time instant at the earliest stages of the temperature jump.

The diagrams on the right (Fig. 4.18b) report instead the time evolution of the
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temperature at different locations along the surface. The curves have been obtained
assuming a constant spectral emissivity along the whole surface, so they should be
more correctly interpreted as surface radiance profiles, rather than actual temperature
diagrams. Two features can be remarked. First, the axial profiles of Fig. 4.18a are not
straight, but temperature oscillations can be noticed, up to around 20 K. The same
behaviour was observed in [50]. Moreover, it is possible to see that, as time advances,
the radiation temperature does not change uniformly along the samples length, but the
distance between two curves corresponding to consecutive instants is variable, and in
some case the lines even cross each other. This phenomenon is evidenced also in the
pictures on the right (Fig. 4.18b). The curves display an oscillatory trend and tend to
get closer and farther as time advances, testifying an unsteady evolution of the radiated

power which is different at each axial location.
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Fig. 4.18. For samples ZSY-SF-1 and ZSY-LF-2: a) Temperature axial profiles,
measured by IR-TC before temperature jump; b) Time evolution of the IR-

measured temperature at different points along the sample side surface.
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For a sound analysis of the material thermal behaviour during arc-jet testing,
infrared measurements on sample ZSY-LF-2 were taken as reference. During the tests,
the ISQS5 pyrometer was pointed towards the sample front face, whereas the IGARG6
pyrometer looked at the side surface. Moreover, the IR thermo-camera positioning
allowed to analyse both the front and the side surfaces facilitating the visualization and
characterization of the temperature jump phenomenon. Fig. 4.19a and b show the
thermal distribution on the sample respectively just before and just after the jump,
during the maximum enthalpy step (Ho = 18 MJ/kg). It is evident that only the front
part of the sample experienced a dramatic increase in temperature, whereas the rear
body appeared to be almost unaffected by the thermal rise. The same trend is visible
in Fig. 4.19¢, where the thermal histories recorded by the two pyrometers for the two
surfaces of the sample are shown. It is evident that the measurements matched well in
the earliest phases of the test, whereas, at temperatures over 2100 K, they started

diverging, and the front face reached a steady-state temperature around 500 K higher

than the side.

2800 K
2700 K

2500 K
2300 K
2100K
1900 K
1700 K

1500 K

1300 K

Fig. 4.19. Sample ZSY-LF-2: Thermal images (a) before and (b) after the

temperature jump, and (c) Comparison of temperature measured by ISQS5
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pyrometer (front surface) and IGAR6 pyrometer (side surface).

Thermo-camera and pyrometers measurements were compared to provide an
estimation of the spectral emissivity in the near infrared wavelength band, which 1s
common to all instruments. Fig. 4.20 shows the temperature curves collected by
pyrometers and thermo-camera, on front (a) and on side (b) surfaces of sample ZSY -

LF-2, assuming a spectral emissivity €. = 0.7. The non-perfect overlapping suggests a
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change in emissivity during heating. This trend i1s quantified in Fig. 4.21, where the
value of g, evaluated by matching the pyrometer and thermo-camera measurements
as described 1n section 2.1, 1s plotted versus test time (a) for both the front (black line)
and side (grey line) surfaces of sample ZSY-LF-2, and also versus temperature (b)
only for the front surface. Spectral emissivity appeared to increase in the earliest
phases of the test, from a value below 0.4 after 30 s (end of first enthalpy step) up to
over 0.7, after roughly 60 s (end of second enthalpy step). Then, &), gradually decreased
during heating on both surfaces, attaining a minimum value between 0.5 and 0.6 and
then rapidly increasing again after the temperature jump up to almost 0.8. Finally, it
appears that, during the cooling phase, the emissivity rapidly decreased on the front

surface, while it is almost constant on the side.
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Fig. 4.20. Comparison between temperature measured by pyrometers and
thermo-camera (€. = 0.7) (a) on the front surface and (b) on the side surface, of

sample ZSY-LF-2.
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Fig. 4.21. Samples ZSY-LF-2: Spectral emissivity in the near-infrared wavelength
band (a) on front and side surface, versus test time, (b) on the front surface, versus

temperature.
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Fig. 4.22. SEM image of the cross section of the ZSY-LF-2 sample after the arc-
jet test with corresponding EDS elemental maps showing boron, oxygen and
silicon distribution across the profile. Bottom pictures show the outermost oxide

layer at higher magnification.

In order to implement the numerical calculation (whose details will be reported in
the overall discussion in section 4.6) and gain an insight into the samples aerothermal
behaviour during arc-jet testing, post-test microstructures were analysed at CNR-
ISTEC by SEM and energy dispersive x-ray spectroscopy (EDS, INCA Energy 300,
Oxford instruments, UK). As an example, the long-fibre UHTCMC ZSY-LF-2 1s
considered. The outer surface presented discontinuous zones of silica-based rich glass
and a sort of ZrO» sheath of the carbon fibre which were ablated away. Fig. 4.22 shows
SEM pictures of the ZSY-LF-2 sample cross-section after exposure to the supersonic
plasma flow with EDS mapping of the main components and a zoom on the outermost

oxide layer. The overall oxide layer had a thickness of around 360 pm, which
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approximately corresponds to the thickness of one fabric scale. The oxide appeared
more damaged and brittle in the centre as compared to the periphery where it was
rather compact smooth. Below this layer, the pristine microstructure appeared
unaffected, with evidence of the 0°/90° architecture of the fibres. EDS revealed
complete boron removal in the region of oxygen penetration, whilst silicon was
slightly depleted in the subscale and accumulated close to the surface. At higher
magnification, the outermost layer comprised a roughly 50pum-thick pure ZrO2 region,
which displayed an irregular and highly porous structure. Below this, a silica-rich layer
was present, which covered a SiC-depleted region, where voids were left by Si
outwards diffusion. There was no evidence of carbon fibres survival to the exposure

to the arc-jet flow, all along the oxide thickness (360 um).

4.2.3 Other material formulations
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4.2.4 Conclusions of small-scale UHTCMC tests

The arc-jet tests described in this section allowed comparing the behaviour of
different UHTCMC formulations. Fig. 4.30 shows a comparison among the ablation
rates (based on mass loss) of the samples. Four tests on graphite (not reported in detail)
are shown as a reference. Samples Graphite 1 and Graphite 3 were tested at
conditions corresponding to step #0 (Ho = 5.5 MJ/kg). Samples Graphite 2 and
Graphite 4 were tested at conditions corresponding to steps #1-3 (at Ho up to 10
MJ/kg).

ZrBa-based samples showed an outstanding ablation resistance, although
experiencing a sudden rise in temperature (temperature jump) of several hundred
degrees, reaching temperatures up to 2700-2800 K. These samples develop a ZrO:
solid coating preventing consistent sample erosion, especially at ultra-high
temperature, when the oxide melts and form a dense scale; however, after exposure to
plasma flow and temperature jump, the thin oxide layer 1s characterized by poor
mechanical properties, rather compact but in some cases partially detached from the
underneath boride matrix. Moreover, even in presence of a temperature jump, the low
thermal conductivity of oxide phases appears to shelter the rear bulk material, which
is kept at much lower temperatures, about 4-500 K lower. It is interesting to notice that
Z1B:-based samples not containing SiC (such as ZS0-LF and the two ZC-LF samples)
did not show a sudden temperature jump, but rather a rapid increase in temperature
already in the earliest stages of the test. These features, including the poorer
mechanical performance of ZSO-LF and ZC-LF samples, will be addressed in detail in
section 4.6, dedicated to the discussion of the possible mechanisms triggering the 7.

On the other hand, materials used as reference, i.e. graphite and C/SiC composites,
together with Ti3S1C>-based samples demonstrated a considerable ablation rate, which
made not possible reaching the most demanding conditions achievable with the
UHTCMCs.

Due to promising performance of the sintered ZrB>-SiC based samples, and to
further investigate their ultra-high-temperature response, including the occurrence of
temperature jump, further activities were carried out on bulk materials with the same

constituents, that will be presented in the next two sections.
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4.3 Effect of SiC content

In order to further investigate the effect of SiC content in ZrB;-based UHTCs,

dedicated test campaigns were carried out, in collaboration with CNR-ISTEC. Four

ultra-high temperature ceramics, all based on a ZrB, matrix and densified by Hot

Pressing, were manufactured varying the ZrB: to SiC volume ratio. The compositions

(amount in vol. %) are labelled as

7ZSY-05: ZrB2 + 5 SiC + 5 Y203
ZSY-10: ZrB2 + 10 SiC + 5 Y203
ZS8Y-15: ZrB; + 15 SiC + 5 Y203
ZSY-18: ZrB> + 18.5 SiC + 5 Y»0s.

Three test sequences were performed. During the first test sequence (test sequence

1), all the samples were exposed to the supersonic plasma flow at stepwise increasing

92



CHAPTER 4. Results in arc-jet environment

enthalpy steps (from #1 to #8 of Table 2.1): the same test sequence was executed on
the four different buttons. After the test, 1.5mm of oxidized material was removed
from the top surface and the test repeated, up to step #6 (test sequence 2a). Finally,
some samples were subjected to a third sequence, up to the most stressful step, #8, (test
sequence 2b), without any further surface “refreshing”. Further details and the
rationale behind the test conditions selection will be given in next sections.

Upon cooling, an analytical balance (+0.1 mg instrumental accuracy) and a
micrometric calliper (+ 1 um) were used to determine, respectively, mass and size
variation of the button after testing. Prior to sectioning, the as-exposed front surface of

the samples was analysed by X-ray Diffraction (XRD) and SEM-EDS at CNR-ISTEC.

4.3.1 Test sequence 1

During the first test sequence, the four buttons were subjected to all of the eight
enthalpy steps of Table 2.1. Steps from #1 to #7 had a duration of 30 s, while the
number #8 lasted 120 s. The surface temperature vs time (thermal) histories, measured
by ISQS5 pyrometer, are plotted in Fig. 4.31. The visual appearance of the four samples
after test is presented in Fig. 4.32. All the specimens gained a net mass, and increased

the initial dimensions (see Table 4.11).
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Fig. 4.31. Surface temperature (T) versus time (t) using the ISQS pyrometer

during test sequence 1.

Some interesting preliminary deductions can be argued. First, it is clear that,
whereas in the earliest segments of the power sequence the surface temperatures do
not vary appreciably, they tend to differ for increasing enthalpy steps, until the

maximum radiative equilibrium temperatures, which appear be higher for decreasing
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SiC content, are reached. Worth of mention is the behaviour of specimen ZSY-05,
which experienced an extremely rapid temperature rise (a temperature jump, recorded
by ISQS5 pyrometer and IR-TC) when the surface temperature was approaching
2150 K, during step #7 (Ho = 18 MJ/kg). After reaching an almost steady state, the
temperature suddenly increased by more than 400 K. The steady state equilibrium
temperature would have probably exceeded 2600 K, but the power was increased to
the last step before the equilibrium was reached. The final peak temperature of the
front surface was around 2750 K. Another interesting feature was that, at the maximum
applied enthalpy Ho, the surface temperature oscillates, with more pronounced
amplitude variations for larger SiC contents in the starting specimen. The observed
correlation of SiC concentration vs the steady-state temperature is in agreement with
what found by Hu et al. [110], who tested ZrB2-based specimens with a SiC amount
ranging from 10 to 30 vol. % in a high-enthalpy subsonic wind tunnel. They also found
a reduction in the equilibrium temperature for increasing SiC content, associated with
an increasing amount of glass retained in the sample after testing.

The post-test visual inspection of the buttons assessed they have a different
appearance (Fig. 4.32). In particular, more SiC in the as-sintered material led to get
smoother front surfaces. In addition, a loss of homogeneity is apparent in the ZSY-05

button, just that affected by the steep temperature rise (see Fig. 4.31 and 4.32).

In Fig. 4.33, the overall cross-sections of the exposed specimens are presented. It
is apparent that the ZSY-05 button generated in-situ an external oxide scale whose
partial compactness (left half in Fig. 4.33a) was severely altered (right half in Fig.
4.33a). The T 1s a direct manifestation, not the trigger, that a substantial change in the
former thermal status took place and a new one was equilibrated. More in specific,
the ZSY-05 button presents irregular macro-granules which protrude for 50 up to
100 pm and, very likely, an oxide scale/un-oxidized bulk detachment (right end in Fig.
4.33a). Some macro-granular structures on the front surface of the ZSY-05 button are
discernible also in Fig. 4.32. Another important feature is the virtual absence of
residual glass just on the outermost front surface which directly faced the dissociated

hot plasma.
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Table 4.11. Absolute and relative mass gain (Am) and thickness increase (At) of

the button after test, and thickness of the oxide scale after test sequence 1 (As).

Sample ID Am,mg Am/mo, % AT, pm At/to, %o As, pm

ZSY-05 43.6 0.51 250 5.0 305
Z5Y-10 34.9 0.41 85 1.7 250
ZSY-15 20.7 0.25 70 1.4 215
ZSY-18 24.5 0.32 105 21 150

7

ZS-05 Z5Y-10 Z5Y-15 Z5Y-18
Fig. 4.32. Final post-test appearance of the four buttons.

Fig. 4.33. Polished cross-sections, about 17 mm wide, by SEM of the tested
buttons: upper and lower margins of the oxide scale (whose thickness is reported
in Table 4.11) are plotted.

Fig. 4.34 shows some thermographic frames taken during step #7 and #8 of the
test on sample ZSY-05, from the instant in which the 7./ took place until the end of the
step #8. The frames are identified by numbers 1-8 and the corresponding instants are
indicated on the diagram presented on the right of Fig. 4.34. This shows again the
temperature history of the sample as measured by pyrometer ISQS5, compared with two
measurements made by the IR-TC, setting a directional spectral emissivity equal to

0.75. The first, labelled as “centre”, is the maximum temperature detected on a round
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area in the central part of the sample front surface, matching as close as possible the
measurement spot of the ISQ5 pyrometer; the second, labelled as “max”, is the
maximum temperature detected on the entire front surface. Several observations can
be made. First, before the onset of the 7./ (frame 1 of Fig. 4.34), the surface temperature
was rather uniform, then a localized temperature increase occurred on the front surface,
spreading to the whole surface (but not to the rear part of the material, as already
observed for samples with fibres in section 4.2 — this behaviour will be attributed to a
dramatic reduction of thermal conductivity throughout the oxide layer, in the
discussion of section 4.6) when the new equilibrium temperature was reached, at the
beginning of the harshest step (frame 4). During the first half of step #8 the three curves
almost overlap, then for the remaining time ranges (frames 6-8), the only “max” curve
started deviating and tended to reach values up to 3000 K. Such a temperature drift
was linked to the appearance of the protrusions on the top part of the surface, with

localized ultra-high-temperature spots.
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Fig. 4.34. Left: thermographic frames of button ZSY-05 during the most stressful
enthalpy steps. Right: temperature history measured by ISQS pyrometer and IR-
TC (g, = 0.75). For IR-TC two curves are shown: the maximum temperature on
the centre of the front surface (Centre), in an area corresponding to the
measurement spot of the ISQS5 pyrometer; and the maximum temperature on the
whole front surface (Max). The time instants corresponding to the TC frames are

identified by numbers 1-8 on the temperature history diagram.

Fig. 4.35 shows a sequence of IR-TC frames taken during step #8 of test on the

ZSY-15 button, in a time range characterized by oscillations in the temperature history.
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It is possible to notice, on the lateral wall, an unsteady evolution of the irradiated
power, resulting in a change of the surface colour. This is particularly evident in the
bottom area, where an orange spot, highlighted by an arrow in each frame, appears to
move downstream (from right to left, in the pictures). An analogous behaviour was
observed also for the remaining buttons. This phenomenon is similar to the waves of
radiance observed on fibre-reinforced UHTCs (see section 4.2.2), already reported by
Monteverde et al. [50].

3
\

Fig. 4.35. IR-TC frames grabbed during step #8 showing waves of radiance along
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the lateral wall of ZSY-15 button. The arrow in each frame shows the position of
a darker spot moving downstream (from right to left in the pictures), presumably

attributed to the transport of a liquid phase along the surface.

Fig. 4.36a shows the (directional) spectral emissivity (ex) of the four specimens
versus surface temperature, obtained by matching the measurement of the ISQ5
pyrometer and IR thermo-camera, in the near infrared (NIR) wavelength band. For all
samples, the €. values tend to increase at the beginning of the test, reach a maximum
that ranges between 0.8 and 0.9, at temperatures between 1600 and 1700 K, then they
begin to decrease converging to higher values for the compositions richer in SiC. After
TJ, & of the ZSY-05 button (the only that exceeded 2400 K) increases again up to 0.75
at the maximum temperature of 2750 K. One could argue that the temperature and
emissivity measurements after 7./ are less reliable due to the presence of protrusions,
leading to inhomogeneity in temperature distribution on the sample front surface.
However, a spectral emissivity trend comparable with that of the ZSY-05 button has

already been observed during test in similar conditions on the fibre-reinforced UHTCs
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based on ZrB>-SiC-Y>03, also experiencing a 7./, whose details are reported in section
4.2.2. In that case, no significant protrusions were observed on the samples front
surface, which appeared homogeneous and compact. This 1s a first reason to infer that
also the present temperature and emissivity measurements may not be affected by the
specific presence of large protrusions. Moreover, looking at Fig. 4.34, it can be seen
that in the first half of step #8, when the final equilibrium temperature of 2750 K had
already been reached, the front surface temperature was uniform and the measurements
of pyrometer and thermo-camera almost perfectly overlapped. This suggests that the
set value of &, = (.75 was already representative of the actual (spectral) emissivity of
the surface even before the catastrophic bursting of large protrusions and defects in the

second half of the step (frames 6-8).
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Fig. 4.36. (a) Directional spectral emissivity (e1) versus maximum surface
temperature (T), (b) Temperature axial profiles of the four buttons at the same
instant (t = 300 s) during step #8, measured by the IR-TC (the correct value of

€. was set according to the diagram of Fig. a)

Fig. 4.36b shows the surface temperature profiles along the axis of the button,
measured at the same time instant by the IR-TC during step #8. As already highlighted
above, the substantial temperature rise related to the 7./ appears to be confined on the
front surface of specimen ZSY-05, with a steep temperature drop alongside the axial
coordinate of the button. A similar, but less obvious trend, can be observed for the
remaining buttons and the magnitude of the temperature drop decreases for increasing
SiC content, suggesting a progressive increase in the ability of the oxide scale to

conduct heat to the bulk material. The formation of oxidized areas on the side surfaces,
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which is actually confirmed also by SEM analyses (see Fig. 4.33-4.34), can of course
have some impact on the thermal conductivity-driven heat transfer to the rear part of
the samples. However, the temperature profiles reported in Fig. 4.36b are the only
directly available data to study the thermal axial distribution. Regardless of the
accuracy of those profiles for a precise reconstruction of the heat transfer to the
material, the variation, with SiC content, in their slope in the front area provides a
clear, although only semi-quantitative, insight on the reduction of the thermal
conductivity in that region of the sample, supporting the discussion that will be
presented in section 4.6.

The resulting thickness of the oxide scale (see Fig. 4.33) is visibly affected by the
starting SiC content. Larger SiC amounts favoured the creation of thinner and more
compact oxide scale: if the oxide scale of the ZSY-05 button is thicker (i.e. about 300
um) and partially detached, in the ZSY-18 button it remained much more compact and
thinner (i.e. about 150 um), and adherent to the un-oxidized substrate.

The FESEM-EDS analyses of the in-sifu generated external oxide scale provided
an additional insight into the internal zones affected by a severe oxidation attack. Two
important shared features, often observed by other authors, were the lack of a SiC-
depleted region underlying the oxide scale and the prevailing columnar shape of the
zirconia grains grown during exposure [111]. If the columnar shape of the zirconia
grains 1s apparent along the lateral walls of the exposed button, the elongated shape
(of the zirconia grains) turns into a more regular one especially close to the outermost
part of the oxide layer where temperature reached the hottest values. The other gaseous
oxidation by-products originated at the oxide/inner bulk interface such as SiO(g),
CO(g) and volatile boron oxides counter-diffuse due to concentration gradient
exploiting the cited channels to reach the exterior.

Such a fluid glassy oxide finds origin from the oxidation products of the passively
oxidized ZrB: and SiC, according to the well-known exothermic reactions

ZrBa(s)+ 5/2 Ox(g) = ZrOa(s) + B20s3(L,g) (1)
Si1C(s) + 3/2 O2(g) = Si102(s,1) + CO(g) (2)
Fed also by the residual Y borate glassy pockets, an only oxidation product tends

to form, up-taking Si, Zr, B and Y in only one oxide matrix: such an oxide matrix is
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generally defined borosilicate glass (BSG). The BSG, depending on the pressure and
temperature it actually encounters during the exposure, can vary its own composition
substantially. To mention the most evident change, it begins losing the boron oxide
component when the massive volatilization of the silica component has not started yet.

The channels grown inside the oxide scale acted as getaway for the outflowing glass

and other gaseous species and as an access gate for the incoming oxygen.

Fig. 4.37. SEM micrographs from front areas detached (a), or not (b) by the un-
oxidized substrate of the ZSY-05 button: residual resin (¥) is indicated. Elemental

maps of Si, O, Y and Zr derive from the selected boxes.

Fig. 4.38. SEM micrographs from the front surface (a) or the lateral wall (b) of
the ZSY-18 button: elemental maps of Si, O, Y and Zr derive from selected boxes.
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The elemental mapping of Si as well as other key species such as Y, Zr and O
throughout the oxide scale is very important (Fig. 4.37-4.38) because it discloses how
the BSG glass was transported outward, providing or not protection to the specimen.
The response to aero-thermal heating was different. During the exposure of the ZSY -
05 button, the entire oxide scale was virtually depleted of Si (Fig. 4.37). However, in
the case of the ZSY-18 button, residual Si remained inside the oxide scale localized in
small glassy pools, whose presence and distribution are discernible in Fig. 4.38. The
maps of Fig. 4.37-4.38 depict the elemental distribution of the button poorest (Fig.
4.37) or richest in SiC (Fig. 4.38). Analogous elemental analyses were carried out in
the button ZSY-10 and ZSY-15, and intermediate distributions (not shown) were
similarly found.

In the ZSY-05 button, a Si-free strip of several tenths of micron survived,
sandwiched between the oxide/substrate interface and the zone rich of residual glassy
pools. Such an inner strip was interested by the diffusion of Si transported via SiO(g).
As for the lack of SiC-depleted region underlying the bottom of the oxide scale, this
can be explained in terms of the oxygen partial pressure vs temperature at the
oxide/bulk interface which did not reach the threshold to switch into the active
oxidation domain. The reasoning over the SiO(g) outward diffusion and its re-

condensation will be reclaimed in section 4.6.

4.3.2 Test sequence 2a

To better investigate the physics behind the phenomenon of the spontaneous
temperature jump, additional test sequences were performed. The same buttons were
refreshed, by removal of a 1.5 mm thick surface layer, and then exposed to the plasma
wind tunnel flow. Fig. 4.39 shows the appearance of the refreshed ZSY-05 before the
test. The front surface is polished and resembles that of the as-sintered materials,

whereas the lateral surface is whitened due to the residues of test sequence 1.
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Fig. 4.39. Appearance of refreshed ZSY-05 before test sequence 2a.

In the test sequence 1, ZSY-05 experienced the temperature jump, when the
specific total enthalpy was about 18 MJ/kg. The test sequence 2a was intended to
assess whether the jump could occur also for samples with a higher SiC content, even
at lower enthalpy conditions, if the exposure time was sufficiently long. Therefore, in
the three tests, the specific total enthalpy corresponding to step #6 (Ho = 16 MJ/kg)
was reached stepwise, so that the sample temperature could exceed, at steady state, at
least 2000 K. The duration of the last step was 300 s. For sample ZSY-15, the power
was slightly increased during this step (by 2 kW), to achieve a higher temperature. The
corresponding thermal histories, detected by pyrometer ISQS5, are shown in Fig. 4.40,
whereas Fig. 4.41 shows IR-thermographic and CCD images taken during the tests,
together with the visual appearance of the three samples after test.

As can be seen from Fig. 4.40, no measurable temperature jump was observed in
this test sequence 2a. Once again, the steady-state temperature increased for decreasing
SiC content, with sample ZSY-05 reaching the highest equilibrium temperature. In this
case, the temperature profile of sample ZSY-15 did not exhibit any oscillations,
whereas they became more evident for decreasing SiC content. The temperature
oscillations find correlations with the oscillation of the surface brightness, as
observable in the CCD pictures of Fig. 4.42. Fig. 4.42 also highlights the formation of
an unstable phase on the front surface, which appears brighter than the side surface

and unsteadily changes its shape, with nucleation and bursting of small bubbles.
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Fig. 4.40. Temperature histories of the samples during Test sequence 2a,

measured by ISQS pyrometer.

Looking at the photographs of Fig. 4.41, none of the samples shows protruding
zirconia grains, with only some irregular structures on the outer edge of sample ZSY -
05. Relative mass changes were measured in the order of 0.4%. Waves of radiance
were observed also during this test sequence. Fig. 4.43 shows the NIR spectral
emissivity for the three samples versus surface temperature. The qualitative trend is

the same as in test sequence 1, confirming that the amount of SiC influences é;..

ZSY-05 2ZSY-10 ZSY-15 2400 K =
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Fig. 4.41. For the three samples subjected to Test sequence 2a: top) IR
thermographic image during last enthalpy step (Ho = 16 MJ/kg), bottom)

appearance of the sample after test.
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UL

Fig. 4.42. Video frames of the last enthalpy step of Test 2a for sample ZSY-05.
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Fig. 4.43. Samples spectral emissivity eir.versus surface temperature (T), for test

sequence 2a.

4.3.3 Test sequence 2b

Because of the absence of temperature jumps during test sequence 2a, the two
samples ZSY-10 and ZSY-15 were subjected to another arc-jet cycle as they came up
the test sequence 2a. In this case, the maximum enthalpy (20 MJ/kg) was reached, but
with different steps duration. The temperature histories detected by pyrometer ISQ5
are presented in Fig. 4.44, whereas Fig. 4.45 shows IR-thermographic images taken
during the tests, together with the visual appearance of the two samples after test.

The thermal histories are different with respect to the previous test sequences.
When the temperature of sample ZSY-10 reached 2200 K (step #6, Ho = 16 MJ/kg), it
started to rapidly increase, reached a maximum around 2300 K and then started
decreasing. After a further enthalpy increase (Ho = 18 MJ/kg), a similar temperature
trend 1s observable, but still no jump was detected. A final increase to the maximum
enthalpy level caused the surface temperature to progressively increase until exceeding
2800 K at the end of the step, without even reaching a steady state (after 120 s in those

conditions).
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Fig. 4.44. Temperature histories of the samples during test sequence 2b, measured

by ISQS pyrometer.

Sample ZSY-15 had a more stable surface temperature history until step #7
(Ho = 18 MJ/kg), then, when the last enthalpy step was reached, the temperature had a
slight increase, then it decreased, reached a plateau around 2320 K and finally started
increasing up to 2750 K, with a monotonically increasing trend, without reaching a
steady state. The whole duration of the last enthalpy step was 180 s.

After test, the appearance of both samples front surfaces changed, with the
formation of a white irregular surface layer, which covered almost all of the surface of
sample ZSY-10, whereas had a C-shape for sample ZSY-15. The C-shape can be
compared to the shape of the hot region observable in the corresponding IR-TC image

(Fig. 4.45). Relative mass changes were measured in the order of 0.2%.
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Fig. 4.45. For the two samples subjected to test sequence 2b: top) IR
thermographic image during last enthalpy step (Ho = 20 MJ/kg), bottom)

appearance of the sample after test.
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Fig. 4.46 shows some CCD pictures taken during the heating stage of sample ZSY -
10. Also in this case, an unstable brighter zone was observed on the front surface.
Liquid droplets were wiped off by the surface (second picture), while small bubbles
appear and disappear during the test. It 1s also interesting to notice that the brightness
of the side surface unsteadily changes while the surface temperature increases. IR
thermography confirmed also in this test sequence the presence of the waves of
radiance phenomenon.

Fig. 4.47 shows the NIR spectral emissivity €. of the samples during the test
sequence 2b, versus their surface temperature. Differently from the first two test
campaigns, in this case the €, has an almost monotonic increasing trend, starting for
both samples from values above 0.3, reaching a plateau between 2000 and 2350 K,
and then increasing to maximum values even over 0.9 when the temperature starts

increasing at the end of the test.

Fig. 4.46. CCD pictures taken during Test 2b on sample ZSY-10.
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Fig. 4.47. Spectral emissivity versus surface temperature, for test sequence 2b.
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4.3.4 Conclusions of tests for varying SiC content

Several experiments were carried out to study the effect of SiC concentration on
the aero-thermal behaviour of ZrB>-based Ultra-High-Temperature Ceramic materials
in an arc-jet supersonic wind tunnel environment. It was found that, as SiC content
increases (from 5 to 18 vol% in the present study), the maximum steady-state
temperature reached on sample surface decreases, whereas the NIR spectral emissivity
value is higher. Also, samples with lower SiC content had an almost null residual BSG
in the oxide. Moreover, the experiments were focused on the observation of the
temperature jump, a sudden and spontaneous increase in temperature in the order of
400-500 K characteristic of UHTCs, which is related to the appearance of a zirconia
layer on the front surface of the sample after complete liquid silica oxide removal. The
occurrence of the jump (which appears only on the front surface of the samples, while
the rear part reaches much lower temperatures), is favoured by a low SiC amount, but
can happen also for SiC concentrations up to at least 15%. However, it was observed
that the flow total enthalpy should be on the order of at least 18 MJ/kg and the exposure
time needs to be higher when the SiC amount is higher. For further discussion on this

point, the reader is referred to section 4.6.

4.4 Effect of atmospheric composition

A further effort was dedicated to investigating the aero-thermo-dynamic and
oxidative behaviour of ZrB;-SiC-based materials in different flow atmospheres.
Specifically, the investigated composition was ZrB: - 5 vol% SiC - 5 vol% WC.

Although it is well known that the oxidation behaviour of ultra-high-temperature
ceramic material 1s crucial for their application in high-temperature harsh
environments, only limited data are available in reduced oxygen partial pressure
environments and supersonic flows, which are the most relevant conditions for the
application of these materials as leading edges for hypersonic vehicles, subject to
extreme heating in the upper atmosphere during re-entry. When the oxygen partial

pressure is high enough and a considerable surface layer of protective borosilicate
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glass 1s formed, this can provide a reduction of the oxidation rate, preventing, as a
barrier, oxygen diffusion towards the bulk material. On the other hand, when oxygen
partial pressure 1s ultra-low, different mechanisms may occur.

The objective of this study was thus to investigate the oxidation behaviour of the
very high strength ZrB>-based ceramic under high-enthalpy hypersonic flow with two
different chemical compositions. Therefore, two ZrB2-SiC-WC coupons were exposed
to an arc-jet flow composed of simulated air (with oxygen partial pressure in the order
of thousands of Pa) or pure nitrogen (with oxygen residual partial pressure two orders
of magnitude lower.

A ceramic pellet was sintered to full density according to the methodology
described in [112]. From the sintered disc, two flat button-shaped coupons (ZSW-A is
the sample tested in air and ZSW-N is the sample tested in nitrogen atmosphere) were
machined according to the nominal design shown in Fig. 2.3 (with a 5 mm-thick head,
17 mm diameter and an overall length of 10 mm including the cylindrical rear pin).

Tests were carried out considering two different atmospheric compositions:
simulated air, composed by 80% nitrogen and 20% oxygen, and pure nitrogen. The
estimated oxygen partial pressure for the first case 1s in the order of 1000-2000 Pa
(about 20% of the total stagnation point pressure calculated by numerical simulations,
see also Fig. 4.5), whereas, when the arc-jet flow is of pure nitrogen, considering the
vacuum level in the test chamber, oxygen partial pressure is two orders of magnitude
lower. In both cases, the total gas mass flow rate was 1 g/s. The torch arc power, and
consequently the flow specific total enthalpy, were increased stepwise. The enthalpy
level and the duration of each step for the two tests 1s reported in Table 4.12 and 4.13,
respectively. After the maximum enthalpy step, the power was decreased gradually
until facility shutdown.

Fig. 4.48 shows the temperature histories of the two samples, as detected by the
ISQ5 pyrometer. It can be noticed that the thermal histories are comparable at
relatively low enthalpies, then they tend to diverge. Both samples experienced a rapid
rise in temperature at constant flow enthalpy (the temperature jump already discussed
in the previous sections). The behaviour of the two samples is different though. In

particular, the sample tested in nitrogen atmosphere experienced a sudden jump at
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constant enthalpy (about 18 MJ/kg, step 5Sn) when the temperature approached 2000 K,
and its final temperature exceeded 2800 K. The sample tested in air had instead a more
gradual jump, during the last step (enthalpy of around 20 MJ/kg, step 7a), and reached
temperatures over 2600 K only at the end of the test, which was stopped about 30
seconds after the occurrence of the jump. This jump 1s much more similar to what
experienced by the ZrB;-SiC-based samples whose tests are reported in sections 4.2.2

and 4.3.

Table 4.12. Test conditions in simulated air flow-

Ho Ste[?
Step # (MJ/kg) Duration

(s)

la 8.5 30
2a 10.0 30
3a 12.0 30
4a L35 30
Sa 15.5 30
6a 18.0 60
Ta 20.0 105

Table 4.13. Test conditions in nitrogen flow.

Ho Stel?
Step # (MJ/kg) Duration

(s)
In 8.0 30
2n 10.5 30
3n 13.0 30
4n 5.5 30
5n 18.0 60
6n 21.0 120

The surface spectral emissivity at the wavelengths around 1 pm was estimated by
comparison between pyrometer and thermo-camera measurements, and it was

observed to be about 0.85 at all temperatures.
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Fig. 4.48. Surface temperatures measured by pyrometer ISQS on the two samples
ZSW-A (black line) and ZSW-N (grey line), tested in air and in nitrogen flows,
respectively. Each enthalpy step is identified by labels on the plot, as well as the

occurrence of a 7J for both samples.

Fig. 4.49 shows some thermal images of the two samples taken by the DIAS
Pyroview 512N thermo-camera at different time instants, during test. Fig. 4.49a refers
to sample ZSW-A. The picture on the left shows the sample during step 7a, before the
occurrence of the temperature jump. In this phase, the temperature of the sample is
rather uniform, around 2100-2200 K. The temperature jump appears then to be a
dynamic process, leading to the formation of an ultra-hot region in the periphery of the
exposed surface of the sample, which extends its size in time, as observable by
comparison between the central and the right picture, while the rest of the sample keeps
a much lower temperature. Fig. 4.49b shows instead the thermal evolution of the
sample tested in pure nitrogen, ZSW-N. Just before the temperature jump (picture on
the left), the temperature is uniform, around 2000 K, and bubbling is observable on the
front surface of the sample. During and after the sudden jump, bursting of localized
bubbles occurs, resulting in hot spots dispersed all over the surface (central picture).
At the end of the heating phase, the surface reaches a uniform ultra-high temperature,

whereas the rear region is kept at lower temperatures.
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Fig. 4.49. Thermal images of a) sample ZSW-A and b) sample ZSW-N, just before

temperature jump (left), just after temperature jump (centre) and at the end of
heating phase (right). The temperature jump occurs at Ho = 20 MJ/kg in air (a)
and 18 MJ/kg in nitrogen (b).

The observed phenomena occurring during exposure to arc-jet supersonic flow are
also highlighted by captions of the video recorded during test by the Flea3 optical
camera, shown in Fig. 4.50. We can observe that when the impinging flux includes
oxygen, Fig. 4.50a, initial outgassing of vapour fumes occurs. The blueish colour
suggests it to be based mainly on W-O [113]. Then asymmetric heating on the button
crown occurs and, as soon as the circle is completed, formation of borosilicate glassy-
based drops/bubbles at the side edges is visible and remains with a dark contrast during
cooling. As for the test in nitrogen, Fig. 4.50b, the formation of hot tiny bubbles 1s
limited to isolated spots homogeneously spread on the surface, then they coalesce, the
lateral sides are heated until the bottom starts to bubble as well. The last two pictures
of Fig. 4.50b correspond to instants of advanced sample cooling, and therefore only
very thin oxide scale is still visible because it is the only hot region. However, it can
be appreciated that the largest bubble on the top surface breaks upon cooling, owing

to tensile stresses rising in the oxide scale.
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Fig. 4.50. Frame shots of the video recorded by the Flea3 Camera during a) test

in simulated air and b) in nitrogen.

The microstructure modifications occurred after the tests are highlighted by the
white colour assumed by the samples head, Fig. 4.51. It is visible that the oxide formed
was not smooth and compact, but rather tended to spall off after both tests. Particularly,
notable bubbles formation and oxide uplifting are visible in the periphery of sample
ZSW-A, whilst evidence of bursting phenomena 1s visible on all the surface of sample
ZSW-N.
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Fig. 4.51. Pictures of the samples (a) before the tests, (b) after test in simulated

air, (c) after test in nitrogen.
Some more details are shown in the cross-sections of the two samples reported in

Fig. 4.52 and 4.53, for ZSW-A and ZSW-N respectively. The oxide uplift occurred at
the edges of samples ZSW-A was quantified in 330 pm. It could explain why the centre
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of the button still displays a silica glass coverage on its surface, when normally this is
compressed out towards the sample periphery by the gas impact at the stagnation point.
The outermost scale, partially detached from the sample, 1s a dense ZrO; layer about
100 pm thick with few scattered WO3 aggregates. The cross-section analysis of ZSW-
N revealed also substantial oxide lifting with multiple delamination and formation of
bubbles at various depth. The maximum height of the bubbles was in this case about
250 pm, whilst the modified scale in the least damaged zones was around 130 pm. The
structure of the modified scale was analogous to that described for sample ZSW-A.
Among the main differences with respect to the sample tested in simulated air, there
is the composition of the outermost scale of the central area, which was mostly
crystalline and based on ZrO»/W, 1.e. without silica-based glass.

The presence of the voids and oxide-bulk detachment, which resembles that
experienced by sample ZSY-05 in the test campaign on the effect of SiC content (see
section 4.3.1), which also underwent a temperature jump, can justify some localized
dramatic decrease in thermal conductivity, with subsequent overheating of the exposed
surfaces. This, together with the other microstructural features of the oxide phases,
will also be taken into account in the discussion reported in section 4.6.

Despite the evident damages subsequent to the exposure to high-enthalpy flow,
the mass is substantially unaltered after test, with a slight increase, possibly due to

oxide formation (Table 4.14).

Table 4.14. Mass of samples tested in air and nitrogen before and after test.

Initial Final
mass mass

ZSW-A  10592g  10.616¢
ZSW-N  10679g  10.697 g

Sample ID
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Fig. 4.52. SEM images of the cross section of sample ZSW-A. a) Whole button
section showing oxide uplift at the edges, b)-c) magnifications of the

microstructure as tagged, ¢) elemental mapping of the central zone.

section showing oxide uplift and b) multiple delamination, ¢)-d) magnifications of

the microstructure with and without bubbles, e) elemental mapping of zone d).
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4.6 Discussion of the temperature jump phenomenon

In this chapter, a large number of tests on UHTCMC materials in atmospheric re-
entry environment has been presented. A specific interest has been dedicated to the
aero-thermal behaviour of UHTCMCs and UHTCs based on ZrB», for which several
phenomena have been observed during samples exposure to arc-jet supersonic plasma

flow. A comprehensive interpretation could be proposed, combining the results of the
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different test campaigns and relating the experimental observations to the phase

changes occurred on the samples surfaces due to ultra-high-temperature oxidation.

Common features and general observations are the following:

All ZrB:-based samples appeared to be completely oxidized on the
exposed surface, but kept an almost null erosion rate with respect to other
materials formulations.

Infrared and optical videos of the tests showed in most cases the apparent
presence of a liquid phase on the surface, in the form of an unsteady
variation of the surface radiance (Fig. 4.18, 4.35, 4.58), or even bubble and
droplets nucleation (Fig. 4.11, 4.17, 4.42, 4.46). This phenomenon has
been labelled as waves of radiance, and occurs when the sample
temperature is in the range 2100-2300 K.

Most samples have experienced a spontaneous temperature jump, a sudden
rise in temperature of 4-500 K, at constant flow conditions, starting in a
temperature range from 2000 to 2300 K.

The spectral emissivity in the Near-Infrared wavelength band (Fig. 4.21,
4.36a, 4.43, 4.57) has a trend with temperature that is qualitatively similar
for all the samples, with values depending mainly on the SiC content (Fig.
4.36a). Specifically, it increases up to values around 0.8 at temperatures of
1700-1800 K, then decreases to values down to 0.4-0.5 for temperatures of
2000-2200 K, for the samples containing the minimum amount of SiC (5
vol% in the matrix). Samples exceeding those temperatures, with or
without a 7./, experience a further increase in €. The only exception is test
sequence 2b on samples with varying SiC content (Fig. 4.43 in section
4.3.3), where the spectral emissivity constantly increases with time and
temperature. This trend is actually comparable to that of the ZC-LF
samples, based on ZrB»-PyC matrix, whose data were reported in section

0.

Specific features of the temperature jump are:

It only occurs when the flow specific total enthalpy exceeded 18 MJ/kg.
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- A porous zirconia layer is found on the front surface of the samples after
test.

- The temperature jump takes place only on the front surface of the sample,
whereas the rear part of the material keeps a relatively low temperature (as
shown by Fig. 4.19, 4.34, 4.41, 4.45, 4.49).

- The 7. appears to be favoured by a low SiC amount, as explicitly verified
in section 4.3, but it was demonstrated that it can occur even for higher SiC
content (up to at least 15 vol%) if exposure time at a sufficient enthalpy
level is long enough. It is also interesting to notice that samples containing
ZrB: but no SiC (sample ZS0-LF, section 4.2.3.1, and samples densified
by RF-CVI, sections 0 and 4.5, for small- and large-scale tests
respectively), do not experience the jump, but rather a steep increase in the
temperature already at the earliest stages of the tests, sharing the feature of
having this increase localized on the front exposed surface.

- The 1J features are affected by the atmospheric composition, as analysed
in section 4.4: when the oxygen partial pressure is extremely low (as for
test in nitrogen), the 7./ occurs at lower temperatures, is very steep and
destructive for the material; on the other hand, in presence of oxygen, the
jump 1s retarded and more gradual, with less dramatic effects on the
structural resistance of the oxide layer.

- The surface NIR spectral emissivity after the jump 1s higher than before
the jump.

Before proposing a correlation among all these experimental observations, it could
be useful to recap the oxidation process of ZrB>-SiC-based UHTCs. As a reference,
Fig. 4.59 shows a sketch of the different stages of the process for a long-fibre-
reinforced UHTCMC, as those presented in section 4.2.2. The presence of fibres is
supposed not to affect the ultra-high-temperature aero-thermal behaviour, since the
exposed surface had no protective coating, so that surficial carbon fibres vaporized at
relatively low temperature [114], leaving a rough ZrB2-SiC surface. In agreement with
ZrB2-SiC oxidation mechanism [27,115], at temperatures below 1400 K, the sample

surface is covered by a boron-oxide glassy phase, as relevant SiC oxidation has not
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been triggered yet. Between 1500 and 1600 K, SiC undergoes passive oxidation and
the formation of a stable borosilicate glass (BSG) provided the highest oxidation
protection to the UHTC matrix, Fig. 4.59a. The maximum emissivity of around 0.75-
(0.8 in the different cases is reached at temperatures between 1600 and 1700 K, when
consistent BoO3 vaporization occurs and the glass is mostly composed of Si0;. In the
2100-2300 K temperature range, which are the maximum temperatures reached before
the occurrence of the temperature jump for all the samples, emissivity is then
minimum, around 0.5. This is also the temperature range in which the waves of
radiance phenomenon occurs, right before the temperature jump. Since at those
temperatures the BSG layer is supposed to be mainly composed of silica, which has a
melting point around 2000 K [116], it is reasonable to speculate that the oxide is
completely liquid and therefore, in agreement with the discussion by Monteverde et
al. [50], the waves phenomenon is associated to the shear-induced transportation of the
glass along the specimen side surface. It is largely accepted that more SiC promotes a
better physical barrier against oxidation thanks to a higher amount of borosilicate glass
[26,27,117,118]. A combination of shear transportation and volatilization of the glassy
phase can leave the underneath skeleton unprotected, exposing the ZrO: grains directly
to the supersonic flow [27]. Meanwhile, if the residual liquid phase being generated in
the sub-scales is not capable to prevent massive volatilization of the gaseous products
of SiC and carbon fibres oxidation (SiO, CO2, CO), whose vapour pressure lead to
unsteady protrusion and bursting of liquid bubbles, Fig. 4.59b,c only porous zirconia
remains in the outer oxide layer.

More precisely, the “durability” of the BSG, i.e. its capacity to remain not only
adherent to the external surface but to survive also inside the oxide scale, is vital to
continue have an effective barrier to oxidation. Due to the temperatures reached during
the present test campaigns, on the front surface of the buttons, the BSG got lost. In
fact, according to the different post-test analysis by SEM-EDS, the exposed surfaces
showed sparse residual glassy pools, unable alone to protect effectively from the
oxidation attack. Part of the BSG survived instead inside the oxide scale, in larger
quantities for more SiC available in the starting composition. If the outermost glassy

layer was basically lost during the most stressful stages of the test sequences, the
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underlying oxide scale was able to hold more and more BSG as long as the thermal

insulation of the oxide scale worked in an effective manner.

1500-1600 K

>2300 K

o

B,0,5), Oy, COy) o)

Fig. 4.59. Sketch of LF UHTCMCs oxidation highlighting three different stages,
a) formation of borosilicate glass and compact ZrO: layer, b) glass bubbling,
development of columnar ZrQO: outer scale and progressive silica migration
outwards from the subscale, c¢) exposed porous ZrQO: layer after complete silica

shear removal.

Referring to tests for varying SiC content, in Fig. 4.37 and 4.38, the concentration
profile of Si reflects that of the residual BSG in buttons ZSY-05 and ZSY-18: larger
quantities of BSG survived in the oxide scale of the SiC richest composition.
Nevertheless, the lack of BSG noticed inside the Si-free strip lying above the
oxide/bulk interface (see Fig. 4.38) was interpreted in this manner. SiO(g), and not
liquid BSG, forms at the oxidation front, diffuses through the open channels outward,
leaving voids and porosities behind. If such physical discontinuities were continuously
replenished by fresh BSG rising up from the interior and re-condensing for the
increased oxygen partial pressure, the oxide scale is still able to afford protection
against oxidation and draw heat away from the stagnation points. The concentration
profile of the residual Si in the ZSY-18 specimen tells us that, for the duration of the
test, the replenishment seamlessly worked so that the feeding of protective BSG never
stopped. This is more evident along the lateral walls of the button which were affected
by less harsh conditions of heat flux and temperature compared to the front one. In

fact, the SEM-EDS mapping revealed the presence of residual BSG close to the
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deepest oxidation front, with increasing residual amount of the same moving toward
the exterior.

Such a feeding mechanism of BSG was not effective in specimen ZSY-035, as well
as in the fibre-reinforced samples of section 4.2.2 and in the ZSW samples whose test
are described in section 4.4, and also in specimens ZSY-10 and ZSY-15 after repeated,
long-duration plasma exposures. This was due to a native lack of Si, drastically
shrinking the “incubation” time necessary to deprive the oxide scale of the residual
BSG. The concept of an incubation time preceding a 1./ was already mentioned by
other authors which correlated this phenomenon to the rapid loss of protection no more
afforded by external protective glasses [52]. The depletion of BSG inside and outside
the zirconia oxide scale was pre-condition to push those button to interact differently
with the flow-field, disclosing in a measurable manner a new energy balance through
a rapid spontaneous rise of the front surface temperature, e.g 7.J.

Moreover, of course, the protection from oxidation was not present in the cases in
which the BSG had not the opportunity to form at all. These are the cases of the
samples without SiC (again, sample ZS0-LF, ZC-LF-1 and 2 in SPES tests, and RF-
CVI samples in L3K tests), and in the ZSW-N test, in which the missing reactant for
the formation of a sufficient amount of SiO2 was the oxygen in the atmosphere. In the
former case (presence of oxygen, absence of SiC), the result was likely the formation
of ZrO, on the surface at lower-temperatures with respect to SiC-containing samples,
and so a behaviour similar to that of the other samples after the 7./ (rapid temperature
increase limited to the outer front layers). In the latter case, despite the presence of
SiC, the very limited amount of atmospheric oxygen, with partial pressures in the order
of tens of Pa, is not able to trigger this healing mechanism by formation of glassy
borosilicate. This is responsible for a more violent oxidation process, which could be
associated to a volcano eruption. Due to the unhampered diffusion of oxygen from the
gas flow to the bulk material, the gas oxides generated by evaporation in the sample
reach a relatively high partial pressure, until they get super-heated, and become an
explosive gas mixture breaking the surface solid scale (as shown by the

microstructures of Fig. 4.53).
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At this point, it is possible to propose an interpretation for the temperature jump.
It is important to underline that, whatever the reason behind the considerable
temperature increase, this was not just a transitory phase, but led to a new condition
which persisted for all the remaining test duration. Indeed, all the experimental plots
of surface temperature presented in the previous sections demonstrate that a steady-
state radiative equilibrium temperature was achieved, not only during the maximum
enthalpy step, but even during the cooling procedure, in which the torch arc power is
stepwise decreased. In the cooling phase, the surface temperature measured by the
ISQ5 pyrometer was always higher than during the heating sequence, at all the
enthalpy levels. Therefore, after the unsteady evolution corresponding to the trigger of
the temperature jump, a new stable equilibrium condition of the heat balance through
the exposed surface of the sample must have been established, related to variations of
the heat flux contributions at the solid/fluid interface.

One possible trigger could be a reduced capability of the material to dissipate the
incoming heat flux by radiation. However, in the assumption that, especially at the
very high temperatures reached after the jump, the estimated value of spectral
emissivity 1s representative of the total emissivity along the whole wavelength
spectrum (as most of the power is irradiated in the wavelength band around 1 pm,
where the value of €, was calculated [69]), it could be argued that the observed increase
in the emissivity after the jump should even favour an improved radiative heat
dispersion. On the other hand, the general estimated emissivity trend is in agreement
with the total emissivity measurements presented by Scatteia et al. [119], while the
increase in spectral emissivity with temperature, observed after the occurrence of the
Jjump, is coherent with available data related to total emittance of ZrO> at ultra-high-
temperature [120], so a different reason is most likely to be searched.

Another possibility could be the release of extra heat due to the energy balance in
surface oxidation reactions. It should be reminded that reactions (1) and (2), which
where defined in section 4.3.1 and are here reported again for the reader’s
convenience:

ZrBa(s)+ 5/2 O2(g) = ZrOz(s) + B203(l,g) (1)
SiC(s) + 3/2 O2(g) = Si02(s,1) + CO(g) (2)
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never stop happening until oxygen diffuses inward and reaches the un-oxidized bulk:
they are exothermic and in this sense they continue to release extra heat to the system.
On the contrary, the loss of the BSG implies endothermic vaporization reactions, with
a reaction enthalpy AHr in the range of 600-700 kJ/mol. When the surface gets
depleted of BSG, a part of the incoming heat flux, till now trapped to feed the BSG
volatilization, returns available to provide an extra heating. Actually, the overall
amount of the consumed SiC, 1.e. that formerly present in the volume occupied by the
oxide scale in the different tests, is on the order of 5-10 mol, but so limited that any
extra heat eventually released to the system (only a few W) has to be considered of
marginal entity.

It is more likely that the 7./ is related to a decay of the capability of the oxide scale
to conduct heat. BSG also plays a function as “filler” to keep glued the zirconia grains
of the oxide scale, retarding the onset of defects such as voids or even detachments.
This is particularly evident in samples not containing SiC, which have a brittle and
poorly “glued” oxide layer after test. Moreover, porosity is a characteristic feature of
all the microstructures shown in the previous sections, and in some particular cases,
such as sample ZSW-N (tested in nitrogen, Fig. 4.53) and ZSY-05 (in the test
campaign for varying SiC content, Fig. 4.33a), evident detachments of the oxide from
the bulk substrate can be observed. Actually, aero-heating of ZSY-05 specimen was
not stopped but proceeded through the most stressful last step. It follows that many
microstructure features, more pertinent to the scenario above described, may have been
irreparably changed. In fact, after the 7./, the IR-TC outputs confirmed that some front
areas of the ZSY-05 button reached temperatures so high to induce a partial melting
of the zirconia oxide scale directly exposed to the harshest heat flux condition: the IR
frames of Fig. 4.34 suggest that the area which underwent the oxide detachment
corresponds to the spot of the further temperature increase measured by the IR-TC in
the second half of step #8. Moreover, even the ZSY-15 button (richer in SiC compared
to ZSY-05) presents a longitudinal subtle opening of the oxide scale (see Fig. 4.33c),
although no apparent 7./s have been measured and no catastrophic damage to the oxide
layer was observed. However, the temperature axial profiles along the four samples

with varying SiC content, depicted in Fig. 4.36b, make possible to infer that the ability
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of the materials outer (oxide) layers to conduct heat during the most stressful test stage
was reduced accordingly with the capability of retaining BSG, thanks to the presence
of higher SiC concentration in the initial composition. This interpretation finds
consensus with the relevant literature investigating the ultra-high-temperature heat
transfer of HfB>- and ZrBs-based UHTCs [121,122], where porous zirconia layers
were even proposed as effective insulating thermal barrier coatings for high-
temperature aerospace components [123,124].

Indeed, the effective thermal conductivity of the oxide scale can substantially
affect the distribution of the incoming convective heat flux among the conductive and
radiative contributions, resulting in highly different radiative equilibrium temperatures
on the exposed surface. Referring to the conditions measured on sample ZSY-05
during step #7 of test sequence 1, a front surface temperature of 2200 K before 7/ and
of 2600 K after 7J were here assumed. By numerical models described above, the
distribution of the oncoming convective hot wall heat flux among its radiative and
conductive components has been estimated. Fig. 4.60 shows the effect of a 300-um
thick oxide scale thermal conductivity (in the range 0.1-2.5 W/m-K) on the conductive
heat flux, together with horizontal lines corresponding to the values of radiative heat
flux before and after 7./ (for a fixed surface emissivity). It can be seen that, to ensure
global equilibrium, the substantially increased surface radiation due to the higher
surface temperature can be balanced by a reduced capability to dissipate heat by
conduction. Specifically, it has been estimated that, in the conditions before 7./,
assuming the presence of an oxide layer with a thermal conductivity of 2.5 W/m'K
(reasonable for a zirconia scale whose internal voids and porosities are filled by liquid
silica-based glass [125,126]), the total hot-wall convective heat flux consists of 35%
radiative dissipation towards the environment and 65% conduction to the inner layers
of the material. Considering, for the conditions after 7/, a drastically reduced effective
thermal conductivity of 0.1 W/m'K (resulting from the interruption of the BSG
replenishment and the corresponding creation of voids, porosities [127,128] or even a

detachment), the total heat flux redistributes to 70% radiation and 30% conduction.
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Fig. 4.60. Variation of the conductive heat flux ((cona) versus the thermal
conductivity of the oxide scale (kox), calculated by CFD. Horizontal lines
corresponding to the values of the radiative heat flux before and after 7J (qrad,pre
and (rad,post, corresponding to a surface temperature of 2200 K and 2600 K

respectively and an emissivity € = 0.8) are also shown.

The last effect that needs to be taken into account is the interaction of the surface
with the flow, which changes when the BSG is finally lost and the ZrO: gets exposed.
Specifically, an increased catalytic recombination efficiency may need to be
considered, due to a transition from an oxide layer mainly covered by glassy silica
(relatively low yw [34,129]) to a scale primarily based on zirconia (relatively high v
[130]).

To sum up, all the experimental evidence and the considerations made above
suggest that a twofold mechanism could be taken into account to justify the
temperature jump:

- asubstantial reduction of the thermal conductivity in the oxide layer;
- an increased catalytic recombination efficiency.

In order to quantitatively support this interpretation, Computational Fluid
Dynamic simulations were carried out and their results were compared with the
experimental data. Specifically, the last step of the test on the long-fibre reinforced
UHTCMC sample ZSY-LF-2 was selected as a reference case. First, the thermo-fluid-
dynamic and chemical field was simulated, employing the numerical models described
in section 3.1. One should remind that, as already pointed out in section 4.1, the level

of dissociation of molecular species is considerably high, condition that, as discussed
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below, results in a relevant effect of surface catalycity on the heat fluxes. Fig. 4.61
shows in fact the profiles of the cold wall heat flux on the front surface of the sample,
for both non-catalytic (NC) and fully catalytic (FC) conditions. It 1s evident that the
heat flux is more than double in the FC condition with respect to the NC, reaching

values around 5 MW/m?.
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Fig. 4.61. Non-catalytic and fully catalytic cold wall heat flux profiles on the front
surface of the samples, conditions corresponding to step #7 (Ho = 18 MJ/kg),
calculated by CFD simulation of the fluid flow in SPES tests.

The aero-thermo-chemical field was then coupled to the thermal analysis of the
sample, performing steady-state simulations to match the temperature distribution
evaluated by the thermo-camera before and after the temperature jump. The sample
density was set to 4300 kg/m®. The surface emissivity, based on the estimation
presented in section 4.2.2, was set to 0.5 before the jump, and to 0.8 after the jump. In
order to match the temperature axial profile before the jump, and based on
experimental measurements performed within the frame of the project, a temperature
dependent thermal conductivity was considered, varying between 49 W/ m-K at room
temperature to 47 W/m-K over 2273 K. Even before the occurrence of the temperature
jump, a certain amount of catalytic recombination needed to be taken into account,
with a catalytic efficiency yw = 4-107. This value is representative of SiO2 [129], which
is supposed to be the component with the highest concentration in the BSG phase
before the jump. As discussed above, at the earliest stages of the temperature jump
phenomenon, a liquid phase is transported downstream by the supersonic flow,

generating the waves of radiance phenomenon. It is opinion of the author that this is
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the trigger for an unsteady variation of the surface chemistry, resulting in a complete
removal of Si0; and carbon fibres from the sub-scale layer of the oxide phase, which
proceeds until a new radiative equilibrium condition 1s reached, corresponding to the
exposure of a highly porous ZrO; scale (see Fig. 4.22). As anticipated above, to justify
the rise in temperature associated to the jump, and localized in the front part of the
sample, a double effect was considered: an increase in catalytic activity (yw), and a
dramatic decrease in thermal conductivity in the oxidized region (kox). An excellent
agreement between numerical and experimental results was obtained assuming
Yw=7-10% (more than one order of magnitude higher than before the jump) and
kox =1 W/m-K, and considering an oxide thickness of 400 pm (based on the
estimations made by the microstructural analyses presented in section 4.2.2). The

comparison between numerical and experimental temperature axial profiles is shown

in Fig. 4.62.
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Fig. 4.62. Comparison between numerical and experimental temperature axial

profiles, before (left) and after (right) temperature jump, for sample ZSY-LF-2.

The results of these CFD simulations support the proposed interpretation for the
temperature jJump, demonstrating that, with reasonable assumptions about the involved
physical parameters, it is possible to accurately reproduce the experimental behaviour
of the UHTCs and UHTCMCs, providing a sufficiently solid explanation of the
temperature jump phenomenon. To recap, the new thermal status just after a 7./ reflects
the energy re-balancing of the system exposed to the same freestream energy input but

affected by an increase in the chemical contribution (which was “trapped” into
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enthalpy of dissociation of molecular species, and gets released thanks to the catalytic
activity of the zirconia surface) and a modified capability to drain away heat in excess
from the stagnation points and thus to re-radiate it: the system “spontaneously”

equilibrates a new status where the radiative temperature is globally higher.
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CHAPTER 5. RESULTS IN ROCKET
PROPULSION ENVIRONMENT

This chapter presents and discusses the results obtained for the characterization of
innovative materials for rocket nozzles, combining numerical and experimental results
to fully characterize the test conditions and identify the parameters that mainly affect
the materials performance in relevant combustion environment. Tests were carried out
in the Aerospace Propulsion Laboratory of the University of Naples “Federico 117, by
means of the different experimental configurations described in section 2.3.

The content is structured as follows. Section 5.1 presents the test conditions in the
different set-ups, with the support of numerical simulations. Section 5.2 describes the
results of tests carried out in the free-jet configuration. Section 5.3 presents the
outcomes of tests on combustion chamber inserts. Section 5.4 summarizes the main
results of nozzle throat insert testing. Section 5.5 presents all the results of tests on
complete subscale nozzles, with some additional numerical analyses for a better
understanding of experimental results. Finally, section 5.6 summarizes the main

conclusions that can be derived from the overall test campaign.

5.1 Characterization of flow field and test conditions

This section presents the results of the simulations of the flow field in the different
test configurations considered for the characterization of UHTCMC materials for
rocket propulsion. The CFD simulations allowed characterizing the test conditions

encountered by materials samples.

S.1.1 Free-jet test

For free-jet tests, three different test conditions, which differ for the oxidizer mass
flow rates and the nozzle throat diameter and area ratio, have been selected, to evaluate

the materials performance in different aero-thermo-chemical environments. All tests
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had a nominal duration of 10 s. Cylindrical 220mm-long HDPE grains were employed
as fuel and gaseous oxygen as oxidizer. Table 5.1 summarizes the main nominal
operating parameters of the test conditions, as estimated by means of the one-

dimensional tool described in Section 3.2.1.

Table 5.1. Nominal test conditions for free jet tests.

Test Test Test
condition 1FJ condition 2FJ condition 3FJ
Oxidizer mass flow rate [g/s] 25 30 40
Oxidizer-to-Fuel ratio 5.13 5.63 6.50
Chamber pressure [bar] 6.49 6.43 5.65
Combustion temperature [K] ~ 3200 ~ 3200 ~ 3200
Nozzle exit pressure [bar] 0.42 0.55 0.46
Nozzle exit temperature [K] ~2200 ~ 2300 ~ 2200
Nozzle exit Mach number 2.4 2.22 225
Nozzle exit CO; mass fraction 0.36 0.35 0.34
Nozzle exit H>O mass fraction 0.17 0.16 0.14
Nozzle exit Oz mass fraction 0.30 0.34 0.41

Test conditions 1FJ and 2FJ have been estimated considering the employment of
a nozzle with a throat diameter equal to 9.6 mm. On the other side, for Test condition
3FJ nozzle with a throat diameter equal to 12.5 mm has been employed in order to
have similar values of the chamber pressure with respect to Test conditions 1FJ, with
a higher average oxidizer-to-fuel ratio, i.e. a more oxidizing chemical environment,
with respect to the former two conditions.

Additional significant information on the operating conditions around the samples
can be obtained from the CFD simulations carried out with the models described in
Section 3.2.2. Fig. 5.1, 5.2 and 5.3 show the distributions of temperature, pressure and
molecular oxygen mass fraction, respectively, in the flow field of the free jet test, for
the three considered test conditions (for a better comparison, the contours of the same
quantities are plotted in the same scale for the three conditions). In particular,
comparison between Fig. 5.1a, b and ¢ verify that the test conditions do not differ
significantly in terms of temperature distribution, as expectable due to the similar
values of combustion chamber temperatures evaluated by means of the chemical
equilibrium software. On the contrary, major differences are noticeable in the static

pressure field, displayed in Fig. 5.2. Downstream a sequence of shock/expansion
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oblique waves, the peak static pressure at sample locations is slightly higher than 2.5
bar in test condition 1FJ, almost 4 bar in test condition 2FJ and more than 3 bar in test
condition 3FJ. Furthermore, Fig. 5.3 shows the distribution of O mass fraction, whose
average value at sample location 1s 0.26, 0.31 and 0.37, for test conditions 1FJ, 2 FJ
and 3FJ respectively.

The thermo-fluid-dynamic and chemical flow fields produce the conditions at
sample location summarized in Table 5.2. In summary, it can be seen that test
condition 2FJ is the harshest in terms of heat flux and pressure, but test condition 3FJ
1s more oxidizing. As an example, the cold-wall heat flux, static pressure profile and
oxygen mass fraction on the sample front surface are shown in Fig. 5.4. The peak heat
flux is 16 MW/m?, which is a value representative of the actual loads that might be
expected on a hybrid rocket nozzle throat surface, as reported in section 1.5. Moreover,
it is possible to see that heat flux, pressures and oxygen concentration are maximum
on the symmetry axis. As it will be extensively discussed in section 5.2, this is the
location where a femperature jump phenomenon can be triggered, associated to a

consistent local sample erosion.

Table 5.2. Conditions at sample location estimated with the CFD simulations of

the free-jet test.

Test Test Test
condition 1FJ condition 2FJ condition 3FJ
Stagnation point pressure [bar] 2.6 3.8 3.2
Average CO; mass fraction 0.27 0.29 0.29
Average H>O mass fraction 0.11 0.12 0.12
Average Oz mass fraction 0.26 0.31 0.37
Average cold-wall surface heat
flux [MW/m?] 10.8 129 12.4
Peak Cold-wall surface heat flux 124 16.0 14.0

[MW/m?]
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Fig. 5.1. Temperature distribution around the sample (a) for test condition 1FJ,
(b) for test condition 2FJ and (c) for test condition 3FJ.
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Fig. 5.2. Static pressure distribution around the sample (a) for test condition 1FJ,

(b) for test condition 2FJ and (c) for test condition 3FJ.
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free-jet sample front surface, calculated by CFD in condition 3FJ.
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5.1.2 Chamber inserts test

Also in this case different test conditions, which differ for the oxidizer mass flow
rates, have been selected. In particular, two different sets of test conditions have been
considered for testing of chamber inserts. The main conditions in the combustion
chamber, estimated by means of the 1D model presented in section 3.2.1, are

summarized in Table 5.3.

Table 5.3. Nominal test conditions in chamber inserts tests.

Test Test
condition 1CI condition 2CI
Oxidizer mass flow rate [g/s] 23 40
Oxidizer-to-Fuel ratio 5.13 6.50
Chamber pressure [bar] 6.49 8.2
Combustion temperature [K] ~ 3200 ~ 3200
Combustion chamber CO; mass fraction 0.32 0.32
Combustion chamber H2O mass fraction 0.16 0.14
Combustion chamber Oz mass fraction 0.30 0.41

In order to estimate the operating conditions to which the chamber inserts were
subjected during the test, the CFD model for the simulation of hybrid rocket internal
ballistics described 1in section 3.2.3 was employed. Details are only reported for test
condition 2CI.

Fig. 5.5 shows the plot of the calculated temperature contour with the streamlines
overlapped on the top half, and the fuel mass-fraction in the unburned mixture isolines
drawn on the bottom half, in the region surrounding the chamber insert, located, as
mentioned before, between the fuel grain and the post-chamber. From this picture, all
the main features of the internal flow field can be unveiled. For example, 1t should be
noted that the inclusion of the chamber insert and the corresponding geometrical
discontinuity determined a slight change in the fluid behaviour, which, as also pointed
out in the literature [131], further promoted the propellant mixing and the combustion
efficiency in the post-chamber.

Table 5.4 summarizes the average operating conditions estimated in the

transversal section corresponding to the chamber insert location, which are in good
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agreement with the values obtained with the one-dimensional model (see Table 5.3).
Finally, Table 5.5 reports the conditions on the sample surface, on which a cold-wall
average heat flux equal to 4.3 and 5.8 MW/m? is experienced, with a peak value of 5.7
and 7.8 MW/m?, respectively for conditions 1CI and 2CI. Since in the typical chemical
field of hybrid rockets the oxidizer is mainly concentrated in the core flow, the

oxidizing species interacting with the insert surface were prevalently combustion

products like CO2 and H>O [132] rather than Oa.
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Fig. 5.5. CFD results around the chamber insert: temperature contour plot with

overlapped streamlines (top half) and mixture-fraction isolines (bottom half).

Table 5.4. Average operating conditions in the rocket post-chamber.

Test Test

condition 1CI condition 2CI
Total Pressure [bar] 6.20 .90
Average Oxidizer-to-Fuel ratio 4.34 6.15
Average Total Temperature [K] 2930 2900

Table 5.5. Summary of conditions on the chamber insert surface.

Test Test
condition 1CI  condition 2CI
Average CO; mass fraction 0.51 0.58
Average H2O mass fraction 0.25 0.25
Average Cold-wall surface heat flux [MW/m?] 43 5.8
Peak Cold-wall surface heat flux [MW/m?] 5.7 7.8
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5.1.3 Nozzle inserts and complete nozzles test

For the experimental characterization of the nozzle throat inserts and complete
subscale nozzles, two test conditions have been selected, with increasing mass flow
rate. Tests had a nominal duration of 10 s. Cylindrical 220mm-long HDPE grains were
employed as fuel and gaseous oxygen as oxidizer. In this case, for the estimation of
the nominal test conditions the nominal value of the throat diameter, equal to 9.6 mm,
has been considered 1n all cases, so in this case the most severe test condition foresees
also a higher value of the chamber pressure. Table 5.6 summarizes the main nominal
operating parameters, as estimated by means of the one-dimensional tool described in
section 3.2.1.

Repeatability tests have been also considered for some of the complete subscale

nozzle prototypes, in test condition 2N, with a nominal duration of 15 s.

Table 5.6. Nominal test conditions for nozzle throat inserts and complete nozzles

testing.
Test Test
condition IN condition 2N
Oxidizer mass flow rate [g/s] 25 40

Oxidizer-to-Fuel ratio 5.13 6.50
Chamber pressure [bar] 6.49 9.63

Combustion temperature [K] ~ 3200 ~ 3200
Nozzle inlet CO, mass fraction 0.32 0.32
Nozzle inlet H2O mass fraction 0.16 0.14
Nozzle inlet Oz mass fraction 0.30 0.41

Also in this case, CFD simulations of the flow field through the nozzle have been
performed to collect additional significant information on the operating conditions
around the prototypes.

As an example, Fig. 5.6 shows the distributions of temperature, pressure and
molecular oxygen mass fraction in the flow field through the rocket nozzle, for
condition 2N. Throughout the nozzle, the combusting flow undergoes an expansion to
supersonic conditions, with a corresponding decrease in temperature and pressure and

keeps reacting burning some residual oxygen. Remarkably, the temperature is still in
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the order of 3000 K and pressure is on the order of 5 bar in the throat region, where
the cold-wall heat flux achieves its peak value.

Finally, Table 5.7 summarizes the other significant quantities which characterize
the test conditions at the throat section as estimated by the CFD simulations shown

above.

Table 5.7. Conditions at nozzle throat estimated with the CFD simulations.

Test Test
condition IN  condition 2N
Pressure [bar] 32 4.8
Shear stress [hPa] 243 34.1
Average CO2 mass fraction 0.35 0.33
Average H20 mass fraction 0,17 0.14
Average 0> mass fraction 0.30 0.41
Maximum cold-wall surface heat flux [MW/m?] 11.0 13.0
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Fig. 5.6. Distributions of static temperature, static pressure and molecular oxygen

mass fractions in test condition 2N.
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5.2 Experimental characterization of UHTCMC

samples in free jet conditions

As explained before, the first step of the characterization of the new UHTCMC
materials foresees testing of small samples exposed to the free jet of the exhaust gases
coming from the hybrid rocket nozzle. In this section, first the samples tested in this
experimental campaign will be presented, then the test conditions will be described
and finally the experimental results, in terms of the erosion behaviour and of the

samples thermal histories, will be discussed.

5.2.1 UHTCMC samples

Eight sintered UHTCMC samples were manufactured and tested, which are
summarized in Table 5.8. The samples differed for the matrix and the carbon fibres
architecture. In particular, two samples, manufactured by TECNALIA, had a Ti351C;
matrix with short (chopped, up to 500 pm length) carbon fibres, uniformly dispersed
into the matrix, and are labelled TSC-SF. SPS was used as the densification process.
The other samples had the matrix based on ZrB> as major component and SiC as a
minority phase. Three of them had long continuous pitch-based carbon fibres, with a
0°/90° plies architecture, while the others had chopped fibres uniformly dispersed into

the matrix.

Table 5.8. UHTCMC samples for free jet test.

Sample ID  Matrix Carbon fibres FVC Densification Te.s¥
condition
TSC-SF-1 Ti3S1C Short 40 SPS 1F]
TSC-SF-2  TisSiCs Short 40 SPS 3FJ
ZS-LF-1  ZrB2-SiC  Long UD 0°/90° 40 HP 1FJ
ZS-LF-2  ZrB2-SiC Long UD 0°/90° 45 SPS 2FJ
ZS-LF-3  ZrB>-SiC Long UD 0°/90° 45 HP 2F]
ZS-LF-4  ZrB>-SiC Long UD 0°/90° 40 HP 3F]
ZS-SF-1  ZrB;-SiC Short 40 SPS 2F]
ZS-SF-2  ZrB>-SiC Short 40 SPS 3FJ)
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5.2.2 Tests in condition 1FJ

First, two tests were carried out in test condition 1FJ (Table 5.1), in order to
compare the response of materials with very different compositions. A long fibres
ZrB2-SiC-based sample (ZS-LF-1) and the chopped fibres Ti3SiCa-based sample
(TSC-SF-1) were exposed to the exhaust plume of the hybrid rocket, injecting a
gaseous oxygen mass flow rate of 25 g/s. The time profile of the maximum surface
temperature for the two samples is shown in Fig. 5.7. The thermal histories practically
overlap for the first 4-5 s, then, when T approaches 1900 K, the TSC-SF sample
experiences a sudden rise in temperature, which at the end of the test exceeds 2800 K.

The sudden temperature jump was associated to a change in the shape of the flame
surrounding the sample, as clearly shown in Fig. 5.8, which depicts images taken at
the beginning and at the end of the test on TSC-SF-1. Starting from the instant
corresponding to the jump, a very bright halo developed in front of the TSC-SF1
sample, from which a considerable amount of material was removed, probably due to
the extremely high shear stresses. This resulted in a consistent erosion, estimated to be
0.204 mm/s, based on mass measurements. On the contrary, the stable behaviour
exhibited by sample ZBSC-LF-1 was associated to a near-zero erosion rate (4.3-10

mm/s). Erosion data for the two samples are reported in Table 5.9.

2800 |-
2400 — 5L
o I TSC-SF-1
<,
= 2000 /\\
1600 -/ S \
12()() 1 I 1 I 1 I 1 1 I
0 4 8 12 16 20

t(s)
Fig. 5.7. Thermal histories of the two samples tested in test condition 1FJ.

Fig. 5.9a shows four pictures taken by the infrared thermo-camera before and after

the temperature jump occurred on sample TSC-SF-1 (the correct value of the NIR

spectral emissivity was set using the procedure described in section 2.1). Immediately
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before the jump, the temperature on the front surface of the sample was relatively
uniform. The temperature jump corresponds to a steep increase in temperature by
almost 300 K in 0.5 s, localized in the central region of the surface. This also appears
in Fig. 5.9b, showing the temperature radial profiles on the sample surface at different
time instants. As already pointed out by numerical simulations, this is the area where
the heat flux is most intense and the concentration of molecular oxygen is expected to
be higher, so the jump might be associated to triggering, at high temperature, of
chemical reactions involving the species contained in the ceramic matrix and/or the
carbon fibres; the exothermic release of gaseous products might also justify the change
in shape and brightness of the flame surrounding the sample, which was also detected

by the thermo-camera, as noticeable in the last two pictures of Fig. 5.9.

Fig. 5.8. Pictures of test on TSC-SF-1 sample, at beginning (left) and end (right)
of the test (test condition 1FJ).

Table 5.9. Mass data before and after the test for samples characterized in test

condition 1FJ.

Sample Initial  Final A\Cerage
erosion rate
ID mass mass
(mass)

ZS-LF-1 7512g 7.508g 4.3:10* mm/s
TSC-SF-1 6.854g 5.345¢g  0.204 mm/s
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2300 K
2100 K
1900 K
1700 K V

1500 K -

1300 K

radial coordinate (mm)
I

around the moment in which the abrupt temperature rise occurred, and (b)
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Finally, Fig. 5.10 and 5.11 show pictures of the two samples before (top) and after
(bottom) test, taken by a CCD camera and the optical microscope described in section
2.3. In the pictures taken before the test, the continuous fibre structure of the ZS-LF-1
sample is observable. It is clear that the ZrB;-SiC-based sample preserved its original
shape with no erosion. However, the microscopic observation of the surface revealed
the presence of a thin, irregular white layer, after the test, presumably associated to

oxidation of zirconium contained in the sample matrix. The titanium silicocarbide-
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based sample, on the contrary, eroded significantly, and the exposed surface appears

to be almost completely oxidized.

Fig. 5.10. Pictures of sample TSC-SF-1 before (top) and after (bottom) the test.

'
L —

Fig. 5.11. Pictures of sample ZS-LF-1 before (top) and after (bottom) the test.
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As a validation of the numerical models used for the simulation of the test
conditions, the flow field solution presented in section 5.1.1 has been coupled to the
thermal analysis of the sample, assuming as a reference test case that of specimen ZS-
LF-1, which exhibited both stable dimensions and almost null oxidation. A mesh of
the solid components was realized and the transient solution of the energy equation
inside the solid domain was calculated, coupling it to the evolving solution of the fluid
field by imposing temperature and heat flux continuities at the interfaces, as described
in section 3.3. The density of the sample was set to 4300 kg/m?, based on mass and
volume measurements. The specific heat was set to 1100 J/(kg-K), according to a rule
of mixture also employed in [30] for the numerical simulation of the thermal behaviour
of a nozzle-throat insert with a similar composition. The thermal conductivity was set
to 20 W/(m-K) and the surface emissivity was 0.85. The time history of the maximum
surface temperature calculated by CFD is shown in Fig. 5.12, where the very good

agreement with the experimental measurement made by ISQS5 pyrometer is observable.
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Fig. 5.12. Temperature history of maximum surface temperature of sample ZS-

LF-1, comparison between experimental and numerical results.

5.2.3 Tests in condition 2FJ

Three tests were carried out in condition 2FJ. All samples had a ZrB>-SiC matrix.
Two of them (ZS-LF-2 and ZS-LF-3) had a long-fibre architecture and the other one
(ZS-SF-1) a short-fibre architecture. Measured oxidizer mass flow rate was 31 g/s in
all the test, whereas the time-averaged combustion chamber pressure was about 6.5

bar. Fig. 5.13 shows the time history of the maximum temperature reached by the
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samples, detected by the ISQS5 pyrometer, operated in two-colour mode. Although the
test conditions were the same, the final temperature reached by the sample ZS-LF-3
was over 400 K lower than that reached by the other two samples. In fact, after 4-5 s,
the temperature of ZS-LF-2 and ZS-SF-1 started rising more rapidly, reaching in the
end values over 2800 or even 2900 K. In the final part of the test, after the sudden
temperature jump, solid fragments were wiped off the samples surfaces by the
oncoming supersonic flow, as visible in Fig. 5.14, showing, as an example, pictures
recorded by the optical camera at the beginning and at the end of test on sample ZS-
LF-2. A similar phenomenon was observed for the short-fibres sample, whereas no
instability was detected in the case of ZS-LF-3, which preserved stable mass and
dimensions. The erosion data, based on mass measurements before and after test, are

summarized in Table 5.10.
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Fig. 5.13. Thermal histories of the free-jet samples tested in condition 2FJ,
recorded by the ISQS pyrometer.

Fig. 5.14. Pictures of test on ZS-LF-2 sample, before (left) and after (right) the

temperature jump.
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Table 5.10. Mass data before and after the test for samples characterized in test
condition 2FJ.

Sample Initial  Final A\zerage
erosion rate
ID mass mass
(mass)

ZS-LF-2 7.130g 5.784g 2.3-10% mm/s
ZS-LF-3 7429g 7427g  0.154 mm/s
ZS-SF-1 7.928¢ 6.523g  0.180 mm/s

(a) ZS-LF-2 (b) ZS-LF-3

(¢) ZS-SF-1

Fig. 5.15. Pictures of samples (a) ZS-LF-2, (b) ZS-LF-3 and (c) ZS-SF-1 before
(top) and after (bottom) the test.
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Fig. 5.15 shows pictures of the three samples before (top) and after (bottom) the
test. All of them appeared oxidized after exposure to the supersonic flame, but,
whereas the oxide layer of ZS-LF-3 survived the thermo-mechanical load, preserving
structural integrity, the ZS-LF-2 and ZS-SF-1 underwent notable shear stresses and
their shape was consistently modified upon achieving temperature peaks of 2860 and
2930 K, respectively. A valley formed in the ZS-LF-2, Fig. 5.15a, whilst the FJ-SF-1
ended with a lateral squashing, Fig. 5.15¢, possibly due to a slight misalignment that
resulted fatal under the high thermo-mechanical loads.

A detailed analysis of the thermographic images was carried out for sample FJ-
LF-1, to better understand the mechanism observed during the jump, which led to the
high erosion rate. First, the sample spectral emissivity had to be estimated. The result
is presented in Fig. 5.16, where it is shown that in the earliest stages of the test, the
emissivity had a steep increase to values up to 0.9, then slightly decreased to 0.8, and
finally, when the jump was triggered, it appeared to increase again, keeping, in the
final part of the test, values close to a black body radiator. Applying the corresponding
correct values of &, some images were extracted from the IR-TC. Specifically, Fig.
5.17a shows the temperature distribution over the sample surface at different time
instants, around the moment in which the abrupt temperature rise occurred, and Fig.
5.17b reports the corresponding temperature radial profiles.

The figure highlights that the temperature started rising suddenly in a localized
region in the centre of the surface, progressively spreading its area. As already stated
in the previous section, and as highlighted above by numerical simulations, this is the
area where the heat flux was most intense and the concentration of molecular oxygen
was expected to be higher, so the jump might be associated to triggering, at high
temperature, of a consistent sample oxidation; the porosity left by depletion of carbon
fibres and the characteristic low thermal conductivity of oxidized phases such as ZrO;
[128,133] (whose presence was highlighted by post-test SEM analysis carried out at
CNR-ISTEC, not shown for the sake of brevity), together with the peaked distribution
of heat flux along the surface, might have favoured the steep increase in temperature
in the central area, therefore fostering considerable thermo-mechanical erosion. The

corresponding increase in the spectral emissivity could be therefore associated to the
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formation of a cavity, whose radiative properties might have got closer to those of a

perfect black body.
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Fig. 5.16. Near-infrared spectral emissivity of sample ZS-LF-2 during the heating
phase of the test, compared with the temperature measured by the ISQS5

pyrometer.
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Fig. 5.17. (a) IR Thermal images of sample ZS-LF-2 at different time instants,
around the moment in which the abrupt temperature rise occurred, and (b)

corresponding temperature radial profiles.
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5.2.4 Tests in condition 3FJ

Finally, in this section the tests performed in condition 3FJ are presented. The
three samples (TSC-SF-2, ZS-LF-4 and ZS-SF-2) had different matrix compositions
and fibre architectures. Fig. 5.18 shows the time history of the maximum temperature
reached by samples, which all exhibited the thermal jump reaching a maximum

temperature around 2900 K.
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Fig. 5.18. Thermal histories of the free-jet samples tested in condition 3FJ.

As it can be seen from Table 5.11, where the mass data before and after the tests
and the corresponding average erosion rates are summarized, again the thermal jump
was associated to a significant sample erosion. Anyway the ZrB:-based samples
showed a better behaviour, with erosion rates significantly lower than that of the
Ti3S1C2-based sample. This is evident also from Fig. 5.19 and 5.20, which show CCD
and microscope pictures of TSC-SF-2 and ZS-LF-4 samples after the test.

Table 5.11. Mass data before and after the test for samples characterized in test

condition 3FJ.

Sample Initial Final  AVerage
erosion rate
ID mass mass
(mass)

ZS-LF-4 7398g 5710g 0.183 mm/s
ZS-SF-2 8262g 698 g 0.166 mm/s
TSC-SF-2 6951g 428lg  0.360 mm/s
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Fig. 5.20. Pictures of sample ZS-LF-4 after the test.

5.2.5 Conclusions of free-jet tests

Fig. 5.21 shows the samples equivalent average erosion rates, evaluated by means
of mass measurements before and after test. Data are also compared to that related to
the test of a graphite sample, used as a reference material, and tested in a condition
similar to 2FJ.

It appears that all the UHTCMC samples have a better erosion resistance with
respect to a classical graphite material. Anyway, the Ti3S1Cz-based CMCs showed
unacceptable rates of erosion while the formulations based on ZrB2-SiC matrix showed
significantly higher performance. Moreover, two samples among those based n ZrB,-
SiC matrix, specifically having long fibres and having being sintered by HP, were the
best, being the only ones which were not subjected to significant erosion in test

conditions 1FJ and 2F)J.
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Finally, it was observed that when significant erosion occurred on UHTCMC
samples, the material experienced also a sudden rise in temperature (temperature jump)
of several hundred degrees, reaching temperatures up to 2800-2900 K, and solid
fragments wiped off the surface of the samples by the oncoming supersonic flow. The
jump has been associated to the formation of a poorly conductive oxide phase (which
prevents an effective distribution of the incoming heat to the whole sample volume),
exhibiting moreover poor structural performance, resulting in the high erosion under
the significant aerothermodynamic loads.

It needs however to be remarked that also the ablation rate of the ZrB;-SiC-based
samples that underwent erosion was over 2 times lower than that of graphite,
increasing the confidence in the fact that an optimized formulation of ZrB;-SiC-based
materials, with a manufacturing process able to provide the ceramic with sufficient
mechanical properties even upon oxidation, could be a significant improvement with

respect to state-of-art materials.
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Fig. 5.21. Erosion rates of free-jet test samples.
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5.3 Experimental results in chamber insert

configuration

5.3.1 UHTCMC samples

This section summarizes the results of the tests performed on chamber inserts.
Four prototypes, with different matrices and carbon fibres architectures, were provided
by the C’HARME project partners.

AIRBUS CRT provided a non-coated, flat plate made of C/SiC, which was
processed using the Polymer-Infiltration-Pyrolysis (PIP) process without further re-
infiltration. It was machined by UNINA to obtain the flat disk sample and tested as a
reference material without specific modifications to improve the oxidation resistance.

CNR provided samples based on ZrB»-SiC matrix (in a volume ratio of 90/10%),
with different carbon fibres architectures, sintered either by HP or SPS, the latter
manufactured in collaboration with the Spanish company NANOKER.

Table 5.12 summarizes the most important information about all the samples
tested, including their composition, manufacturing process, porosity and the test
conditions experienced in the combustion chamber of the hybrid rocket.

Samples surfaces were observed before and after test by the digital microscope
described before, while a precision calliper (0.01 mm accuracy) was used to measure
the initial and final diameters of the insert transversal section and calculate the average

erosion rate.

Table 5.12. Samples for chamber insert test.

Sample Matrix Carbon fibres FVC Densif. Porosity Te§ t
1D condition
1CI (Test 1
CSiC  SiC Long 33 PIP 25% (Test 1)
2CI (Test 2)
7ZS-LF-1 ZrBy-SiC Long UD 0°/45°/90° 45 SPS <1% 1CI
ZS-LF-2 ZrB»-SiC Long UD 0°/45°/90° 45 HP 15% 2CT
ZS-SF  ZrB»-SiC Short 45 SPS <1% 201
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5.3.2 Test results

Five tests were carried out, either in condition 1CI or 2CI: the measured oxidizer
mass flow rates were 25.3 g/s and 40.4 g/s, whereas the time-averaged combustion
chamber pressures were about 6.3 bar and 8.6 bar, respectively.

Starting from the C/SiC chamber insert, it was tested twice, first in condition 1CI
and then in condition 2CI. Fig. 5.22 shows the pictures of the sample before and after
each test, where the surface exposed to the flame is clearly observable, as well as the
enlargement of the transversal section, whose diameter increased from the initial value
of 15 mm to a final value of around 20.6 mm after the tests, Fig. 5.22d. Moreover, also
for what concerns the structural resistance, although no cracks were detected, a
delamination of parts of the first layer was found, as it can be seen from Fig. 5.22b.
The low value of interlaminar shear strength of these CMCs is well known in the

literature [11].

Fig. 5.22. Pictures of a chamber insert made of conventional C/SiC: a) before test;
b) after test 1 (condition 1CI); c) after test 2 (condition 2CI), showing oxide spall-
off; d) zoom of the central throat. The dotted line in b), ¢) and d) marks the

original throat diameter.

For what concerns the UHTCMC chamber inserts, Fig. 5.23, 5.24 and 5.25 show
respectively pictures of ZS-LF-1, ZS-LF-2 and ZS-SF chamber inserts before and after
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test. After the test the ZS-LF-2 chamber insert presented visible oxidation on the
surface exposed to the reacting flow, whilst the internal hole surface did show neither
significant material erosion, nor structural failures, but only little deposit and surface
roughening, Fig. 5.24b&c. On the other side, ZS-LF-1 and ZS-SF samples were
subjected to structural cracks, which in the latter case, corresponding to the harshest
test conditions, led to leakage of the combusting gases determining critical damages
also to the engine, Fig. 5.25. Anyway, it is worth to note that, besides the zones around
the crack, the internal surfaces of the hole did not show significant material erosion for

both samples.

Fig. 5.23. Pictures of the ZS-LF-1 chamber insert a) before and b), c) after test
(condition 1CI) showing no erosion of the central throat. Microstructural details

of the pristine material are shown in a).

Fig. 5.24. Pictures of the ZS-LF-2 chamber insert a) before and b), c) after test
(condition 2CI) showing no erosion of the central throat. Microstructural details

of the pristine material are shown in a).

. degradation

Fig. 5.25. Pictures of the ZS-SF chamber insert a) before and b), ¢) after test

(condition 2CI). Microstructural details of the pristine material are shown in a).
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The diverse behaviour of the chamber inserts can be ascribed to the thermal shock
resistance of the starting material, i.e. in the case of the long-fibre samples, only when
about 15% porosity was left after sintering no structural damage occurred.
Accordingly, the material with short fibres (which provide weaker mechanical
reinforcement), having a fully dense matrix and whose fibres integrity had been
compromised during sintering, behaved as a brittle ceramic and shattered.

Therefore, the results described above confirm the fact that the ZrB»-SiC-based

UHTCMC are characterized by outstanding erosion resistance, provided that sufficient

porosity is left to guarantee enough thermal shock tolerance.
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Conclusions

CONCLUSIONS

The present thesis was focused on the aero-thermo-dynamic characterization, in
relevant environments, of UHTC and UHTCMC materials able to withstand the
extreme conditions of the most demanding aerospace applications, therefore
exploitable as structural materials for thermal protection systems of hypersonic re-
entry vehicles and for reusable rocket nozzles. For this purpose, combined
experimental and numerical activities have been carried out.

For the characterization of materials for TPS applications, several experimental
campaigns were carried out by means of two supersonic arc-jet plasma wind tunnels,
allowing test on small and medium scale materials samples in stagnation point
configuration, in which conditions typical of atmospheric re-entry are reproduced, in
terms of aero-thermo-dynamic loads on the specimens and chemical environment.
Samples surface temperatures were monitored by means of non-intrusive diagnostic
techniques (infrared pyrometers and thermo-cameras). First, different UHTCMC
formulations have been compared, highlighting the excellent ablation resistance of
short- and long-carbon-fibre reinforced UHTCs with a matrix based on ZrB»-SiC, with
respect to other compositions and most of all to conventional materials such as graphite
or C/SiC. Several interesting phenomena have been observed on these materials during
plasma exposure, including a spontaneous temperature jump, typically reported in
literature, consisting in a rapid increase in the materials surface temperature, by 4-
500 K, under constant flow conditions. To further investigate the ultra-high-
temperature aero-thermal response of ZrB;-SiC-based materials, dedicated test
campaigns were also carried out to study the effect of SiC content in the initial
composition and of the atmospheric chemical composition (in terms of oxygen partial
pressure). It was highlighted that the temperature jump appears to be favoured by a
lower SiC amount and that a very limited amount of oxygen in the plasma flow favours
its occurrence at lower temperatures and in a more disruptive manner. Test on larger

scale sample confirmed the results of small-scale campaigns.
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Combining the results of all the experimental campaigns, including post-test
microstructural analyses, and with the support of dedicated CFD simulations, a
comprehensive interpretation of all the observed phenomena has been provided. In
particular, the spontaneous temperature jump has been correlated to the durability of
the protective borosilicate glass forming during high-temperature oxidation of ZrB.-
SiC UHTCs, not only on the exposed surface but also inside the oxide scale. A twofold
mechanism has been proposed to explain the jump, related to the massive removal of
the liquid BSG and the consequent exposure of a porous ZrO; layer: a dramatic
reduction in the oxide thermal conductivity and a significantly increased catalytic
recombination efficiency of the surface. An excellent agreement has been found
between experimental and numerical results, in the reproduction of samples
temperature axial distribution.

Moving to the characterization of UHTCMC:s for near-zero erosion rocket nozzles,
tests have been carried out in four different configurations, with increasing size and
complexity. First, small samples have been exposed to the supersonic flame of a
200 N-class hybrid rocket engine, measuring their temperatures by means of the
infrared equipment also used in arc-jet testing, and comparing the erosion rates of
different material formulations. Then, larger prototypes, in the shape of flat annular
inserts, have been placed inside the combustion chamber of the rocket, to test the
capability of the materials to withstand considerable mechanical stresses under a
representative thermo-chemical environment. As a third step, nozzle throat inserts
were tested, assembled with a converging and a diverging nozzle parts made of
graphite. Finally, complete nozzles entirely made of UHTCMC were subjected to
repeated test sequences to compare different technologies and formulations and
increase the TRL up to 5/6. Again, experimental activities were supported by
numerical simulations, used not only for the rebuilding of the flow field around test
articles, but also to reproduce the materials ultra-high-temperature behaviour.

These extensive test campaigns highlighted the outstanding erosion resistance of
sintered ZrB;-SiC-based UHTCMCs, with respect to other matrix formulations and to
conventional materials (e.g. graphite and C/SiC). Moreover, it was verified that long-

fibre-reinforced UHTCs offer an excellent structural performance, and their reusability
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has been demonstrated up to at least 30 s. Finally, it was observed that even short-
fibre-reinforced materials can provide a good mechanical resistance if their fibre
volume content and porosity are adequately tuned.

Overall, the work carried out in the framework of this PhD was meant to provide
a connection among different scientific and technological fields, and between
industrial and research environments, in order to improve the understanding about
UHTCs and UHTCMCs behaviour in relevant aero-thermo-dynamic environments.
The collected data and the performed analyses contributed to the achievement of the
goals of the C’HARME project, which was successfully concluded, with a combined
effort of the whole consortium, with the development and test of high-TRL large-scale
prototypes (a complete TPS assembly tested in L3K and a large-scale solid rocket
nozzle tested in AVIO test bench motors). The final objective of future research
activities will need to include further increase of the TRL for the best performing
materials, by a higher level of geometrical complexity, dimensions (up to full scale),
system integration, and by all the necessary mechanical and environmental
qualification assessments required by the space agencies for flight-ready space
components.

In addition to the applications considered in the framework of C*'HARME, future
research efforts could be interestingly devoted to assess and improve the performance
of UHTCMCs in sharp TPS components, which would allow developing
acrodynamically efficient wing leading edges for new-generation high-lift
spaceplanes, able to perform controlled manoeuvres in extreme aero-thermo-dynamic
conditions. Also, other applications such as TPS for planetary entry in space
exploration missions (e.g. for Mars) or power generation (e.g. nuclear fusion plants,
combustion chambers, solar panels) in ground- or space-scenarios will be of great
interest, and specifically tailored development and testing would be needed.

Finally, several interesting developments may be considered from the modelling
point of view, including more detailed rebuilding of thermal responses, taking into
account the intrinsic anisotropy of composite materials, and possibly the dynamic

simulation of oxidation and ablation processes.
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