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Abstract

The focus of this degree thesis is the validatiba aumerical environment for
the coupled analysis of thermal protection systeansl hot structures in
interaction with a high-enthalpy hypersonic flowdie The simulation of the
thermal fluid-structure interaction on a ceramat-fhlate model was conducted
by means of the TAU code developed at DLR for tlacudation of the
flowfield and with the commercial software ANSYS the thermal response of
the structure. The comparison with experimentalltesvas achieved with tests
in the high-enthalpy facility L3K of DLR in Cologh&vhich enables reaching a
steady-state of the temperature distribution onsilndace thanks to its rather
long running-time. Coupled simulations were provied more effectively
reproduce the distributions of the thermal quasditon the surface of the
concerned ceramic plate. Different flow models fioe high-temperature gas
and for the stream conditions were numerically stigated in order to
understand their impact on the surface quantiusch was demonstrated to be
generally not significant. The computations wereveh to properly capture the
temperature trend on the objective surface, buttémeperature values were
underpredicted. Because of that, further numericalestigations were
performed in order to understand the impact ofllachtalytic surface and of an
absolutely imperfect thermal contact between thepmments. In this way, a
partially catalytic behaviour of the ceramics atlsuemperature levels and a
non-perfect thermal contact between some strugians were pointed out.

Keywords: Fluid-structure interaction, coupled analysis, aceic thermal
protection system, high-enthalpy hypersonic flowrc-laeated facility,
aerothermodynamics.

Sommario

La tesi é incentrata sulla validazione di un amigievumerico che permetta di
svolgere accuratamente la simulazione accoppiataisiemi di protezione
termica e hot structures sottoposti a un flussosgreco ad alto contenuto
entalpico. Il calcolo dell'interazione termica tflaido e struttura riguardante
una lastra piana in materiale ceramico e statoafwr termine per la parte
fluidodinamica grazie al software TAU, sviluppatb@LR, e per mezzo del
software commerciale ANSYS per quanto riguarda é&atep strutturale. |l

confronto con risultati sperimentali € stato ressgibile da prove svolte nella
galleria al plasma L3K presso la sede del DLR dpo@ia. La galleria permette



il raggiungimento di condizioni stazionarie pertéamperatura sulla superficie
del modello, in quanto offre la possibilita di come test per tempi

sufficientemente elevati. Le simulazioni che coesiho I'accoppiamento si
sono dimostrate piu adatte per I'analisi dell'iadone fluido-struttura dal punto
di vista termico rispetto a quelle non accoppi@e.sono studiate differenti

modellazioni per la corrente ipersonica, portanti® @nclusione che |'effetto

sulle variabili termiche presso la superficie deldello e poco significativo.

Si é constatato che le simulazioni sono in gradeipgtodurre efficacemente

'andamento della distribuzione di temperatura ssduperficie, ma i risultati

delle computazioni si sono rivelati inferiori aheisure sperimentali. Per questo
motivo ulteriori indagini numeriche sono state #ffate con lo scopo di

individuare I'impatto di una completa cataliticii@lla superficie ceramica e di
un eventuale contatto termico imperfetto tra le ponenti del modello. Si e

potuto cosi evidenziare il comportamento parziakeeatalitico della superficie

impiegata a tali livelli di temperatura e linfluem del contatto termico

imperfetto tra alcune parti della struttura.

Parole chiave: interazione fluido-struttura, simulazioni accoppjasistema di
protezione termica in ceramica, flusso ipersonidoalio contenuto entalpico,
galleria del vento al plasma, aerotermodinamica.
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Introduction

A space vehicle experiences along its trajectooynflouter space to planetary
surface extreme thermal loads, consequence of mgpealideceleration from
orbital velocities of several kilometers per secotad prescribed landing
velocities. The kinetic energy in the hypersonieefrstream is dissipated and
converted into gas thermal energy across the stsbngk wavan front of the
forebody region and through friction within the Inolary layer [1]. A
remarkable amount of the energy is transported ridsvéhe body surface. In
accordance with the energy balance at the surtaiepne is heated up. Thus,
the temperature reaches very high values, bothanaftershock flowfield and
on the vehicle’s surface, causing the occurrencsoefalled “high-temperature
effects” on the fluid’s atoms and molecules, sugldigsociation, recombination,
excitation of vibrational molecular degrees of @tem and ionization [2].
Moreover, chemical reactions in terms of oxidatmal catalytic effects can take
place on the body surface, increasing the actingtlaermal loads.

Therefore, the structure must be clearly desigregdnly in order to be capable
of carrying the payload and the necessary fuelalaa to withstand these loads.
The heat transfer rate is indeed the dimensioniitgrion for some components
of a spacecraft, such as the surface of the nagenreind the wing leading
edges [3].

A fundamental role is played by the exposure tithe system must satisfy
different demands in accordance not only with tleatimg intensity, but also
with its duration. The re-entry configuration ankhjeéctory hence have a
considerable influence [4].

Along the space transport history different kindssolutions were adopted. In
the case of the Apollo missions [5], which werejeated to extreme thermal
loads but for a short exposure time, an ablativat sbield protected the core
structure, while reusable fiber-reinforced ceramaterials were utilized for the
tiles of the Thermal Protection System (TPS) ofcep8huttle §] and BURAN
[7].

A different philosophy lies behind the developmantl introduction of the so-
called “hot structures”. The key idea is no longased on dividing the design of
the structure in a “cold” bearing frame and in aSTBut in coordinating the
development of a unique, thermo-mechanical registancept able to achieve
the requested mission, like e.g. the flaps of th@8xaircraft [8]. This must be
viewed in a more general design problem, whereabdgs in terms of mass,
costs, reliability, stability, smallest modificatiaof the aerodynamics, systems
integration, reusability, inspectability, montagerepleaceability and
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environmental compatibility play an essential r¢8. The optimization is
achieved by means of the interplay of an appropigabice of the new materials
available nowadays, a well-studied return trajgctond a confident prediction
of flowfield, thermo-mechanical loads and atmospheonditions.

In the past, the physical nature of the problemaliguas simplified by a series
of assumptions in the common numerical and experiahgools, particularly
with regard to structural discontinuities, surfapality and high-temperature
effects, which obviously influence the interactloetween fluid and structure. In
absence of reliable experimental data, the appratkam was taken into account
by means of appropriate safety margins, in ordeguarantee a conservative
design, as obtained for instance in [10]. The cqgusace was an undesired mass
— and implicitly costs — increase, or a mass subtma from the payload
capability.

In this context it is clear to understand the int@oce of well-validated tools,
which are able to accurately reproduce and prdtietintense fluid-structure
interaction, which characterize the hot phase oé tle-entry. Coupled
simulations enable to properly capture the therneatmnical response of the
structure, once the proof of the results of suabistas furnished by suited
experiments in calibrated long-duration, high-etgihdacilities, endowed of a
sophisticated measurement technique.

Because of the complex phenomena which involve petspnic vehicle,
ground-based tests still play a fundamental role the simulation of such
aerothermodynamic processes [11]. Therefore, theigaeof all re-entry
machinery is performed through the integration afmerical tools and
experimental facilities. Well-planned flight tesssiccessively allow to get
information otherwise not available on the groumd @& verify the obtained
predictions [1].

1.1 Work motivation and overview

Before numerical tools actually come into use for prediction of the thermal
load acting on the surface of a spacecraft, thelatbn of the procedure and the
proof of the exactness of its results are necesgerequisites. The present
work takes its place in this perspective. The dgwelent of a suitable physical
model capable of appropriately reproducing the disfiructure interaction
phenomena which involve the structure surface, ahalysis of the coupled
simulations results and their comparison with expents are focal points of
this thesis. For the collection of the experimedtth a flat-plate model made of
the ceramic material C/C-SiC is tested in the egthalpy facility L3K of DLR
in Cologne.
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After this introductive chapter, which discussesoutline the nature of the
problem, chapter 2 describes the used numerictd, tadgth particular attention
to the fluid-structure interaction in thermal terntdigh-temperature effects,
which can occur at such flow conditions, are com®d in the physical model.
The coupling procedure is also summarized in thapter.

Chapter 3 contains the characterization of thestaskd for the collection of the
experimental data. The ground-based facility L3Kichtthe tests are conducted
in, the measurement technique and the appliecuimgtntation are treated in this
chapter.

In chapter 4 preliminary numerical investigatioms performed on an available
geometry in order to tune the coupling procedure tmstudy the impact of
different flow models on the thermal quantitiestla¢ coupling surface. The
modeling of structure and fluid domain are caroedt and different flow models
are investigated (frozen flow, thermochemical muougl divergent flow
downstream of the facility nozzle). The fundamentdluence of the fluid-
structure interaction is demonstrated.

Chapter 5 deals with the actual comparison betweemputations and
experiments and hence with the validation of thensatered numerical
modeling. The experimental campaign and the testedel are introduced and
the measurements and their post-processing areerpees The numerical
simulations on the flat-plate model are conducted the computations are then
compared with the measured data. Further numericagstigations are
subsequently performed in order to better undedssmme aspects which have
emerged during the comparison.

Chapter 6 summarizes the work, draws the conclasionl discusses potential
future activities and developments.

1.2 Physical aspects along the re-entry

A spacecraft re-entering from its mission fliescasr various regions of the
atmosphere, encountering different flow regimesyufé 1.2.1 conceptually
shows the different physical phases, which invehesbody.
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Figure 1.2.1. Flow regimes encompassed along atrg-&ajectory (from ref. [12]).

The Knudsen number, defined as the ratio betweemtblecular mean free-

path length/ and a representative length sdalef the flowfield (usually in this
case a characteristic dimension of the body):

Kn=-— (1.2.1)

regulates the influence of rarefied gas effectdlow conditions [3]. At very
small Knudsen number&i of order of magnitude of 10or below), i.e. for
flight in low atmosphere layers where the air dgns significant, continuum
mechanics dominates the flow behaviour, while lemsgity effects must be
taken into account at Knudsen numbers of order agnitude about 1, where
the gas is so rarefied that the molecular meandatie length is comparable to
the representative length scale: we speak in thée ©f free molecular flow.
Transitional flow effects take place at intermedidnudsen numbers and
partially modify the continuum physics and the iatgion between flow and
structure.

In this context chemical processes and vibratienargy of the molecules must
be considered as well. In order to understand inéiience on the flowfield,
some characteristic times can be introduced. Tind-flynamic time ¢ is the
characteristic time which a fluid element needsruss the domain of interest,
and usually is defined as the ratio between theacheristic length scale and
the free stream velocity . The vibrational relaxation timegj, is the necessary
time for a molecule’s vibrational energy to reacuigbrium. The chemical



Introduction

reaction time ¢hem IS the characteristic time for chemical reactioe speak of
flow in local chemical or thermal equilibrium, resgpively, if:

[F >>l‘chem (122)
or
te >>t,, (1.2.3)

which means that chemical reactions or vibrati@rargy have sufficient time
to adjust while the fluid element moves through flesvfield. On the other
hand, if:

[F <<l‘chem (124)
and
te <<t,, (1.2.5)

the fluid element moves out from the flow domainfdbe any change in
chemistry and vibrational energy state can occnd, we assume the flow as
“frozen” (frozen flow). In all other cases, thewlas in chemical or thermal non-
equilibrium [3].

1.2.1 Aerothermodynamic effects

As mentioned above, a variety of different physiprbcesses involves a
spacecraft along its re-entry trajectory. At hypeis flow conditions,

aerothermodynamic effects must be taken into adcddn this point the so-
called “aerothermodynamic collar” depicted in fig2.1.1 is particularly useful.

()
/'&

Figure 1.2.1.1. Aerothermodynamic collar (from [&B]).

Flow
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The “classical” interaction between flow and stuwet is substantially
influenced by thermal and chemical effects. Thesgeets are nicely treated by
Koppenwallner [13], and are summarized here.

When flying through the atmosphere, a compresshmtks forms around the

body, in front of the stagnation point region. Mover, in the boundary layer

the flow is slowed by shear stresses down to zelocity at the wall. The very

high flow kinetic energy is thus converted intorthal energy of the gas. The
gas temperature can reach extreme high valuegharaksociated thermal loads
acting on the structure imply the necessity of acgd design for thermal

protection.

Surface temperature distribution retroactively etethe flow, not only in terms
of boundary condition and hence altering the endagnce at the surface, but
also modifying the boundary layer development, ite. thickness and the
thermal and velocity profile, as shown by Van Dri¢s4]. Thus, viscous
interaction effects are in general rather relevi@pt heat transfer increases,
turbulent transition and flow separation are makely to occur and the flight
performances worsen [15].

The gas temperature can be high enough to exdtational molecular energy
and cause the flow to become chemically reactixgit&tion of the vibrational
degrees of freedom of the molecules begins foatdiemperatures above 800 K,
while dissociation of molecular oxygen takes platéemperatures between ca.
2000 K and ca. 4000 K, where only atomic oxygermrassent. On the other
hand, dissociation of molecular nitrogen proceegtsvben approx. 4000 K and
approx. 9000 K, where only atomic nitrogen is pnésenization of oxygen and
nitrogen begins at temperatures above ca. 9000 ®&weker, it must be
underlined that the gas behaviour also dependfi®@pressure. Reference [16]
deals with these phenomena and figure 1.2.1.2nthken it, helps to clarify the
topic.
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pressure (from ref. [16])

High-temperature effects considerably influence glas nature and the fluid-
structure interaction. The thermodynamic and trartgproperties can be deeply
different from frozen flow, and diffusion mechanisrhecome very important.
Heat transfer towards the structure can be rembrkatthanced, and energy
transport due to species diffusion significantlytdoutes [3].

Moreover, rarefied gas conditions in associatiothveiompression shocks can
alter the flowfield and worsen the flight perforncas [17]; in particular,
dissociation remarkably affects the flow properiesoss a shock wave, since it
is an endothermic reaction. The density behindstiexk is hence higher than at
frozen flow conditions, and the shock stand-oftatise smaller [18].

At hypersonic flow condition, chemical interactidretween gas and surface
material must be considered as well. The works bidH9], Hilfer [19] and
Laux [20] provide a satisfactory discussion of thibject. The utilized ceramic
matrix composite materials, which are presentedth@ next section, are
characterized by a matrix composed of silicon-abiSilicon and silicon-
carbide can undergo oxidation in an environmenttaiomg oxygen. Passive
oxidation forms a layer of Silover the body surface, while active oxidation
forms gaseous SiO and CO and consequently cauess af material mass and
a considerable increase of the temperature valukeasurface. Both types of
oxidation are associated with liberation of reactemthalpy, and therefore with
an increase of the heat flux loading the surfadee ®xidation behaviour is
basically regulated by the surface temperature bypdthe oxygen partial
pressure.
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Another important aspect of the surface propertiest be taken into account.
In a dissociated high-enthalpy flowfield, recomhioa reactions can take place
at the material surface between SiC and,&i@d atomic oxygen and nitrogen.
The recombination reactions liberate reaction dpghawvhich contributes to

increase the heat flux loading the surface. Thebadsdity of occurrence of

recombination is determined by the catalytic propsrof the surface material:
when all atoms reaching the surface undergo reawatibn, the material surface
is defined full-catalytic, while a non-catalytic @ris characterized by zero-
occurrence of recombination reactions. According2tt], a helpful parameter
for differentiating the catalytic behavior of a fage is the ratio between the

recombining atomsN; and the total number of atoms which reach the
surfaceN; :

NR

=—=. 1.2.1.1
9 N ( )
For =0 the surface is considered non-catalytic, fdr fully catalytic.
Investigations by Stewart [22] showed a partialiyatytic behavior for the C/C-
SiC material, i.e. the catalytic properties of tbarface depend on the
temperature and on the oxidation state, as figlrd B clarifies.

10°g
10'15-
> 107
0=
- —+&— Y, for SiC
- —& -~ Y for SiC
i - === Y, for Si0:
e ] I T T O S N I T W NN T P S VA |
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T

Figure 1.2.1.3. Partially catalytic behaviour o€%ind SiQ at high temperature in presence of
atomic oxygen and nitrogen (from ref. [22]).

Also the surface quality plays a significant rol®epending on its
characteristics, like roughness, presence of cdiomeelements, etc., the
boundary layer transition to turbulent conditiorem doe more likely to arise,
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increasing the thermal load acting on the structigee [14] and [23].
Turbulence causes indeed heat transfer rates migblerhthan for a laminar
boundary layer, as expounded for example by Scengxd].

Edges, gaps, steps and control surfaces are ebpdcaaled zones. The flow

involving these zones is particularly complex, coef@nding significant three-
dimensional effects, like crossflows, separatiaesattachments and vortices.
The flow topology must be considered in its gengrabecause the inter-play of
different effects can cause unexpected results. [Er example, three-

dimensionality can remarkably affect bi-dimensiopeddictions (see [25], [26]

and [2]), while a different displacement of a gaple formation of a step can
vary the dimension of a separation bubble and icrease the heat flux at the
re-attachment line [27]. These problems can becagspecrucial in association

with control surfaces that can lose their efficigrsee [28] and [29].

In addition, thermal balance between convectiondaction and radiation must
be taken into account. On opposite sides of gappssand control surfaces,
different view factors can cause a reduction of rdiative cooling (see [30]
and [31]) or originate a radiative heating of otliee not particularly loaded
surfaces and thus intensify the local thermal [@&]. Convection in clefts [33]

and heat conduction from hot to cold regions oflibdy, as shown in [30], [31]
and [34], can affect the temperature and heatdlistibution as well.

1.3 Surface characteristics

As already mentioned, there is a crucial demandttan protection of a
spacecraft against aerothermal loads.

A key-role is played by the radiative cooling oéthody surface, in view of the
high surface temperatures, as discussed in [35] [86f The choice of a
material with high emissivity allows to obtain aghi amount of radiative
cooling and to effectively contrast the heat flaading the structure.

Ablative surfaces were introduced in the Apollo gtean [5]. The vehicle is

covered with solid ablative material, which senasfirst as heat sink; then
increasing temperatures cause its endothermicftrangtion into gaseous state,
reducing the thermal load on the vehicle [37].

There are several possibilities to perform activpassive cooling. This topic is
well covered in [4]. Active cooling is effected famstance by blowing-out a
cold gas over the surface in the boundary laydaratnar conditions: heat flux
and surface temperature is thus contemporary reduse shown by38] and
[39] An example of passive cooling is made possible doyes zones of the
vehicle surface which are set up as heat sinksrembigher the surface can be
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especially selected for an accentuated radiatiedirap or the local domain can
be arranged for an elevated thermal capacitancehwdan be exploited for a
limited time, like in the case of the X-15 aircrpf0].

Because of their high-temperature withstand, raltiigin emissivity, low weight
and good behaviour against corrosion, oxidation araion, ceramic matrix
composite materials (CMC) are adequate for the eynpént in a reusable
protection system against the high thermal loadbjchv space vehicles
experience during the hot phase of their re-enmtjettory [41]. While in the
past carbon fiber-reinforced CMC materials withboar matrix were utilized,
e.g. for Space Shuttle [6] and BURAN [7], carbobefireinforced CMC
materials with silicon-carbide matrix (C/C-SiC) am®re and more diffused, see
[42] and [43].

In the present work the C/C-SiC material developgdLR Stuttgart [44] is
employed for the numerical and experimental sinutat The temperature-
dependent orthotropic material properties were diyomvestigated within the
collaborative research centre 259 (SFB 259 in Gejnad the University of
Stuttgart, see [45] and [46]. Emissivity, specitieat capacity and heat
conduction coefficients parallel and perpendicularthe fibers are the most
interesting properties for the development of artta protection system. The
present work relies on those data of the more teosestigations by Schéfer
[30], because of the uncertainties inherently the matwfacprocess of the
material [47]. The most important C/C-SiC propestiare summarized in
Appendix A.

1.4 Design tools

It must be emphasized that an exact knowledgeeotttérmal load acting on the
body surface constitutes a fundamental requirerfeerthe modern design of a
spacecraft.

In the past, the design of a thermal protectionesgswas principally based on
analytical solutions of simple bodies, as spheteags, cylinders, wedges, etc.
[48], which were compared with investigations imditunnel facilities on the
corresponding surface domains and revised in aaocelith corrections due
to three-dimensional effects and laminar or turbufeow conditions [25]. The
extrapolated data were afterwards revised with geal conditions data from
flight experiments. The knowledge and reliabilitgne, anyway, rather limited
by the absence of a large data base, and the dagmoach principally relied
on the minimization of risks due to complex flowptdogy and unknown
phenomena [49]. Although the correlation proceduse still usual and
technology improvements and experience allow moeeessful analysis (see
for example [8] and [49]), the uncertainty in ewalng the thermal load with

10
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regard to flight and wind tunnel experiments cafortanately still reach even
several percentage points.

As noted in [1], [8], [50], [51] and [52], the umtanties in the flight
experiment data principally lie on the influence tbé manufactured surface
guality, on the flow conditions, on the solar anter-component cross radiation
effects, on the catalytic properties of the surfamethe model complexity and
on the uncertainties, usage limitations and intégnaof the instrumentation.
These difficulties determine the complicacy to pdevthe model with the
adequate measurement system [53] and hence to jotality data [1].

In the case of wind tunnel experiments the uncaie mainly lie on the
impossibility in reproducing all the relevant nomrénsional parameters [54],
all the thermochemical effects [55] and the boupdayer transition [51], on the
flow quality of the tunnel [56], on the perturbationpact of any kind of model
support [1], on the presence of high levels oflitgcnoise [24], on the complex
measurement technique and on the often too shstihgetime available for
getting the measurements [1].

In this context, long-time tools as the arc-heatadility L3K at DLR in
Cologne, Germany, which the paragraph 3.1 is destickn, show noticeable
advantages for the development and qualificatiomaif components of space
vehicles, for the calibration of sensors for flighkperiments, and for the
validation of numerical tools [27].

Nowadays the improvement of computational tools &lésved to overcome
many shortcomings of the other procedures, an@torne the preferred method
for the design of thermal protection in hypersoflight [57]. Numerical
simulations capable of including aerothermodynamieffects and
comprehensively reproducing the involved fluid-stwue interaction offer the
chance of pursuing proper sensitivity analysis,clviwould not be possible — or
only with extraordinary costs — using ground-baaad flight tests, as pointed
out by Hirschel [54] and Kolodziej [36].

The whole system is treated by decomposition apdraged into interacting
partitions (see [58] and [59]). The decompositioacess is driven in this case
by physical considerations, in view of the diffearenature of the two
subsystems, fluid and structure. Each field is theparately discretized.

Initially, only the flowfield was simulated, usugllwith simple boundary
conditions on the domain interface, like a fullytatgtic, radiative equilibrium
wall, as performed in [34] and [60]. The computadace heat fluxes were then
used as input for the structure thermal solver lagigce to size the outer TPS
layer. This methodology enables to obtain a coraem estimate of the system,
which has, however, a critical impact on its masd therefore on the vehicle
performances. Neglecting the feedback of the sira¢ti.e. performing a one-
way interaction [58], can lead to unphysical resulReference [32] is an

11
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interesting work which shows how disregarding theautual interaction
misrepresents the reality.

Two-ways coupled simulations show a better perspeciA tight coupling,
where a complete system of equations which simedtasly considers both
fields is solved [61], has been performed onlyridatively easy problems, like
in [62]. On the other hand, a loose coupling affieoteworthy advantages [58]:
well-validated and highly-performing techniques aadorithms manage the
separate discretization, adaptive mesh refinemathtsalution of each field; the
use of non-matching models is easier; implementatiesting and validation
can be conducted in a modular way; already avalabbls can be employed
and are reusable for other projects. By reasohaifdnd because of the different
demands on modeling and computing the flow and dtracture, a weak
coupling is more adequate for simulating fluid-stuwe interaction phenomena
at hypersonic conditions [63]. The necessary eftarthe fluid solution and for
the thermal analysis is indeed deeply different aampropriate domain
decomposition techniques for non-overlapping dosiaian account for the
diverse behaviors of the physical solutions [59}eWifferent codes are hence
converted in subroutines alternatively called byaster code, and the coupling
is performed just by information exchange at thierface between the two
domains [61]. The solution procedure is then iegatntil all field equations
and coupling conditions are fulfilled [58]. The entfield staggered iteration
algorithm can thus be interpreted as the iteratotation of the complete system
of equations characteristic of the monolithic apgfo[61]. However, the weak
approach requires careful formulation and implemgo to avoid degradation
in stability and accuracy, and the iterations carrdther time-consuming [58].
If the circumstances favour a different discretmat non-matching grids are
achieved at the interface. The conservation of massmentum and energy
should be ensured, although this challenge is wedfiat this region, as
discussed in [61] and [63].

The effort for steady problems, as the ones stutiethe present work, is
considerably lightened. A “classical” Dirichlet-Neann iteration [59], gives
very good results for an equilibrium problem, litkee temperature distribution
on a surface.

The validation of the numerical tools is fundamerfa their subsequent
employment in a design process. This is made pesbi¥p comparison with
experimental data achieved at well-suited groustfeeilities, as the mentioned
L3K wind tunnel [64].

Apart from that, high-enthalpy wind tunnels stilermain in themselves
fundamental tools for the design and qualificatadn”TPS components and hot
structures, as long as the complexity of flow aredotherodynamic fluid-

structure interaction persists too challengingrfomerical modeling, as [8] and
[50] underline. Ground-based results can indeedgdpdied as bump factors for

12
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the CFD database or directly for the creation ofimeering models [65].
Although no wind tunnel is capable of complete drgilon of the whole re-
entry environment, diverse facilities can be emptbto study different aspects.
The restriction for the model scale due to thelitgcsize implies, however, the
possibility of investigating local effects on a pesly chosen part [1].

On the other hand, computational simulations enablgracterization of the
flow quality in a ground-based facility, reproductiand analysis of phenomena
not accessible to ground-tests, avoidance of lioita in model dimension as
well as parametric studies, which would not be jbsotherwise - or only with
great expense [54].

As discussed so far, it is clear that the combmeedurse to both, wind tunnels
and numerical tools, is indispensable to cover sfatiory all
aerothermodynamic processes experienced by a spcaud hence to properly
achieve its design. Of course, it is importantegmind that only the integration
of these results with flight tests data allows &hagistive understanding of the
whole involved hypersonic environment.
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Chapter 2

Numerical tools

This chapter describes the used numerical tool, particular attention to the
fluid-structure interaction in thermal terms. Theupling procedure is also
outlined.

2.1 Thermal analysis

The simulation of the structure is accomplishedkisato the commercial finite
element analysis code ANSYS [66]. Since in the gmesvork the structural
deformation is not taken into account, the invedians are limited to mere
thermal analysis. The energy balance problem tedbeed can be written in
form of specific internal energy conservation [67]:

re,T=Q; - Nxq, (2.1.1)

where is the densityce the specific heat capacity at constant pres$ube
temporal derivative of the temperature. The inmargy source term is depicted
by Qg, while g is the heat fluxes vector, positive if subtractergergy from the
body.

According to the procedure expounded by ZienkieW&&], equation (2.1.1) is

weighted by virtual temperature$ and integrated over the structure voluvize
with boundarySs. By means of Gauss’ theorem we obtain:

L drreTdv - gf(dr)dv = dTQdv+ _ drq.ds, (2.1.2)

where gy represents the heat flux normal to the surfaceotwn(with local
normaln oriented outwards):

Oy =00 (2.1.3)

The heat flux vectoq can be related to the temperature gradients throug
Fourier’s law:

q=- NT, (2.1.4)
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where is the heat conductivity tensor of the C/C-SiCenat, which is:

k, 0 0
=0 k, O (2.1.5)
0 0 k.

for a reference system oriented as the materiardilp34]. As investigated in
[46], the C/C-SiC material properties vary alonghwhe temperature.

Once initial and boundary conditions are specifibe, system of equations can
be solved.

Following the finite element discretization, thenfgerature distribution and the
temperature gradient inside the model are refetoethe temperature of the
nodesT of the structure mesh by means of the shape fumtl and the
gradients of the shape functioBshence:

T=NT, (2.1.6)
ar =NdT , (2.1.7)
N(aT)=Bdr, (2.1.8)
T=NT. (2.1.9)

Because of the arbitrariness of the virtual vasiai accordingly to (2.1.6) —
(2.1.9), the problem (2.1.2) can be expressedaridim:

L TGNTNAVT + dVT = QN'dV- _gN'dS+ gN'dS, (2.1.10)

Vs

where the boundary heat flay has been split in a radiative contributigrand
an external load, in order to point out the possibility of specifgithe kind of
interaction at the interface. The radiative terns hagative sign because it is
supposed to decrease the inner energy of the wteu@ite. emitted heat flux),
while g, is supposed positive if increasing it. Also theusture contour is
conceptually split in the different regions whehe tboundary terms act, but
naturally S coincides partially or completely wit§,. Separating the external
load g, is particularly useful for a coupled analysis, sinthe Neumann
boundary condition for the structure solver canirierpolated from the flow
heat flux at the wall.

The radiative flux needs a detailed treatment. &secof “pure” radiation,
namely between the surface and a sufficiently &kiground, the radiative heat
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flux is assessed through the Stefan-Boltzmann eatst the surface total
emissivity T, the wall temperature and the background tempexai69]:

o =0, =se (T} - TS). (2.1.11)

The surface is hence modeled at thermal equilibriumaccordance with
Kirchhoff's law [69]:

(M) _q. (2.1.12)
& (T)

i.e. emissivity and absorptivity have the same @aklwut they can depend on
surface temperature, introducing a further nonaliitg.

On the other hand, if radiation between two sudagecurs, the view factors
between the surface elements must be taken intmatdReference [70] gives a
satisfying analysis of the phenomenon and itsdielement implementation.
Anyway, the investigated configurations (see chapfeand 5) are such that no
radiative heat between the body surfaces takee plde most general form for
the system (2.1.10) is hence:

L TGNTNGVT + dvT= QN'dV- g N'dS+ qN'dS, (2.1.13)

Vs
C K QB Qr Qn

which may be summarized in the form:
CT+KT =Qz-Q, +Q,. (2.1.14)

The system (2.1.14) is non-linear because of thectsire properties and the
radiative terms and has to be iteratively solveausTs performed in ANSYS by
means of the Newton-Raphson method [71].

2.2 Flow solver

The flow solver TAU developed at DLR [72] is based the finite volume

method for the solution of Navier-Stokes equatiomsich can be written in a
general conservative form with respect to a Catesioordinates system,
according to [1]:

Wiv+ Fads=  qadv (2.2.1)
Ve qt S Ve
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whereVE is the control volumeS: its boundary surface amdthe local normal
vector to the surface, oriented outwards.
U is the vector of the conservative flow quantities:

r

U= ru , (2.2.2)
re

where s is the partial density of the specigsu is the velocity vector with
componentsl, v andw, andE is the total energy per unit mass. The densiy
the gas mixture is obtained by species compos|#@dh

r=r.. (2.2.3)

S
S

Q is the source vector, which depicts the mass seurgas result of chemical
reactions:

A
Q= 0 . (2.2.4)
0

F is the flux tensor, which can be split in an imlsand in a dissipative term,
FE andF, respectively:

F=F& +F, (2.2.5)
with:
ru’ 0
F = ruu” + pl (2.2.6)
=TT
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DN r
v = p , (2.2.7)
WT+D hNr +(Pu)

S

wherep is the pressure, the heat conduction coefficient of the gas mixthge
the specific enthalpy per unit mass of the spesj€ek the temperature? the
shear stress tensor abdthe multi-component diffusion coefficient of thagy
mixture. The gas considered in the present wor&irisThe gas particles are
assumed to be at a temperature such that themtnagliheat flux towards the
surface can be neglected [3].

In accordance with [74], the total energy per uméiss is evaluated through:

E= Do+ I, (2.2.8)
s I 2

wherees is the internal energy per unit mass of the sgesigvhich contribute
the internal energies associated with translatiostation, vibration and
electronic excitation to as well as the effectieeazpoint energy:

e =€ +e"+e” +e'+¢e. (2.2.9)
The specific enthalpy per unit mass of the spesimssconsequently evaluated
as:

m=%+£}T, (2.2.10)

S

whereA is the universal gas constant aviglis the molar mass of the species
The shear stress tensor is defined in TAU undekeStdypothesis [75], i.e.:

p= T +({uT) |- 2 pffu) (2.2.11)

where is the dynamic viscosity of the gas mixture.

The reaction models implemented in TAU for chemycetacting gas mixtures
and the necessary reaction parameters refer to [P@fkand Gupta [77]. The
mass source terms are thus obtained.
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The dynamic viscosity of the specisss determined by means of a curve fit
relation according to Blottner [78], while the wisity of the gas mixture is
evaluated through Wilke’'s composition rule [79].

Analogously to the calculation of the viscositye theat conduction coefficient
of the speciess is determined through a generalized Eucken’s main
accordance with Hirschfelder [80], under the asdionpthat the chemical
composition is maintained in equilibrium with thecél temperature, and the
heat conduction coefficient of the gas mixture isvided by the mix rule,
which can be referred to [73].

The multi-component diffusion coefficierlD is approximated through the
density, the viscosity and the Schmidt num8epnf the gas mixture, according
to [81]:

p=_"7_ (2.2.12)

where the mixture Schmidt number is assumed equalrt

Lastly, the pressure of the gas mixture is evathaieconformity with Dalton’s
law [73]:

A
= r —T. 2.2.13
p S M ( )

In case of frozen flow (see section 1.2), the gasabiour can be approximated
by the perfect gas model, and the procedure iswlrtddly simplified, since all
terms depending on chemical reactions drop [74].

Sutherland’s law is thus used for the determinatbn at not much elevated
temperature — namely up to ca. 1000 K — above wthiehdiscrepancy with the
reality is excessive and a modified Sutherlandvg ila accordance with [78] is
implemented. The heat conduction coefficient isaot#d directly from the
dynamic viscosity, from the Prandtl number and from the specific heat
capacity at constant pressue

_Con

) 2.2.14
Pr ( )

assuming a suitable mixture Prandtl number of (872
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Once initial and boundary conditions are specif@ld the system of equations
can be solved by application of the finite volumesthod [82].

The flow solver TAU is validated for unstructuresfructured and hybrid
meshes, and is capable of applying many centraiamdnd schemes [72], like
Van Leer [83], AUSM (Advection Upstream Splittingethod) [84], AUSMDV
[85] and EFM (Equilibrium Flux Method) [86]. TAU isapable of simulating
subsonic, transonic and supersonic flows (see [838],and [89], respectively),
and laminar, transitional and turbulent flow coraditcan be treated (different
turbulence models are implemented [72]). Moreowdremical and thermal
equilibrium and non-equilibrium can be considered.

Steady problems are solved through the introduatioa pseudo-time and then
looking for the steady-state solution of the cqumexling time-dependent
problem [72].

The integration in time is performed by means of explicit Runge-Kutta

scheme according to Jameson [90]. Many acceleragohniques for the

reduction of the computational time are includaghsas local time-stepping,
multi-grid algorithms and residual smoothing tecjuas [72].

TAU is basically composed of three main modules: pineprocessor, the flow
solver and the adaptation module. The former geéeerghe geometrical

properties of the grids; the second one solvessyiseem of equations, and its
results are used by the latter module to refinegih@ subdomains where the
quality of the solution is still not sufficient. €hrefinement process is
particularly helpful for shock waves and boundaayers, so that the flow
guantities in wall and shock proximity can be aately resolved [26].

2.3 Coupling methodology

As already mentioned in section 1.4, the weak dngplgorithm deals with a
classical Dirichlet-Neumann procedure. The syst2id.1) is solved in the fluid
domain Vg for the flow quantities, with Dirichlet boundary raditions at the
interface = Vg Vsinterpolated from the structure solution at thevpres
step. The structure problem (2.1.14) is then soivells for the temperature,
with Neumann boundary conditions on The inter-field iteration is thus
performed sequentially [58]. According to [59], takgorithm can conceptually
be summarized as follows:

0. a start solution is achieved in the fluid fieldth isothermal or

radiative adiabatic wall boundary condition for flav solver on
the interface . k=0;
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1. the heat fluxg’ (k) at the wall is computed from the flow solution

and is provided to the structure solver as Neumiaowndary
condition, namely:

F
%n(k) + D hN'rl =g7(k) on ,(23.1)

w

gy (K)= "

where energy transport due to chemically reactifayy fis
included along with thermal heat conduction;

2. k=k+1. The structural problem is solved. The temperaairthe
interface is computed from the structure solutiod & supplied
to the flow solver as Dirichlet boundary conditiamcase relaxed
in order to improve the convergence behavior ostabilize the
solution at the initial steps:

T, (K)=FT.(K)+(@- F)T, (k-1 on , (2.3.2)
with 0.5 <1.0;

3. solution of the flow field. Back to point 1. un& convergence
criterion is satisfied.

The coupling quantities are linearly interpolateg means of the non-
conservative algorithm developed in [31]. As shown this work for a
configuration similar to the present ones, the micaé influence of the
coupling due to non-conservativeness and grid 8ssns negligible as long as
the characteristic grid dimensions of flow and ctue discretizations at the
coupling interface are not too different. The utai@ty amounts indeed to less
than 2% for both, temperature and thermal flux.

Moreover, it is pointed out that the interface temgpure is the appropriate
convergence criterion to be chosen, since the egenee of the temperature is
monotone, whereas the heat flux shows local peagga numerical effects. In
fact, the flowfield should be solved very accunatébr a proper heat flux
evaluation, in view of the dependence of the héat bn the temperature
gradient, which is more sensitive to local errdvant the temperature itself. The
convergence of the interface temperature is heeleeted as stop criterion for
the inter-field iterations.
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Experimental set-up

The present chapter contains the characterizafisheoemployed tools for the
collection of the experimental data. The groundedafacility L3K which the
tests are conducted in, the measurement technigiéha used instrumentation
are described here.

3.1 Arc-heated facility L3K

The experimental investigations, which play an ingnat role in the current
work, take place at the arc-heated facility L3KDAIR in Cologne, Germany.
Arc-heated wind tunnels are able to provide a owomtus, high-enthalpy
flowfield for a long testing time (up to 30 minuties L3K), and are suitable for
the realistic reproduction and analysis of fluidisture interaction phenomena
at hypersonic flow conditions and therefore for @msessment of adequate
thermal design criteria as well as for the validatf numerical tools [27].

N L3K

test chamber

NO absorption

segmented E
) \ & ~
: Ay

arc heater

gate valve

Huels type
arc heater

diffuser heat exchanger

e m L2K

Figure 3.1.1. Schemat|c description of the arcdé&acilities L2K and L3K at DLR.

As shown in fig. 3.1.1, the arc-heaters supply tesi legs, L2K and L3K. The
considered L3K facility is supplied by a segmenged-heater with a power
level of 6 MW, which allows reaching reservoir sfiecenthalpies up to 25
MJ/kg. The facility can operate with gas mass flates between 0.03 and 0.3
kg/s and Pitot pressures between 2000 and 12500944 numbers between 3
and 10 are achieved by means of conical nozzlds avhalf angle of 12°. The
nozzle throat diameter can be set to 14 or 29 mdntla@ exit diameter to 50,
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100, 200, or 300 mm, thanks to the modular nozelgh. Unfortunately, the
maximal attainable Reynolds number correspondsitorder of magnitude of
10°, which means that flight Reynolds numbers typiofathe low-altitude re-
entry phase of a spacecraft cannot be duplicategwAy, as already mentioned,
the wind tunnel is one of the most appropriategdof the design and validation
of TPS components and hot structures. The pringpalormance data of the
L3K facility are summarized in table 3.1.1.

The test chamber has square section normal toréeefliow characterized by
sides of 1.5 m and is 2 m long. Four main windows g&en further small
windows enable optical access to the chamber. giéé¢- models with main
dimensions of 330 mm (length70 mm (width) 55 mm (height) and
stagnation point models with a diameter up to 150 can be tested in a nearly
homogeneous hypersonic flowfield. Two model positig systems are
available: one offers the possibility of moving th®del quickly into or from
the flowfield and to set angular position around tannel axis, while the other
one enables to adjust its angle of attack.

Table 3.1.1. Principal performance data of arcdrb&cility L3K (from ref. [11]).

Mach number 3-10
Max. Reynolds number [t} 10°
Pitot pressure [hPa] 20- 1250
Total enthalpy [MJ/kg] 6-25
Max. test duration [s] 1800

A vacuum pumping system allows obtaining the lowsgure necessary for
ignition of the arc-heater. Downstream of the @simber, the L3K facility is

equipped with a diffuser with a central body andhva heat exchanger. In this
way the gas is decelerated and its temperatureceedielow the upper
operating limit for the vacuum pumps, which is 3Z0Depending on the acting
thermal loads and electrical resistivity of theiliaccomponents, two different

cooling systems are installed, one at high pressitredemineralized water and
the other one at low pressure with raw water. Teats be run with air and
nitrogen. The facility is equipped also with a cleg system, which enables
absorption of toxic nitrogen oxide from exhaustegsAn automatic control

system guarantees safety in a test environmentctegized by high voltage,
high current and strong electromagnetic fields¢eih acquires and monitors all
operational data.

Furthermore, experimental data are recorded bycguaisition system provided
with 128 analogue input, 96 digital input/outputanhels and 32 filter and
amplifier units, which makes possible sampling satgp to 100 kHz. An

exhaustive discussion of the L3K facility and itgply systems is furnished by
Gulhan in [91] and [11].
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Because of the extreme flow conditions in a higtialpy wind tunnel, a
satisfying flow characterization which covers allerahermodynamic
phenomena occurring in the tests is possible ontlg thhe help of numerical
tools, although the reservoir conditions can beaaaccurately determined from
measurements. Numerical investigations for the sazssent of the flow
homogeneity in the facility were performed and caneg with experimental
data, see [27] and [92]. Only small differenceseain radial direction between
flow axis and free stream boundary with bigger m®zxit diameters, while the
influence of the expansion wave generated at tlzzlacexit is considerable at
higher radii when using smaller nozzle exit sedioifhe agreement with
experiments is generally good.

The recent work by Mack [31] is rather significasince the whole tunnel —
comprehending even the nozzle and the diffuserelsas the test chamber —
were simulated, considering chemical non-equiliriand thermodynamic
equilibrium. Moreover, in this work different cheral and thermodynamic
models were taken into account, variations witlpees to reference reservoir
conditions were examined and the influence of turgemmetry and surface
roughness were investigated. One of the main sestithese simulations is that
the flow “freezes” upstream of the nozzle exit iew of the very low density
and that the thermochemical modeling close to éiseetl body has a negligible
influence on the surface quantities. In fact, lairtnochemical phenomena occur
in the facility upstream of the test chamber, iewiof the heating up of the gas
through the arc-heater up to reservoir conditiomsl af the subsequent
thermochemical relaxation in the nozzle. The maastibns of the gas mixture
components freeze in practice a bit downstreamhefthroat and they remain
nearly unaltered down to the chamber. Further nicalerinvestigations
accounting also for thermodynamic non-equilibriuonform this occurrence.
These simulations are discussed in chapter 4, twnesof their results are
plotted in figures 3.1.2 and 3.1.3 in order to padut the evolution of the
thermochemistry in the facility.

A perfect gas model can be hence satisfying forfldwefield around the model,
whereas thermochemical modeling must be considerdtie nozzle.
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Figure 3.1.2. Mass fractions distribution along theility’s centerline.
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Moreover, at such tested Reynolds numbers the flemains laminar
throughout the whole flowfield in the test chamiy@B]. The effect of the
surface roughness may be indeed only to inducedbedary layer transition to
turbulence [75]. According to [45], the surface ghoess of the considered C/C-
SiC material has an order of magnitude of the fitiameter (~13 m), and the
numerical investigations by Mack [31] allow sustagthat it has no influence
on the flowfield, since the laminar boundary lajgemuch thicker.

3.2 Temperature measurement system

The temperature measurement system consists ofmdceuples and non-
intrusive optical devices, exactly pyrometers amd iafrared camera. Two
important aspects affect the reliability of therrmople measurements in high-
enthalpy flows and hence margin their employmenttio® model surface:

firstly, the high-temperature stability of the adives, which fix the

thermocouples on the surfaces; secondly, chemieactions between
thermocouple material and gaseous species reldagetthe surface, which

contaminate the flowfield.

Because of these reasons non-intrusive opticalcdsvare adopted for the
temperature measurements on the surface.

3.2.1 Thermocouples

A thermocouple offers a punctual temperature measent and must be in
contact with the investigated body. As sketchefiign3.2.1.1, a thermocouple is
composed of two wires (the thermoelements) madeiftdrent metals, which

are joined at the so called junction end, where tmperature must be
measured. The wires are embedded in an isolatidari@leand connected at the
other end (the tail end), where the temperatukem@vn. When the junction end
is heated up, a voltage difference occurs at tiheet@. An appropriate device
can measure this thermoelectric voltage, which fisnation of the temperature
difference and of the materials constituting therewi A sketch of a

thermocouple is displayed in figure 3.2.1.1.

Metal A

+ O
€ns >
=

Tail End Metal B junction End

Figure 3.2.1.1. Sketch of a thermocouple.
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In the reality, the thermoelectric voltage cannetrbbeasured directly, since the
link of the thermocouple with the measuring instamtimplies the presence of
a further voltage across the connection. Becausigatfa reference junction or a
compensation device is necessary. More detailsadisd of thermocouple types
refer to [94].

The thermocouples chosen for the test campaigBlétdre of type K — class I
(wire composition NiCr-Ni, maximal usage temperat@B72 °C, wire diameter
0.5 mm). The decision is basically dictated bytigeiod long-time stability and
by the recommended usage temperatures, which #edlsufor the conducted
experiments in view of a maximal recommended teatpee of 1100 °C.

3.2.2 Optical temperature measurement technique

The optical temperature measurement technique Ifstny) is non-intrusive,
because it is based on the measure of the radeanieed by a surface.

The layout for a pyrometric device is sketchedgurfe 3.2.2.1.

target field stop lens  filter detector amplifier

aperture stop

radiation
source

%‘\?}XF

cbjective

Figure 3.2.2.1. Sketch of an optical device forgenature measurements (from ref. [95]).

The objective captures the emitted radiance arehs projects it to a radiance
detector, which transforms the optical signal indm electrical signal,
proportional to the emitted radiance. The apersiop defines the amount of
light coming towards the device and avoids gettmgradiation from foreign
objects. The field stop determines the field ofwief the camera, since it
prevents entrance of highly oblique rays.

Accordingly to the procedure described by Gulhah],[9he temperature of a
body, whose radiation properties depend on the lwagéh, can be evaluated
thanks to a reference black body, which is charaet@ by unitary absorptivity
and emissivity. The spectral specific radianceuioit solid angleM ( ,T) of a
black body (indexo), can be expressed through Planck’s law [69]:
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2cih/®
hiq) )
ek/Tb -1

M, ,(/.T)= (3.2.2.1)

where is the wavelengtlg, the light speed in vacuurh,the Planck’s constant
and k the Boltzmann’s constant. In accordance with Kaaffis law (2.1.12),
the spectral specific radiance of the investigdiedy surfaceM ( ,T) can be
expressed through its spectral emissiviy, T):

M, (/,T)
e T)=— 2"’ 3.2.2.2
, (1,T) M, L(.T) ( )
in the following way:
2 -5
M, (/. T)=¢e(/,T) Zﬁ%h/ . (3.2.2.3)
evT -1

If (,T) and T, are known and considering (3.2.2.2) and (3.2.2tBg
temperature of the investigated body surface caevbkiated as follows:

ey

ek/T - 1

-6 (T). (3.2.2.4)
ek/Tb _ 1

Once the measured signal is calibrated by meataok body simulators (i.e.
bodies, which behave in practice as a black bodystame portion of the
electromagnetic spectrum), the temperature valukus available, see [32]. In
fact:

A
T= , (3.2.2.5)
n &0 DM, 0T,

B

whereA andB are calibration constants, given by the instrunpgotiucerand

( ,T) is the transmittance of the employed optical getwhich is achieved
within the calibration preceding the actual testsee( section 3.2.3). The
irradiation reaching the detector decreases inrdaome with the transmittance
of the atmosphere inside and outside the test chanas well as the
transmittance of the optical access to the modejway, the transmittance of
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the inner atmosphere can be in effect assumeditsyrunless water vapor is
present in the chamber [95], while the problem whida outer atmosphere can be
avoided by simply positioning the device in contacith the glass (the
transmittance inside the instrument can be reaspmramsidered unitary, too).
On the other hand, the optical accesses are map@aent and this behaviour is
worse at higher wavelengths, i.e. a¢ 2-3 m [96]. The transmittance can be
improved thanks to one or more anti-reflection fayéut it is not possible to
obtain the unitary value. The main windows the Lf3Kility is equipped with
are made of germanium [97] and have an anti-reéflectcoating which
guarantees high transmittance in the range 8-12 m [98], while the small
windows used for pyrometer access are made of fysadz [96].

The spectral behaviour of radiance detectors, apfilters and lenses and the
transmittance of the measurement path clearlyenite the spectral response of
an optical device. Relative considerations lead the choice of the
instrumentation, in particular in terms of apprapei spectral range and
positioning [95]. It must be added that the knalgie of the spectral emissivity
of the surface of a C/C-SiC model is only apprcedien because of the
complexity of the manufacturing process involvitg tceramics. Tests on the
C/C-SiC material [99] present an uncertainty far furface spectral emissivity
that lies on = +£5% for wavelengths above 1.8 and up to = +10% for
shorter wavelengths. Moreover, the uncertainty etrup transmittance and
surface emissivity may further be increased whes dixidation processes
mentioned in section 1.2.1 occur, because of theatian of the surface
properties and the formation of surrounding gases.
From the reasons above, and considering that tHfaceutemperature of the
model evolves from chamber temperature up to vegh lvalues, it is not
possible to use the same type of instrument toimla#ecurate values for the
whole temperature range. Therefore several optieaices are contemporarily
employed, so that different measurement rangedeaovered. Moreover, they
must satisfy thermal resolution requirements. Tuoall spectral emissivity of the
material is thus used together with the expectedpé&ature level in the
specification of the appropriate spectral rangéhefoptical device, accordingly
to (3.2.2.3). Once the spectral range is definbd, more suitable device is
chosen. At the operative conditions achieved in | 3bptical devices
characterized by a spectral range in the nearradraegion are the most
appropriate [95].

3.2.2.1 Pyrometers

Pyrometers furnish punctual temperature measureamant are basically
subdivided in two types: spectral pyrometers and-¢eiour pyrometers. The
working principle of the former ones ensues whas \peeviously explained;
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therefore emissivity is necessary to determine tdmperature, according to
(3.2.2.5). Unfortunately, it is difficult to getpaecise emissivity value in most of
the cases, in particular for ceramic surfaces stdxjeto high-enthalpy flows, as
mentioned in the preceding section.

The operational range of the spectral pyrometeadable at L3K is about 1m.

In this range, an inaccurate value of the emigsaetermines a certain error in
the temperature, as shown in figure 3.2.2.1.1 foruacertainty = £0.05
about a nominal emissivity= 0.85, according to Planck’s law [69].
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Figure 3.2.2.1.1. Temperature uncertainty=dt m (from ref. [32]).

The induced uncertainty at a temperature level @01°C is thus +7 °C.
Depending on the circumstances, this error may dierable or not. An
alternative is presented by the usage of two-colpyrometers, which
temperature measurement is considered independenirface emissivity and
optical set-up transmittance. This is possible kbao the measurements of two
spectral specific radiancds 1( 1,T) andM »( 2, T) at close wavelengthg and

2, at which the emissivity can reasonably be assuased constant, i.e. the
behaviour of the material surface can be approxchat the range;- » as a
perfect grey body. The emissivity influence on teenperature estimation is
hence eliminated through the relation betweenwteM ;( 1,T) andM ( 2,T).
Changeable transmittance characteristics in thesamement path are eliminated
in the same way, see [100]

Local material emissivity can thus be estimatedhgycomparison of two-colour
and spectral pyrometers measurements (see secti@).5

The applied spectral pyrometers operate in a rbegween 0.83 and 1.03n.
There are five pyrometers available for optical sueaments at the L3K
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facility: two two-colour pyrometers, which are cheterized by a temperature
range between 900 and 3000 °C [101] and betweena@@02000 °C [102],
respectively, and three spectral pyrometers, whach characterized by a
temperature range between 900 and 3000 °C [108}eka 900 and 2000 °C
[104] and between 550 and 3000 °C [105], respdgtivine latter (“Minolta”
pyrometer) undergoes rather frequent calibratiod6]1land can be used as
reference for the other pyrometers, which measun&rere corrected thanks to
a calibration procedure described in section 3.2.4.

It is important to underline that their punctualaserement actually takes place
on an approximately circular area with a diameterao 6 mm.

3.2.2.2 Infrared cameras

Infrared cameras are very useful devices, sincg fitevide bi-dimensional
surface temperature distributions. Anyway, thegords need two further post-
processing steps in comparison with pyrometers.

The first step refers to the transformation frone thixel-oriented image
coordinates X,,Yp) to the more useful model-fixed coordinate systeqy,?,
since the employed camera can have in general lagquebview on the model.
Having data in the model-fixed coordinate systetpsithe comparison with the
numerical simulation results, which are relatedthdis coordinate system.
According to [107], the transformation needs sixapaeters, which describe a
general transformation between two Cartesian coatdisystems, and at least a
seventh parameter, which takes into account thécapprojection of the
camera. The transformation is typically accomplishey means of the
coordinates of some positions on the body surfatech are always clearly
distinguishable and hence known in both coordirsgems [32]. Once these
parameters are available, each camera pixel casdmeiated to a corresponding
area on the investigated surface, which dimensiepedds on the camera
resolution.

The second step is due to the operational rangfeeahfrared cameras, which is
about 10 m in the case of the L3K facility instrumentatidn. this range, an
inaccurate value of the emissivity determines aadmnissible error in the
temperature, as depicted in figure 3.2.2.2.1 afgaian uncertainty = x0.05
about a nominal emissivity= 0.85, according to Planck’s law [69].
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Figure 3.2.2.2.1. Temperature uncertainty=at0 m (from ref. [32]).

The induced uncertainty at a temperature leveDOD1°C is in this case +45 °C.
As explained so far, surface emissivity is not aataly known for many cases,
especially for ceramic materials at very high terapges. Because of that,
infrared camera records are corrected by meansymineters measurements
(see section 5.1.3).

An extensive usage of infrared cameras would beemsige, because their
hardware and software are quite complicated. Itlevdwe unnecessary as well.
Therefore, only one infrared camera is employethenexperimental campaign.
The chosen one, AGEMA THERMOVISION 570 S, offersnypadvantages,
since it is characterized by a Focal Plain Arrated®sr (FPA), consisting of a
big amount of small perceptive elements, which eontorarily detect the
surface radiance distribution [108]. Its resolutien320 240 pixels, which
corresponds to a surface resolution of ca. *namd can acquire images up to
50 Hz.

The camera is optimized in a spectral range betwegand 13 m by means of
a built-in atmospheric filter. Moreover, calibratids carried out for three
temperature ranges, i.e. between -20 and 120 %&geber 80 and 500 °C and
between 350 and 2000 °C. Thus the camera can eotlffccover a temperature
range between -20 and 2000 °C.

3.2.3 Window transmittance calibration

The effects of a non-transparent window on the swattance of the
measurement path can be taken into account thraugtiher straightforward
procedure. DLR has a black body simulator whichksawell for the necessary
temperature range [109]. It is realized througlerywsmall aperture compared to
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the frontal area. The radiation enters the cavity experiences many reflections
before re-emergence. Once the inner wall temperatmches uniformity, the
black body behaviour is thus approximated, since tadiation is almost
completely absorbed and the emission from the &sleell as the irradiation of
interior surfaces are diffuse.

This simulator is used for the calibration of tle-8p in question. The optical
device is oriented towards the aperture and cemtesieh respect to it. The
distance between instrument and black body is aa, Which typically is the
distance between optical access and tested modeeat3K facility. Figure
3.2.3.1 qualitatively represents the set-up ofctlération.

Black body
simulator

1m

Window glass

"

IR-camera
/
,

\
\

A
\

Aperture

Supports

Figure 3.2.3.1. Sketch of the set-up for windownsraittance calibration.

The data start to be acquired, and successivelyirkestigated glass is

positioned in front of the objective, in order &produce the test situation. The
temperature difference between the two cases i3 phecessed by means of
equation (3.2.2.4), being the emissivity of a blackly equal to 1 and knowing
the temperature that should be measured, whiahdisadted by the black body
simulator together with the reference pyrometer @dence reliable. The

procedure is repeated for the concerned temperatnge, interpolating linearly

between calibration spots. Since the employed sgeptrometers work at

wavelengths =0.83-1.03 m, it is possible to neglect the window transmit&n

effect on their records (see section 3.2.2), aedctlibration is performed only

for the IR-camera. Table 3.2.3.1 summarizes thiresion data for the more

interesting temperature range.

Table 3.2.3.1. Transmittance calibration for thecHnera.

Main window |[Small window/
T=800°C 0.83 0.75
T=1000°C 0.84 0.77
T=1200°C 0.83 0.76
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It must be underlined that this transmittance vatua quantity estimated over
all wavelengths of the IR-camera range, accordingst instrumentation [108].

The transmittance is thus established and regasteithin the device software.
Further variations are then treated together wiid émissivity uncertainties
through the pyrometers measurements.

The small window calibration data are not usedhm following, since the IR-

camera is placed at one of the main windows.

3.2.4 Pyrometers’ calibration

The unique available pyrometer which offers ratt@mfident measurements in
the absence of emissivity and transmittance unoéiga is the Minolta
pyrometer [105], in virtue of its frequent caliboat. Moreover, the other
pyrometers are characterized by a temperature mezasuat range which starts
at 800 or 900°C, and their performances are exgdot®e not optimized in the
inferior band of this range. Because of these mesaaacorrection is necessary. It
is obtained thanks to an ulterior calibration pchae. The set-up is similar to
section 3.2.3, i.e. the pyrometer under discussi@miented perpendicular to the
centre of the black body aperture and distancedbout 1 m from it. The black
body source is heated up to different temperatevel$, which are registered
together with the Minolta pyrometer, and the inigeged instrument measures a
certain value. The procedure is performed for stereated surface temperature
range and repeated for all used pyrometers. TaBld.2 summarizes the results
of this calibration.

Table 3.2.4.1. Pyrometers’ calibration. Temperagieen in °C.

Black body| 2C-3000 S-3000 2C-200( S-200( Minoltg
1200 1158 1166 1186 1209 1199
1100 1063 1068 1087 1106 1097
1000 970 975 987 1004 997

910 - - 900 905 908

The abbreviation “2C” refers to two-colour pyrontste’'S” to spectral, “3000”

and “2000” to the maximal measurable temperaturbe Tncapability in

measuring the lowest calibration temperature bynses the pyrometers 2C-
3000 and S-3000 must be noted in, although thipéeature would be within
their temperature range.

The temperature measured by the pyrometers inxXperienental campaign is
then corrected interpolating linearly between caliion spots.
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3.2.5 Temperature measurement accuracy

Each temperature measuring instrument is affectedrzertainties. Some of
these uncertainties and the relative grounds aeady treated in the previous
sections. The topic is completed in this section.

According to the works [30] and [31], a generalnfofa for all devices
(pyrometers, IR-camera and thermocouples) can iensuized as follows:

DT, = DT?, (3.2.5.1)

where the “T;” are the uncertainties affecting the instrumentguestion and
due to different uncertainty sources. They aredigielow.

Tin refers to the measurement accuracy of the instrynvemch is
provided by the producer. See references [94],]H105] and [108].

T.e accounts for the reproducibility error of the imstrent, which is
also provided by the producer. See references [@4)1]-[105] and
[108] once again.

Tgi is related to the inability of discriminating betve two close
temperature values. It includes the discriminaiizability not only of
the sensing element, but of the whole measurentein clt is evaluated
in the post-processing of the records through theximal signal
fluctuation when it has already reached the stesalte.

Tca relates to uncertainties implicit in the calibratigorocesses
described in the previous sections. For the Min@jaometer it is
reported in [106], for the remaining pyrometerssitestimated as the
composition of their reproducibility error and tMinolta’s calibration
uncertainty, while for the IR-camera as the contpmsi of its
reproducibility error and the pyrometers’ caliboatiuncertainty,

Tir comprehends errors solely related to the infragdeara. They are
basically due to the limited camera resolution tdpg, i.e. the camera
is not able to accurately discriminate two neighiray pixels. Because
of the nature of the detector, the local tempeeatlistribution for a
considered spot is hence treated as Gaussian [$08{hat the spot
temperature is the mean value and the uncertaifigy= +2 , where is
the standard deviation of the distribution.

The amounts of the uncertainties for the used ésvare summarized in table
3.25.1.
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Table 3.2.5.1. Summary of the uncertainties. THeabations “mv” and “rg” indicate if the
value is referred to the measured value (in °Gpdhe measurement range, respectively.

Uncertainty| 2C3000/S3000( 2C2000/S2000 Minolta IR-Camera TC
Tin +0.5% mv +1°Q 1% rg +0.5% mv 22K +0.75% mv
Tre 1£0.1% mv £1°C £0.3% mv 1£0.15% mv 1% mv 10.3% mv
T i +0.5K 1K 2K 3K 1K
Tes calibration calibration +2.5K up to 10004 calibration -
process process +3K for 1000-1200K process -
Tr - - - +2 (Gaussiar i

It is important to emphasize that the temperatueasurement system consists
of complementary devices. Thus a detailed postgasing permits to
significantly increase the reliability of the acopd data, since suitable data can
be used for correcting the other ones, e.g. tunihg emissivity and
transmittance of the IR-camera thanks to the measemts of the pyrometers.
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Chapter 4

Preliminary numerical investigations

This chapter deals with numerical simulations caneldi for the double purpose
of setting-up the coupling environment discussechiapter 2 and inspecting the
impact on the results of some physical phenomeh&hacan occur at an arc-
heated facility like L3K.

The available geometry is a bi-dimensional modey wose to the one, which
is then actually investigated (see chapter 5).

As depicted in figure 4.1, the model concernediga $ection consists of:

- a nose, characterized by a radius of 10 mm and roadepper. It is
assumed to be maintained at a temperature of 500 K;

- two ceramic flat plates, made of C/C-SiC and 3 nimckt The
horizontal one is 262.47 mm long and is the maiou$o of the
investigations. The vertical plate is positionedtbe rear side and is 55
mm long;

- a base support, made of stainless steel and 10hicka it is assumed to
be kept at 300 K;

- infilling insulating material KAPYROK. This matetias composed of
aluminum oxide AIOs; (91%) and of silicon dioxide SO(9%). Its
properties can be referred to Schafer [30] and saammmarized in
Appendix A. Thanks to its thermal conductivity rhumferior to the
values of C/C-SIiC, copper and steel, it enablesnthk separation
between ceramics and components maintained atacdristnperature.

Horizontal plate—__

Steel support
Copper Nose

0,000 0,050 0,100 ()
I O

Rear plate
n.02s 0.07s

Figure 4.1. Bi-dimensional investigated model.

The geometrical data of the model are presentetbire detail in Appendix C.
The model is considered infinitely rigid and theref neither deformations nor
forces are taken into account. As already mentidghedunning time of the L3K
facility is rather long and allows reaching steayditions on the surface. In
view of the aim of the present investigations, ftbes can hence be simulated as
steady. Moreover, the structure analysis is redtcedsteady 2-D heat transfer
problem.
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The coupling interface between fluid and structdieemains is limited for
efficiency reasons to the upper surfaces of thdicarplate and the front
isolating material as well as the horizontal plaiece the nose region and the
base support are kept at nearly fixed temperatyredoling and the other
surfaces do not give a significant contribution][31

In consideration of the low Reynolds number (etgha inflowRe ~14000), the
flow is assessed to remain laminar throughout thelevfield, see section 3.1.
The different components of the model are assuroedetin perfect thermal
contact with each other.

The wall is treated as non-catalytic.

In order to study the effect of the angle of atfabtle model is adjusted at 10°,
20° and 30° with respect to the flow centerline.

The set-up of flow and structure computations a&ascdbed in sections 4.1 and
4.2. The first investigations (section 4.3) deathwirozen and uniform flow.
They are fundamental for tuning the coupling pracedfor all successive
simulations and represent the reference results.

The influence of high-temperature gas effects auadrdent flow are taken into
account in sections 4.4, 4.5 and 4.6.

As already mentioned in section 1.3, the productipmocess and the

microstructure of the C/C-SiC are rather complexrdbdver, tolerances must be
taken into account for the model manufacture. Bvwof that, deviations from

the nominal values of geometry and structural priocgee must be considered.
The work by Schafer [30] deals with these issuesti® basis of an accurate
sensitivity analysis, it is possible to assess #haariation of the plate thickness
actually has no influence on the surface tempesaturd heat loads, while
emissivity, heat conduction coefficients and nos&lius require marked

variations to have significant effects on the tha&rguantities on the domains
under investigation. For example, at the plate iheidosh uncertainty about 10%
in the emissivity would yield to a variation of @2 in the surface temperature,
an uncertainty about 50% in the parallel and petjgerar heat conductivity to a

variation of ca. 1% and 3%, respectively, and aceuainty about 25% in the
nose radius a variation of ca. 1%.

Also some facility flow parameters may present dgons and hence affect the
results for the thermal quantities. This problemsisiilarly investigated by

Mack on the same configuration [31]. In particuldwe reservoir total enthalpy
is estimated to undergo an uncertainty of +4.4%clwiyields to a temperature
variation on the plate surface of approx. +3% ariteat flux difference up to

+15%. Of course, the thermochemical modeling afféloe results as well. The
work [31] deals also with these issues, and allewstaining that a diverse
formulation of the reaction rates — as the one &k P76] — even coupled with a
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different thermochemical model — as the one by IE4$%} — determine a slight
variation of the temperature (around 2%) but theesponding difference in the
heat flux can reach 10%.

The impact of these aspects must be taken intoidemasion when evaluating
the results of the numerical simulations. Howewvao, targeted analysis is
performed in the current work for quantitativelytiegting the amount of the
uncertainties affecting these results.

4.1 Flow modeling

The flow is computed by means of the TAU code.

For efficiency reasons not the entire test chambesimulated. The model
support and the whole field below the model arelewtgd, as well as the
complete field downstream of the vertical plateisT¢hoice does not affect the
focus of the investigations, according to [31]. Ever, the assumption of
uniform flow allows a further reduction of the doma&o be computed in front
and above the model. The fluid domain is thus symgttangular.

The extension of the flowfield to be solved is tddtin figure 4.1.1.

0.15 y ~

0.1

E 0.05

-0.05 L TS NI AT N N N1
0 0.1 0.2
x [m]

Figure 4.1.1. Fluid domain with initial mesh.

The hybrid mesh is generated by means of the stW&ENTAUR [110]. In
proximity of the surface quadrangular elementsdis&ributed in 28 layers in
normal direction, with a minimal thickness of 3”1l close to the body and
with a stretching ratio of 1.05 in normal directidrne rest of the flow domain is
discretized by an unstructured grid made of triaagin all, the initial number of
elements amounts to approx. 6°#0d 5-16 for the unstructured and structured
mesh, respectively. The mesh is adapted many timiteg the startup solution
of the flow problem, especially in vicinity of trehock. The grid is then kept
unaltered for the successive coupling iterationse Tinal grid for the 20°
configuration is plotted in figure 4.1.2 as an epd&n The total number of
elements of the conclusive grid adds up to ca d6d ca. 2-1Dfor the
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unstructured and structured mesh, respectivelychwls satisfactory according
to [31]. The surface points on the coupling inteefare around 300.

0.15
0.1 : \ / \

E 0.0sF

-0.05 L i T R S E
0 0.1 0.2
x [m]

Figure 4.1.2. Final mesh for the flowfield (20° figaration).

The inflow conditions are imposed at the left baanydwhile the right boundary
is the outflow and the upper and lower boundaryféndield. The initial grid is
the same for all configurations: the different gemb is then easily obtained by
changing the stream orientation in the inflow amel far field.

The model surface completes the flowfield boundahe contours of the nose
region and base support provide uniform boundamyperatures of 500 K and
300 K, respectively. The temperature distributimerothe coupling interface is
determined at each inter-field coupling iteratignthe structure solution. This is
of course unavailable at the first flow solutiorest therefore the coupling
interface is initially modeled at radiative equilion, namely neglecting the
structural feedback. The emissivity has hence titalde values of 0.95 for the
isolation material and 0.9 for the horizontal areftical plates. It must be
underlined that the TAU-code assumes a backgroangpérature of 0 K for
surface radiation. The radiation of nose and bappa@t are neglected in view
of both, their low temperature and emissivity.

Starting from the first inter-field iteration, tmadiation is naturally integrated in
the structure problem, and the temperature digtabus imposed at the whole
model surface as boundary condition for the floweio

The multi-grid scheme chosen for the flow solutieof type “3v”, with upwind
discretization AUSMDV and Van Leer preferred foe tine and coarse meshes,
respectively.

4.2  Structure modeling

The solution of the thermal problem is obtainedrirthe ANSYS code. All
important components of the considered model ammpcehended in the
structure simulation, which means the horizontalteyl the vertical plate, the
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isolating part in front of the horizontal plateasll as the isolation which fills
the inner space between plate and base, see #iqufe The nose region and the
base are dispensed from simulation, since they ragéntained at fixed
temperatures. They are simply taken into accourttcasdary conditions, i.e.
T=500 K andT=300 K at the contact interfaces with the nosearegnd with
the base, respectively.

0000 0.045 0.090 ()

0.0z 0,068

Figure 4.2.1. Solved structure field and relatigerdinate system.

The non-linear temperature-dependent propertigkeoEmployed materials and
the orthotropic behaviour of the ceramics are takém consideration inside the
structure modeling.

Since the calculation effort needed by the therprablem is rather low, it is
possible to generate a very fine mesh. The quasststed grid is composed by
guadrangular elements with a temperature degrée@iom per node and with
a side dimension of ca. 2.5:4@n, as depicted in figure 4.2.2. The radiation
towards the background (which is assumed at aldeitemperature value of
300 K) is taken into account by means of surfaeenehts, which deal with the
radiative cooling at the coupling interface. Moregwhe energy transfer inside
the model between regions with different charastes is managed by
appropriate contact and target elements.

Figure 4.2.2.uasi-structured mesh on the rear sid

43



Chapter 4

The coupling quantity — the surface heat flux canirom the solution of the
fluid problem — is interpolated at each inter-figtiekation step on the nodes of
all elements, which lie on the interface. The noldet flux distribution acts
then as load for the thermal problem. The struttamawer in terms of surface
temperature is afterwards interpolated on the éngphterface nodes of the
fluid grid. It determines the updated boundary ¢boil for the flow domain in
terms of surface temperature.

The interpolation process is qualitatively sketcirefigure 4.2.3. The heat load
to be applied on the considered structure nodbléck) is interpolated from the
flow grid neighbouring nodes (in grey) which aresgr to it. The operation is
accomplished for each structure node. The intetioolaf the temperature from
the structure onto the flow grid is analogouslyfpened.

16 Flow grid 17 16 Flow grid 17
® G o —O o
{16 T,
17 T
N e e o—o—0—@
1 2 3 1 2 3

Structure grid Structure grid

Figure 4.2.3. Sketch of the thermal load interpofabnto the structure nodes (left) and of the
temperature b.c. interpolation onto the flow nogeght).

4.3 Perfect gas computations

The flow conditions refer to Mack [31], with inflowonditions obtained from
numerical simulations of the whole wind tunnel &emical non-equilibrium
(and thermodynamic equilibrium) with the chemicabctions model of air
suggested by Gupta [77]. The investigated flowhm ¢oncerned domain is then
modeled as a perfect gas with suitable gas preagertbllowing the procedure
expounded in section 2.2. Emphasis must be puh@gctiemical composition of
the high-enthalpy gas: because of the very higarves temperature, oxygen is
almost completely dissociated, while an amount & N present and only a
very small percentage of nitrogen is dissociatdte Tonsidered reservoir and
inflow conditions are presented in table 4.3.1, ighe the adapted perfect gas
properties are summarized in table 4.3.2.
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Table 4.3.1. Reservoir and inflow conditions in LEility (from ref. [31]).

T [K] 5400
P, [Pal 4.55- 10°
ho [MJ/kg] 10.82
Ma 7.62
T [K] 463.7
p [Pa] 51.95
[kg/m?] 3.32- 10"
VvV [m/s] 3678
(Ny) 0.763
(0,) 3.93-10°
(NO) 9.30- 10°
(N) 2.24-10°
(0) 0.224
Mass flow rate[kg/s] 0.142
Table 4.3.2. Perfect gas properties (from ref.J31]
R [J/(kg K)] 346.0
1.462
Pr 0.72
Sutherland'd ¢ [K] 273
Sutherland's . [Pa s] | 1.716- 10°

The results at the coupling surface for the radwatequilibrium case are
available after the adaptation cycle for the sadalution.

The temperature and Mach number fields for theethcenfigurations are
depicted in figures 4.3.1 to 4.3.3.
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Figure 4.3.1. Distribution of temperatui@® @nd Mach numbeibj in the flowfield. Perfect gas
modeling. =10°.

It is possible to notice the very good resolutidrih@ bow shock. The maximal
temperature in the fluid domain is reached afterghock in front of the nose
region, in proximity of the stagnation point. It aomts to ca. 6630 K for all
configurations.
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Figure 4.3.2. Distribution of temperatui@ @nd Mach numbeibj in the flowfield. Perfect gas
modeling. =20°.
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Figure 4.3.3. Distribution of temperatui@ @nd Mach numbeibj in the flowfield. Perfect gas
modeling. =30°.

The temperature trend at radiative equilibrium lo@ horizontal and rear plate
surfaces is depicted in figure 4.3.4. The surfastridutions of the thermal
guantities are plotted in this work in correspora#enf the flow mesh nodes at
the wall for both, the uncoupled and coupled sohsi

The temperature distribution on the surface shovalight negative gradient
downwards. The closeness of the shock and henceetlyehigh thermal load,
together with the boundary condition @=500 K on the nose domain,
determines a remarkable temperature jump on th&acgurof the isolation
material in front of the horizontal plate. It haseln preferred not to introduce an
intensive refinement on this region, since theregdgeis concentrated on the
horizontal plate. The resolution of the positivadjent is therefore rather low.
This is common also for all subsequent simulations.

Because of the difference in the emissivity betwk&®YROK and C/C-SIiC,
the latter has a weaker cooling performance byatemti, and consequently the
maximum in the surface temperature distributiosemion the horizontal plate in
vicinity of the connection zone (which is»a10 mm). The maximum amounts
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to 1192 K, 1259 K and 1340 K for the 10°, 20° arm@f onfiguration,
respectively, and occurs for the former twoxal2 mm and for the latter at
x=14 mm.

The effect of the higher angle of attack must belessized, since at 30° the
surface temperatures reach higher values of ab$@#1%0 K and 80-90 K in
comparison with the 10° and 20° configuration, exsiely.

1300 -
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T K]
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900 0 0.1 0.2
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Figure 4.3.4. Temperature distribution on the cimgpsurface. Perfect gas modeling with
radiative equilibrium boundary condition.

The heat flux distribution for radiative equilibniuis shown in figure 4.3.5 and
is obviously similar to the temperature trend. Aftee peak on the front, the
load decreases along with the longitudinal coorgirfieom a maximal value of
ca. 95, 130 and 170 kW#no a minimum of ca. 35, 60 and 85 kW/for the
10°, 20° and 30° configuration, respectively.
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Figure 4.3.5. Heat flux distribution on the coupglisurface. Perfect gas modeling with radiative
equilibrium boundary condition.

The initial surface heat flux evaluated by the a#de equilibrium solution
allows starting the structure computation.

The structure has an evident influence on the iigyeted problem. Figure 4.3.6
displays the temperature distribution inside thelehowhereas figures 4.3.7 and
4.3.8 deal with the heat flux distribution. Theye aall taken from the first
coupled simulation of the 30° configuration.

The heat conduction inside the model determinesa tow from hot to cold
regions. Although the heat conductioreidirection between the hot surface and
the cold base represents a component of the theespbnse, there is a very
interesting in-plane heat transfer inside the twonial plate, see figure 4.3.3)(
This is accentuated by the presence of the isgldtiock under the 3 mm plate,
the heat conductivity of which is around two ordefsnagnitude less than the
ceramics’ one. Also due to the orthotropic progsriof the C/C-SiC, which are
characterized by the heat conductivity paralledfh® fibers being nearly double
than the perpendicular one, part of the load “pegfbeing transported along the
plate to the back of the model instead of beingdparted irz-direction.
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Figure 4.3.6. Temperature distribution inside ttnacture (30° case). Temperature in °C.
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Figure 4.3.7. Distribution of the (a) andz (b) components of the heat flux inside the structure
(30° case). Data in kW/m

Z Heat Flux:

Emphasis must be placed on the nearly uniformitthsf in-plane heat transfer
on a large portion of the horizontal plate. In fdbe not-emitted heat flux splits
up in the fore region in a longitudinal componewtich transfers either
forwards or backwards, and in a perpendicular carapt which enters the
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insulation. Figure 4.3.8a] helps pointing out this occurrence. The longitiadli
gradient of the in-plane component on the horizZoplate is rather slight. Its
contribution to the local heat transfer problematiégd in section 2.1 is thus
almost insignificant.

At the rear side, the heat flux is either emittedransferred downwards through
the vertical plate, see figures 4.3bf &nd 4.3.81§). The latter has indeed fibers
oriented inzdirection and the heat conduction effect of dragdime thermal
load from the hot region to the cold base is matife

(b)
Figure 4.3.8. Qualitative heat flux vector disttiba in the structure (30° casey)(between 15
and 30 mm (front).k): between 260 and 275 mm (back).

Because of its very low heat conductivity, the asiolg component in front of
the horizontal plate keeps to realize surface ogobly means of almost pure
radiation towards the background. In view of thiats understandable that the
pronounced positive temperature gradient on théaserof this KAPYROK

piece from the boundary condition of 500 K remasamilar to the startup

solution. On the contrary, the temperature peatheatcrossing region between
the front isolation and the horizontal plate is sthed thanks to the heat
conduction influence. The temperature evolutiontlom interface is plotted in
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figure 4.3.9. The maximal surface temperature arsotins time to 1114, 1214
and 1299 K, and it arises @20 mm,x=16 mm and=18 mm for the 10°, 20°

and 30° configuration, respectively. The highesti@a correspond in general no
longer to a peak but to a plateau, which extendswadth of ca. 15-20 mm with

a few degrees difference.

Moreover, the drag-effect of the rear plate detegwmia clear impact on the
temperature distribution on the back. There isamgér a slight but a significant

negative gradient on the coupling surfaces of bthta, horizontal and vertical
plate.
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Figure 4.3.9. Temperature distribution on the cimgpsurface. Perfect gas modeling with fluid-
structure interaction {icoupling) and comparison with the uncoupled result

The temperature decrease between startup andcorgiled solution in the
central part of the coupling surface is nearly amf and it is less than 40 K,
even less than 10 K for the higher angles of att&wk the other hand, the
influence of the structure in alleviating the sadgdemperature level on both, the
front and the back, is impressive, with a decrdgseven 420 K on the former
and 250 K on the latter. In general, the capabditthe structure in reducing the
surface temperature is demonstrated.

Since the surface temperature distribution is ckffig also the heat flux loading

the surface varies after the first coupling itemfisee figure 4.3.10. Of course,
the more important differences keep in pace withtmperature variation, and
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hence occur on the front and rear coupling surfatlkes loading heat flux is in
fact predicted satisfactory on the central surfagsuming radiative equilibrium
conditions: the difference with the first couplieglution is less than 2 kW/m
The most remarkable variations arise where the ¢eatpre decrease is
noteworthy and hence where the radiative coolingobees lower and the
thermal gradient in the boundary layer becomes npoomounced. The load
increase on the fore and rear surfaces can reach8@akW/nf (10°
configuration) and 15 kW/Mm(30° configuration), respectively. It is remarkabl
that on the back side the heat flux undergoes tarélgion and behind that
encounters even a positive gradient.
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1coupled_30°
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100
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Figure 4.3.10. Heat flux distribution on the couglisurface. Perfect gas modeling with fluid-
structure interaction {ficoupling) and comparison with the uncoupled result

The temperature field shows no particular diffeemnowith the radiative
equilibrium and its depiction is dispensed. Thigesnmon for all further inter-
field iterations and for all successive investigas.

After the first coupling, the successive interdieliterations focus on

convergence, the results do not considerably diften the ones above. Figures
4.3.11 and 4.3.12 help pointing out this fact.
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Figure 4.3.11. Temperature distribution on the ¢iogpsurface. Perfect gas modeling with
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Figure 4.3.12. Heat flux distribution on the couglisurface. Perfect gas modeling with fluid-
structure interaction. Comparison betwe&mad 4" coupling results.

55



Chapter 4

Convergence is reached after 4 coupling iteratenmd there is no need of the
relaxation parameter introduced in (2.3.2), since the convergenceablst(i.e.
is set equal to 1). The display of the temperagwaution inside the structure
is therefore dispensed, while the comparison of thermal quantities
distributions between®and 4" iteration is plotted only in this section.

Tables 4.3.3 to 4.3.5 summarize the convergenceudbce temperature and
heat flux with respect to the inter-field iteratson

Table 4.3.3. Convergence of the thermal quantiBesfect gas modeling=10°.

Iteration Tmax Tx:0.14m 0 max 0x=0.14m
uncoupled -1  -4.18E+02 -3.52E+01 7.84E+D4 3.74E+Q2
1-2 -1.98E+02 -2.55E-01 -5.78E+()4 1.18E+02
2-3 1.38E+02 -6.62E-01 3.39E+04 -1.12E+0p
3-4 -3.67E+01 -3.17E-02 -1.71E+(Q4 -1.08E+0[L

Table 4.3.4. Convergence of the thermal quantiResfect gas modeling=20°.

Iteration T max T x=0.14m 0 max 0 x=0.14m
uncoupled -1 -2.01E+02 -5.68E+0( 4.63E+p4 1.31E+Q2
1-2 3.00E+01 1.70E-01 1.84E+04 6.61E+0]
2-3 -9.71E+00 -4.00E-02 -6.13E+03 -1.03E+0[L
3-4 3.22E+00 2.00E-02 1.95E+03 1.42E+00
Table 4.3.5. Convergence of the thermal quantiBesfect gas modeling=30°.
Iteration Tmax Tx:0.14m 0 max 0 x=0.14m
uncoupled -1  -2.39E+02 -5.26E+0( 5.77E+04 -3.44E+(1
1-2 -9.43E+01 3.26E-01 2.31E+04 -2.18E+0[L
2-3 3.30E+01 -9.00E-02 -7.84E+(3 5.80E+00
3-4 -1.10E+01 -7.01E-02 2.52E+(03 6.73E-0]

It is important to understand the quantitative treteship between the acting
load and the heat fluxes which either are emittethle surface or go inside the
structure. Figure 4.3.13, taken from the horizoptate at 10° angle of attack as
an example, is helpful for this purpose. The heatllat the surfacg, comes
from the flow solution of the converged coupled giations, whereas the
radiative and convective heat fluxgsand g, are evaluated from the surface
elements of the converged structure computations.

It is evident that the radiation towards the baokgd contributes with more
than 90% - in the middle up to 97% - to the cooloighe surface in its central
region, confirming the very good cooling performaraf the C/C-SiC material
introduced in section 1.3. The heat flow transiriaside the model by
conduction is here nearly uniform and rather lovijlevthe radiative heat flux
has clearly a behaviour close to the one of thenthkload. The situation
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changes on the front and back surface, where theedrheat conduction effects
account for several percentage points of the twat flux. The phenomenon is
particularly impressive on the rear, where the h#ak transferred by
conduction gets to the point of exceeding the taadiacooling contribution.
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Figure 4.3.13. Heat flux distribution on the couglisurface. Relationship between components
of the heat flux and comparison with the actinglloa

4.4  Model flow in thermochemical non-equilibrium

Although the gas is practically frozen in the telsamber, the TAU code offers
the possibility of performing non-equilibrium contptions in order to assess
which influence on the model the thermochemicalnpineena may have. The
set-up of the simulations in thermal and chemiced-aquilibrium is the same as
before, see sections 4.1 and 4.2. The grid finef@sshe flow solver after
adaptation is comparable with the previous compuriat while the structural
model is the same. The chemistry is modeled by sedrthe 17-reactions
model for the 5 species air mixture [77], with #ame inflow mass fractions as
for the perfect gas simulations (see section B¢ reaction model is reported
in Appendix B. Since the mass fractions of &d NO are very low at these
wind-tunnel conditions, the vibrational degree mfefdom must be taken into
account for M only. Its vibrational temperature at the inflow amoumtg875 K
[111], as presented in table 4.4.1 together with ¢ther concerned inflow
guantities.
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Table 4.4.1. Inflow conditions for thermochemicahrequilibrium modeling in test chamber.

Ma 7.62
T [K] 463.7
p [Pa] 51.95
[kg/m? | 3.32-10°
VvV [m/s] 3678
(N,) 0.763

©,) | 3.93-10°
(NO) 9.30- 10°
(N) 2.24-10°
(0) 0.224
Ty [K] 4375.0

Because of the increased complexity of the flowisoh, its computational time

grows up.

It must be underlined that the inflow conditiongabed from [31] are based on
calculations conducted with chemical non-equilibrjubut at thermodynamic

equilibrium, since at that time there was no thernemistry accounting for

vibrational relaxation available in the TAU codeheTeffects of thermal non-

equilibrium will be taken into account in sectio® 4

Moreover, for the sake of efficiency only the cguifiations at 10° and 20° angle
of attack are simulated in the present investigatiorThe computations are,
anyway, satisfactory for examining the influenceh@rmochemistry.

The results of the startup simulations allow paoigtiout the first differences

from the perfect gas modeling. The thermochemicatgsses determine some
variations on the temperature field, which is shawrigures 4.4.1 and 4.4.2.

Although the shock shape remains similar as fouitd perfect gas modeling,

the shock line is closer to the body, consequericgissociation phenomena
across it [18].
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Figure 4.4.1. Distribution of temperatui@ @nd Mach numbeby] in the flowfield. Model flow
in thermochemical non-equilibrium=10°.

The increased closeness of the shock is more pnoedun the flowfield, both

far above the model and in front of nose and baggon. The topologic
variation for the 20° configuration is, howeveisdaemarkable.

The temperature level in the fluid domain is inderi with a maximal

temperature of about 6420 K, more than 200 K iofetd the results of section
4.3.
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Figure 4.4.2. Distribution of temperatui@ @nd Mach numbeby] in the flowfield. Model flow
in thermochemical non-equilibrium=20°.

o
”

A few sections in the temperature field perpendidyl to the surface help
emphasizing the mitigation of the temperature peoiin z-direction and the

closeness of the shock to the surface. Figure At#k&n from the results for the
lower angle of attack, serves as an example.

Anyway, it is important to underline that at thafage and in its vicinity the

situation is mostly inverted.
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Figure 4.4.3. Comparison of the temperature p®fiteperpendicular direction (left) and zoom
in proximity of the surface (right). 10° configuic.

As depicted in figure 4.4.4, the surface tempeeatirradiative equilibrium is
indeed everywhere higher than for the perfect gadal) and this occurs for
both, 10° and 20° configuration. Moreover, the teragure gradient at the wall
is in general less pronounced than for the idealag®e. The heat flux loading
the model is thus generally lower, see figure 4.4Be abbreviation “pg”

indicates the simulations with frozen flow, whiléngg” the modeling with

thermochemical non-equilibrium.

1300 |- DDEP h, . pg_radeq_20°
i o tngg_radeq_20°
N\ . pg_radeq_10°
- :" \,. o tngg_radeq_10°
1200 [ *
%3
"~ 1100
1000

900 I L L L I L L L I L L Il
x [m] '
Figure 4.4.4. Temperature distribution on the cmgpsurface. Gas in thermochemical non-
equilibrium with radiative equilibrium b.c. and cparison with perfect gas modeling.
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Figure 4.4.5. Heat flux distribution on the couglisurface. Gas in thermochemical non-
equilibrium with radiative equilibrium b.c. and cparison with perfect gas modeling.

The temperature and heat flux distributions on shdace have very similar
trends in comparison with the perfect gas casewany there is an interesting
aspect concerning the results for the lower angdlattack, which needs a
particular attention. Whereas the temperature asgdor the 20° configuration
is almost uniform and equal to ca. 50 K (correspmgpdo an increase by
approx. 4%), in the 10° case it grows up with thagitudinal coordinate from a
minimum about 15 K on the front (increase by appth%%) to a maximum of
ca. 30 K on the rear side (increase by approx. 3%é¢se relative variations
have been normalized to the local value of thentlaérquantity computed in
section 4.3; the procedure is applied in the foilmytoo.

The heat flux keeps decreasing withbut its gradient becomes less negative,
such that atx~0.15 m the loads evaluated with the perfect gad an
thermochemical modeling are equal, and backwardsldtier is even higher
than the former. This is explainable consideringimaghe layer in proximity of
the wall. Taking two perpendicular sections of thmperature field at=0.1 m
and x=0.2 m, it points out that at the second positiba local temperature
gradient normal to the surface is more accentutdiad in the perfect gas case,
while it remains less pronounced for the first sgdte comparison of heat flux
and thermal gradient at the wall is reported inlga#.4.2 for the two
longitudinal positions.
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Table 4.4.2. Heat flux and thermal gradient atwhad atx=0.1 m andk=0.2 m.
10° configuration with radiative equilibrium bounglaondition

10° - uncoupled tngg pg
G x=0.1m[W/M7] 5.40E+04| 5.74E+04
Quw x=0.2m[W/M7] 4.18E+04 4.11E+04
( T/ n)yx=01m[K/M] | 7.51E+05 7.89E+0%
( T/ n)y x=02m[K/m] | 6.18E+05( 6.07E+0%

The thermal gradient at the wall has the main erfke on the heat flux,
although there is another interesting effect du¢htothermochemistry, and it
shows up by examining the mass fractions distrimgtiat the same longitudinal
positions, which are displayed in figures 4.4.@ i#.8.

The ideal gas simulations consider a uniform chahtomposition of the gas
throughout the whole flowfield, in particular inethboundary layer. On the
contrary, the mixture composition in non-equilibmucomputations is allowed
to change, as a result of the chemical reactionsinlyl close to the model
surface, the mixture composition is indeed somewdifierent than at the
inflow. Molecular nitrogen partially dissociatestaf the shock, while nitric
oxide forms, see figure 4.4.6. A slight formatiohnoeolecular oxygen occurs
after the shock, but this behaviour is reversedatl direction, as depicted in
figure 4.4.7 (left). Thus, the Nand Q mass fractions diminish in comparison
with the inflow values, even though the percentdgerease of the former is
rather low; this occurs also for atomic oxygen. fbe other hand, NO and N
remarkably increase, since their inflow mass foadi are very low; in
particular, atomic nitrogen is up by three ordersnagnitude, see figure 4.4.8
(left).
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Figure 4.4.6. N (left) and NO (right) mass fraction profiles withspect t@-coordinate. Gas in
thermochemical non-equilibrium with radiative eduilum b.c. — 10° configuration.
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Figure 4.4.7. @(left) and O (right) mass fraction profiles witlspect ta-coordinate. Gas in
thermochemical non-equilibrium with radiative eduilum b.c. — 10° configuration.
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Figure 4.4.8. N mass fraction (left) and densitght) profiles with respect te-coordinate. Gas
in thermochemical non-equilibrium with radiativeuddprium b.c. — 10° configuration.

The trend in proximity of the wall is partly reveds as a result of the density

increase in this domain, which is depicted in fegdr4.8 (right). Anyway, the
variations described above still maintain at théese.

The situation is similar downstream=0.2 m), although the quantity profiles are
smoother, see again figures 4.4.6 to 4.4.8. Thesrmastions at the surface are

here generally closer to the inflow values, exdepatomic oxygen.
The mass fractions data for both longitudinal ssdiare summarized in table
4.4.3, where they are also compared with the infowounts.
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Table 4.4.3. Mass fractions at the walka0.1 m and=0.2 m in comparison with the inflow
values. 10° configuration with radiative equilibritboundary condition.

10°-uncoupled| inflow x=0.1r | x=0.2mr 0.2-0.1| 0.1-inflow| 0.2-inflow
N, 7.63E-01| 7.59E-01| 7.60E-01L  0.15% -0.479 -0.32%
0, 3.93E-03| 3.33E-03| 3.11E-0B -7.279 -15.23% -20.98%
NO 9.30E-03] 1.29E-02| 1.20E-0R -7.36% 38.25% 28.77%
N 2.24E-06| 2.04E-03| 1.31E-0B -55.35% 900 times 585 tinfes
0 2.24E-01| 2.23E-01| 2.23E-01  0.31% -0.559 -0.249%

The different temperature, density and chemical mmsition play together to

lead to a different local heat conductivity of s, according to the procedure
described in section 2.2. The heat conductivit)=1.1 m is therefore lower

than in the ideal gas case, but the variation aaradt 1%, as shown in table
4.4.4. Downstream the decrease is in practice gibtgi (approx. 0.2%).

Table 4.4.4. Heat conductivity at the walkaD.1 m andk=0.2 m in comparison with the perfect
gas modeling. 10° configuration with radiative ditpnium boundary condition.
10° - uncoupled tngg Py

w x=01m[W/(m K)] 7.19E-02| 7.28E-02
w x=0.2m[W/(m K)] 6.76E-02| 6.77E-02

The influence of the different heat conductivity the local heat flux is hence
inferior to the effect due to the thermal gradient.

Coming back to the heat flux distribution plottedigure 4.4.5, it is noticed that
the heat flux decrease varies on the whole interfac the 20° configuration,
with a maximum variation of about 15 kW7t the frontal edge of the coupling
surface (approx. 13% less) and a minimum variatibea. 2 kW/ni (approx.
4% less) close to the downstream end. On the sitler the thermal load at the
lower angle of attack presents this “crossing” eta with respect to the
longitudinal coordinate, with a maximal decreasstigam by ca. 13 kW/m
(approx. 14% less) and a maximal increase dowmstteaca. 1 kW/rh(approx.
3% more).

The integration of the structural response hasnagdundamental role in the
problem under discussion. The temperature andfliadistributions inside the
model are not displayed, since they do not presigmificant differences from
the investigations described in the preceding sectparticularly from figures
4.3.6 to 4.3.8. This is common also for all subsedinvestigations.

The heat conduction inside the model remarkablyelswhe temperature of the
surface. Once convergence after 4 inter-field itens is reached, the
temperature and heat flux distributions get vepselto the ones related to the
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perfect gas modeling. In the present case, the detyre mitigation is even
more evident, since the temperature level for tadiaquilibrium is higher.
Compared to radiative equilibrium calculations, temperature decrease in the
central part of the coupling surface is again ryeaniform and it is about 70 K.
On both, the front and the back surface, the dsereaaches almost 300 K
thanks to the heat conduction effects.

Furthermore, it is confirmed that the heat fluxes fairly well predicted by the
radiative equilibrium solution in the domains whéhe conduction effects are
low. Apart from the model extremities, where theperature drops occur and
the load undergoes variations up to 40 kW(approx. 25%), the increase
amounts to ca. 1 kW/hfapprox. 1-2%).

Tables 4.4.5 and 4.4.6 summarize the convergentdedhermal quantities with
respect to the inter-field iteration.

Table 4.4.5. Convergence of the thermal quantifibermochemical non-equilibrium=10°.

Iteration Tmax Tx=0.l4m 0 max 0x=0.14m
uncoupled -1  -2.70E+02 -6.45E+01 3.19E+04 6.18E+(2
1-2 -7.89E+01 -3.11E+00 9.52E+(3 1.99E+01
2-3 2.06E+01 1.20E-01 2.48E+(3 -9.59E+0D
3-4 -5.27E+00 -6.23E-03 -2.92E+(2 -2.89E-01
Table 4.4.6. Convergence of the thermal quantifibermochemical non-equilibrium=20°.
Iteration T max T x =0.14m 0 max 0x=0.14m
uncoupled -1 -2.87E+02 -6.93E+01 4.19E+H04 1.13E+(03
1-2 -8.45E+01 -4.04E+00 1.26E+(4 6.14E+01
2-3 2.32E+01 2.30E-01 -3.39E+03  -5.51E+0p
3-4 -7.09E+00 -1.65E-02 1.02E+(Q3 -3.85E+0D

The temperature and heat flux trends on the suréaeerather similar to the

converged coupled perfect gas solution, as disdlayégures 4.4.9 and 4.4.10.

In virtue of the structural influence, the temparatpeaks are notably smoothed
and a considerable part of the thermal load issfeared inside the model. The
heat conduction effects are still noteworthy on ithar, where the temperature
reduction is evident and consequently the heat fitesents even a reversal of
its gradient.
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Figure 4.4.9. Temperature distribution on the cmgpsurface. Gas in thermochemical non-
equilibrium with fluid-structure interaction androparison with perfect gas modeling.
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Figure 4.4.10. Heat flux distribution on the coaglisurface. Gas in thermochemical non-
equilibrium with fluid-structure interaction androparison with perfect gas modeling.
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It is important to quantify the influence of thdfdrent flow modeling, once the
coupling is taken into account. As highlighted an the thermal response of the
structure has a significant impact, since it ateges the disagreement in the
results between the two models. The temperatureage of thermochemical
modeling is generally reduced in comparison witle tldeal gas coupled
simulations, with a maximal decrease on the froptabout 19 and 24 K
(corresponding to a decrease of ca. 2%) for the a@f 20° configuration,
respectively. Besides this domain, the set-up ghdri angle of attack shows a
difference of ca. 10 K (approx. 1% less) in the dledand a minimal reduction
of ca. 6 K (approx. 0.8% less) on the back. Itasfemed how influential the
structure in the whole problem is: aside from the modeling, the results of the
coupling are almost the same, especially where dinectural effects are
predominant. An analogous behaviour for the sanggeant attack is shown by
the surface load: besides the forebody drop o®daW/nt (approx. 6% less),
the decrease settles down to ca. 3 kfWapprox. 4% less), with a minimal
reduction on the rear which amounts to about 1 k¥{#pprox. 1.5% less).
Anyway, it is necessary to underline that the thmshemistry effects at the
surface previously described for the radiative lguum case still remain in the
coupled solution. They are rather evident for tlosvdr angle of attack
configuration, but they help to explain also whye ttemperature difference
along the longitudinal coordinate for the 20° cdsrinishes. Considering again
two perpendicular sections &0.1 m andx=0.2 m, table 4.4.7 points out that
the thermal gradient at the wall for the latter ifpos accounting for
thermochemical modeling is more accentuated thantHe ideal gas case,
although the situation is inverted for the formeots

Table 4.4.7. Heat flux and thermal gradient atwhad atx=0.1 m andk=0.2 m.
10° configuration with fluid-structure interaction.

10° - 4coupled tngg Py
O x=0.1m[W/M’] 5.45E+04| 5.76E+04
qQw x =0.2m[W/m2] 4.24E+04( 4.14E+04

( T/ )y x=oam[K/m] | 6.17E+05| 6.46E+05
( T/ n)y x-o2mlK/m] | 6.60E+05| 6.21E+05

The heat flow distributions keep thus this “crogdintrend for the 10°
configuration, with a load decrease on the fronabyput 6 kW/rfi (approx. 6%
less) and an opposite increase on the back by ahBukWi/nf (approx. 4%
more). Furthermore, the temperature evolution fitsedsumes a similar
behaviour, with the mentioned drop of 19 K at tbeebody and a growth up to
7 K (approx. 1% more) on the rear. It can be ndtitkat the radiative
equilibrium solution presents an analogous trerad,the temperature decrease
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for the thermochemical modeling along the surfacéess than for the perfect
gas case.

The mass fraction distribution agrees with theatde equilibrium formulation,

with just small differences in the values, seedabl.8. Only atomic oxygen
shows a different behaviour at the more downstrpasition, but this variation
is negligible if compared with the nominal values.

Table 4.4.8. Mass fractions at the walka0.1 m and=0.2 m in comparison with the inflow
values. 10° configuration with fluid-structure irdgetion.

10°-4coupled infow | x=0.1r | x=0.2mr 0.2-0.1 | 0.l-inflow| 0.2-inflow

N, 7.63E-01| 7.59E-01| 7.62E-OfL 0.42% -0.549 -0.12%
0, 3.93E-03| 3.54E-03| 2.83E-08 -25.23% -9.809 -27.97%
NO 9.30E-03| 1.32E-02| 1.10E-0p -20.32% 41.75% 17.81%
N 2.24E-06| 2.45E-03| 3.73E-044 7timeslgss 1095 times tibGEs

0 2.24E-01| 2.22E-01| 2.24E-01 0.81% -0.739 0.089

The heat conduction remains inferior to the idesd gne, although in this case
the higher difference is a&=0.2 m, as reported in table 4.4.9. However, it is
confirmed that the heat conduction does not reptdie most important impact
on the local thermal load.

Table 4.4.9. Heat conductivity at the walkaD.1 m andk=0.2 m in comparison with the perfect
gas modeling. 10° configuration with fluid-struaunteraction.

10° - 4coupled tngg pg tngg-pg
w x=01m[W/(m K)] 8.83E-02| 8.92E-02l  -0.92%

wx=02m[W/(m K)] 6.43E-02| 6.66E-02 -3.47%

The coupled solution reflects therefore what wikte tradiative equilibrium
boundary condition occurs, although the structuregponse substantially
influences the problem and remarkably reduces ifferehces.

In conclusion, it is proved that the impact of thermochemical modeling on
the coupled solution is minimal, in particular tve thorizontal plate.

4.5 Divergent flow

Up to now, the inflow conditions for the model flomave been assumed as
uniform. Strictly speaking, the flow in the L3K teshamber is, however,
slightly divergent, owing to the used conical nezzin order to understand
which influence the divergent flow downstream oé thozzle on the surface
guantities can have, the inflow conditions are heken from a nozzle flow
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solution. The flow quantities are then linearlyeiqtolated on the boundary of
the usual flow domain for the numerical computationamely on the inflow
and on the far field. They constitute thus the lauy condition for the flow
solution, and the interpolation procedure is repeédbr each adaptation step
when calculating the startup solution.

Similarly to the previous section, only the 10° a@d° configurations are
computed.

The flow in the considered L3K facility componemssimulated in the absence
of the model. The flow is treated as steady andyaximetric and it is assumed
to be laminar [93]. After the investigations by g81], it can be assessed that
at the considered flow conditions the shear laysning off from the nozzle
evolves nearly parallel to the symmetry axis arad tto characteristic can strike
the region, where the model surface will be posémh The total enthalpy
remains practically unchanged in the flow domairioch will subsequently
involve the model.

The reservoir conditions are the same as reponteddtion 4.3. The nozzle exit
diameter is set to 300 mm. The facility walls ar@deled at a uniform
temperature of 500 K, since they are water-cooléte facility internal fluid
domain is discretized by means of a hybrid mesh figeire 4.5.1: the region in
proximity of the wall is discretized through a stitwured mesh which amounts to
ca. 910° elements in all, distributed on 30 layers in ndrdigection, while the
rest is discretized with an unstructured mesh campof ca. 2.80" elements.

0 0.5 1
x [m]
Figure 4.5.1. Considered flow domain inside the Lfakility and its discretization.

The gas is modeled for efficiency reasons at chamon-equilibrium and
thermodynamic equilibrium, since in the presentecabe aim is the
investigation of the effects of the divergent flawd not directly concerning the
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complete non-equilibrium thermochemistry inside theility. The influence on
the surface quantities of the thermochemical madelof the flowfield
surrounding the model has been already discussgekciion 4.4, while the non-
equilibrium thermochemistry in the nozzle flow wille treated in the next
section.

Figure 4.5.2 displays the Mach number distributiaken from the solution of
the facility flow. It is possible to notice the donous expansion along the
nozzle and the further expansion at the nozzle @xé to the slightly lower
pressure in the test chamber background in congravigth the core flow.

Figure 4.5.2. Mach number distribution in the sdld®main. Gas in chemical non-equilibrium
and thermodynamic equilibrium.

Figure 4.5.3. Mass fractions distribution in theility along the central streamline. Gas in
chemical non-equilibrium and thermodynamic equilibr.
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Moreover, figure 4.5.3 offers a confirmation thdtetchemistry “freezes”
downstream of the nozzle throat and that the masgidns keep practically
unchanged for the rest of the fluid domain.

Once the solution of this flow is available, theperties at the inflow boundary
of the model fluid domain can be obtained. For,tkti@¢ nozzle flow is rotated
by the desired angle of attack and the model i®dhiced at a distance of 939
mm from the nozzle throat section (300 mm from thezzle exit). This
procedure can easily be understood consideringdigib.4. The flow quantities
are then interpolated on the contour of the model, @nd the solution of the
flowfield surrounding the model can start.

Figure 4.5.4. Facility mesh (black) and model mighe) set up for first interpolation — 10°
configuration.

The subsequent procedure is very similar to the cameglucted for the perfect
gas computations. For efficiency reasons the gaseirs modeled again as ideal,
since the differences on the surface thermal quesitiith thermochemical non-
equilibrium modeling inside the chamber are showrbé not significant. The
perfect gas properties must be appropriate andrefe@red to the inflow
conditions in front of the nose, which are repoitethe table 4.5.1.

72



Preliminary numerical investigations

Table 4.5.1. Inflow conditions and perfect gas jertips for divergent flow referred to the
symmetry axis ax=0.939 m.

Ma 7.55
T K] 490.64
p [Pa] 52.43
kg/m? [3.122. 10"

VvV [m/s] 3724
(N, 0.758
(O, 0.0143
(NO) 0.0192
(N) 4.63-10°
(O) 0.208
R[J(kgK)] | 3423
1.449

The remaining quantities have the same values sscition 4.3. The majority of
the quantities above do not remarkably vary in camspn with the results
obtained by Mack [31], but it is noticeable that thflow reference temperature
is somewhat higher. Although the temperature onstheamlines approaching
the model keeps decreasing as far as they undeegshbck, this represents an
important effect on the following results. The wions with the reference
values are likely to be due to the use of a newesion of the TAU code, which
has been developed after the work [31] was comgblete

Once the iteration cycle for the startup solutioithwadiative equilibrium
boundary condition has converged, it comes out #mta result of the stream
divergence, the flowfield is a little different,esbgures 4.5.5 and 4.5.6.

The shock line in the flow domain in front of these and base regions is closer
to the body, whereas above the model it is lessla¢d.

Moreover, the Mach number in the diverging streaathes higher values.
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@)

(b)
Figure 4.5.5. Distribution of temperatu@ énd Mach number together with the velocity
vectors b) in the flowfield. Divergent flow. =10°.

In virtue of the diverse flow conditions, the maxinfield temperature is around
6760 K, i.e. more than 100 K higher than in thesrefice computations of
section 4.3. The thermal quantities at the couptimdace differ, however, only

slightly.
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@)

(b)
Figure 4.5.6. Distribution of temperatu@ énd Mach number together with the velocity
vectors b) in the flowfield. Divergent flow. =20°.

At the inferior angle of attack, the surface tenapre on the plates is approx.
20-25 K lower than for the uniform stream case, ibutloser proximity to the
shock the situation is reversed and the temperatareases by about 10 K, as
shown in figure 4.5.7. This is more marked for #@8 configuration, where the
surface temperature is ca. 10 K higher for a camalle part of the interface,
before the trend inverts at60 mm and temperatures are reached which are
even 30 K lower than in the uniform stream case.
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Figure 4.5.7. Temperature distribution on the cmgpsurface. Divergent flow with radiative
equilibrium b.c. and comparison with uniform flow.

The temperature in the fluid domain close to thdybis in effect higher on the
fore region, but downstream it evolves decreasasglotted in figure 4.5.8.

Figure 4.5.8. Temperature distribution along tlesvfdomain in correspondenceze0.001 m.
Comparison between divergent and uniform strearhc@ffiguration.
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The thermal load keeps in pace with the behaviduh® surface temperature,
see figure 4.5.9. The difference is about 10 k¥vbn the front for both
configurations and decreases downwards, although> &0 mm there is almost
no difference for the lower angle of attack, whie heat flux decrease for the
20° configuration is such that on the back endribants to ca. 10 kW/fess
than with uniform flow.

Figure 4.5.9. Heat flux distribution on the couplisurface. Divergent flow with radiative
equilibrium b.c. and comparison with uniform flow.

After the coupling is performed, the effect of #teucture is again noteworthy.
The temperature mitigation on the extremes reac@3-220 K, with a
consequent increase of the heat flux up to 25-35MdAThe thermal quantities
are, however, very good predicted by the radiatigailibrium solution on the
central region and the convergence is rather &ssshown in tables 4.5.2 and
4.5.3.

Table 4.5.2. Convergence of the thermal quantib@gergent flow. =10°.

Iteration Tmax Tx=0.l4m 0 max 0x=0.14m
uncoupled -1  -2.04E+02 -6.38E+0( 2.51E+H04 2.11E+01
1-2 -5.70E+01 -9.95E-02 7.62E+(3 5.83E+0
2-3 1.54E+01 3.00E-02 -2.09E+03  -2.91E+0p
3-4 -4.24E+00 -1.00E-02 5.74E+(2 1.64E-01
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The structural response determines also a redudtothe differences with
respect to the coupled uniform stream computatmasthe trends get in general
very close, even though the behaviour mentionedr@alvemains, see figures
4.5.10 and 4.5.11. The temperature and heat fluxh#® higher angle of attack
evolve from an increase on the fore surface by &Bd« (ca. 0.7% more than
for perfect gas modeling) and 4.5 k\W/fapprox. 5% more) to a decrease on the
rear by about 30 K (ca. 3% less) and 8 k\W(approx. 10% less), while the
difference for the 10° configuration varies from && K (corresponding to ca.
1.5% more) to around -1.5 K (ca. 0.15% less) aowhfabout 6 kW/rh(approx.
11% more) to ca. -800 W/nfapprox. 1% less) for the surface temperature and

Table 4.5.3. Convergence of the thermal quantib@sergent flow. =20°.

Iteration Tmax Tx:0.14m 0 max 0x=0.14m
uncoupled -1 -2.17E+02 -5.67E+00 3.35E+04 5.05E+(
1-2 -6.33E+01 -1.20E-01 1.03E+04 9.15E+0
2-3 1.68E+01 6.35E-02 -2.67E+()3  -4.98E+0
3-4 -3.19E+00 -3.34E-02 6.99E+d2 5.20E-01

thermal load, respectively.

Figure 4.5.10. Temperature distribution on the tiogpsurface. Divergent flow with fluid-
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Figure 4.5.11. Heat flux distribution on the couglisurface. Divergent flow with fluid-structure
interaction and comparison with uniform flow.

The thermal quantities at the surface are thus etrye to the results of the
simulations performed with uniform stream.

4.6 Nozzle flow in thermochemical non-equilibrium

The computation of the nozzle together with thd tdwmber offers another
interesting possibility if coupled with thermocheai non-equilibrium
conditions. The facility flow is simulated in thésence of the model similarly
to section 4.5, but this time accounting for thectremical non-equilibrium
according with the same modeling as in section 4.4.

The distributions of the mass fractions of the g@sture components and of the
vibrational temperature of molecular nitrogen haleeady been shown in
section 3.1 (figures 3.1.2 and 3.1.3). Figure 4displays the Mach number
distribution in the solved facility domain. Compagithe plot with figure 4.5.2,
it is noticed that the values are in general highan in the simulations of the
preceding section, as a result of the gas moddinghermodynamic non-
equilibrium. Because of the freezing of the vibyatl energy, the temperature
along the streamlines decreases indeed more mgrke@in with the
thermodynamic equilibrium formulation. Therefordet speed of sound is
inferior and the Mach number consequently reachgkeh values, since the
stream velocity is in effect comparable. This remiar confirmed by the data
contained in table 4.6.1.
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Figure 4.6.1. Mach number distribution in the sdlfield. Gas in thermochemical non-
equilibrium.

Once this solution is available, the flow quansitere interpolated on the grid
contour for the subsequent problem involving thedeto Since it has been
proved that the divergent flow and the thermochaimieodeling inside the test
chamber have not a significant impact on the sertaantities, the flow is then
simulated for efficiency reasons in the usual don@a uniform and as an ideal
gas, but with adapted perfect gas properties aflominconditions. These are
hence obtained by the interpolation on the inflamtour in front of the model
nose and are summarized in table 4.6.1, which ptesdso a comparison with
the conditions of the simulations with nozzle flom thermodynamic
equilibrium and of the reference simulations ofteec4.3. The abbreviations
“thggf” and “tggf” stay for nozzle flow in thermoemical non-equilibrium and
chemical non-equilibrium, respectively, while “pfgr the reference data [31].

Table 4.6.1. Inflow conditions and perfect gas prtips referred to the symmetry axis at
x=0.939 m. Nozzle flow simulated in thermochemicah+equilibrium and comparison with
data of sections 4.3 and 4.5.

tnggf tggf Pg

Ma 8.55 7.55 7.62
T [K] | 35416 | 490.64 463.7
p [Pa] | 40.65 52.43 51.95
[kg/m? | 3.357- 10%| 3.122- 10%| 3.320- 10”
V [mis] | 3592 3724 3678
(N) 0.756 0.758 0.763

(0, 0.0128 0.0143 | 3.93-10°
(NO) 0.0249 0.0192 | 9.30- 10°

(N) | 2.17-10° | 4.63-10° | 2.24- 10°
(0) 0.207 0.208 0.224
R [Jikg K)] 342.0 342.3 346.0

1.457 1.449 1.462
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Compared to the reference values [31], the infloacMnumber is thus almost
one unity greater, the inflow temperature more th@6@ K inferior, the inflow
pressure slightly higher and the inflow velocity. é80 m/s lower. Moreover,
the mass fractions of the particles composing theture are different; in
particular, atomic oxygen decreases.

The ideal gas properties are consequently diffef®@mhilar considerations can
be drawn when comparing the values with the resolitthe nozzle flow in
thermodynamic equilibrium. It is important to reikahe significant relative
decrease of the temperature, which determines tgketh Mach number,
whereas the other quantities do not undergo prorexlimariations.

The quantities not listed in the table remain aseiction 4.3.

All three configurations (10°, 20° and 30° anglésittack) are computed in this
investigation.

@)

(b)
Figure 4.6.2. Distribution of temperatuig® énd Mach numbebyj in the flowfield. Nozzle flow
in thermochemical non-equilibrium=10°.
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Because of the unlike stream conditions, the cayecerstartup solution with
radiative equilibrium boundary condition presentgeneral reduction of the
thermal load on the surface in comparison withpdect gas investigations. As
depicted in figures 4.6.2 to 4.6.4, the shock Imeloser to the body, although
the shock shape remains similar. The temperatwed la the fluid domain is

lower than for the simulations of section 4.3. Thaximal field temperature is
about 6220 K, approx. 400 K less than in the refegeinvestigations, in

accordance with the lower inflow temperature.

@)

(b)
Figure 4.6.3. Distribution of temperatui@ @nd Mach numbebyj in the flowfield. Nozzle flow
in thermochemical non-equilibrium=20°.
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@)

(b)
Figure 4.6.4. Distribution of temperatuig énd Mach numbebyj in the flowfield. Nozzle flow
in thermochemical non-equilibrium=30°.

The temperature at the surface reflects this bebayvsee figure 4.6.5. There is
a difference of several degrees on the whole iaterfbetween the present
computations and the ones conducted in sectionvti3 a maximal decrease on
the front and a lower decrease on the rear faramfigurations. The reduction is
more accentuated for the lower angle of attackngyiom approx. 50 K on the

fore surface to approx. 30 K on the back, whilesehamount for both other two
configurations to ca. 30 K and ca. 20 K.
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Figure 4.6.5. Temperature distribution on the cmgpsurface. Nozzle flow in thermochemical
non-equilibrium with radiative equilibrium b.c. asdmparison with perfect gas modeling.

Figure 4.6.6. Heat flux distribution on the coupglisurface. Nozzle flow in thermochemical non-
equilibrium with radiative equilibrium b.c. and cparison with perfect gas modeling.
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As shown in figure 4.6.6, the heat flux trend floede two configurations is very
similar. The decrease evolves from about 15 ankViZn’ on the front to ca. 8
and 5 kW/ni on the rear for the 30° and 20° angles of atteepectively. On
the other side, the 10° configuration is charazéetiby a heat flux difference of
around 7 kW/rh on the fore surface which diminishes along witte th
longitudinal coordinate, such that frorr190 mm the results are practically
coincident.

After integration of the structural response, theface temperature is lowered
once again. Thanks to the heat conduction effélaésiemperature reduction in
comparison with the startup solution can even r&g$hK (on the fore surface
for the 30° angle of attack), although the mostangmt influence is still limited
on the external regions. On the central part thegation amounts to ca. 5-6 K.
Analogously, the thermal load is principally incsed on the external domains.
The maximal growth arises on the front and reache=n 70 kW/r (30°
configuration), but on the centre the differencehwthe radiative equilibrium
solution is nearly negligible, in virtue of the lowonduction effects in this
region.

The convergence of the thermal quantities is report tables 4.6.2 to 4.6.4 and
is obtained once again after 4 coupling iterations.

Table 4.6.2. Convergence of the thermal quantibiezzle flow in thermochemical non-

equilibrium. =10°.
Iteration Tmax Tx:0.14m 0 max Ox=0.14m
uncoupled -1  -2.06E+02 -6.20E+0( 2.31EH04 1.78E+(Q1
1-2 -5.75E+01 -3.00E-02 7.35E+Q3 4.17E+00
2-3 1.66E+01 1.35E-02 -2.13E+(03  -2.90E+0D
3-4 -4.72E+00 -6.53E-03 5.92E+q2 8.00E-01

Table 4.6.3. Convergence of the thermal quantibiezzle flow in thermochemical non-
equilibrium. =20°.

Iteration Tmax Tx:0.14m d max 0 x=0.14m
uncoupled -1 -2.20E+02 -6.14E+00  3.09EH04  9.11E+(1
1-2 -6.44E+01 -1.54E-01 | 1.02E+Q4  2.39E+00
2-3 2.02E+01 1.35E-02 | -3.16E+03  -1.18E+0D
3-4 -7.37E+00 -3.54E-03 | 1.13E+(3  -3.98E-01
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Table 4.6.4. Convergence of the thermal quantibiezzle flow in thermochemical non-
equilibrium. =30°.

Iteration Tmax Tx=0.l4m 0 max 0x=0.14m
uncoupled -1  -2.34E+02 -5.26E+00 5.50E+04 -3.32E+(1
1-2 -9.57E+01 2.70E-01 2.31E+Q4 -1.84E+0[L
2-3 3.55E+01 -1.99E-02 -8.32E+(3 5.71E-0]
3-4 1.35E+01 5.98E-03 3.07E+(Q3 -3.09E-01

The differences with the reference computationsvipusly pointed out

generally persist also after the coupling, as etbth figure 4.6.7. The coupled
solutions for the 20° and 30° configurations shomaximal difference from the
coupled ideal gas results of about 35 K (correspuntb ca. 3% less) on the
fore surface, which diminishes along with theeoordinate down to approx. 25
and 20 K for the higher and middle angles of attagspectively, which

correspond to a decrease by ca. 2% and 1.5%. Tagosofor the lower angle

of attack agrees with the behaviour of the radeagquilibrium results, but the
differences are mostly mitigated by the structurdluence, so that they in
practice disappear from-210 mm, even though they are still remarkablehen t
frontal domain, where the temperature differenceoams to approx. 25 K

(around 2.5% less).

Figure 4.6.7. Temperature distribution on the cimgpsurface. Nozzle flow in thermochemical
non-equilibrium with fluid-structure interaction dieomparison with perfect gas modeling.
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The heat flux distributions keep in pace with teenperature ones, see figure
4.6.8. The load increase in comparison with theptal reference results is
inferior and adds up to 20, 15 and 8 k\f/om the fore surface for the 30°, 20°
and 10° configurations, respectively. It corresgotalan increase by 19%, 18%
and 15% each, but diminishes along with the lomital coordinate down to 8
and 5 kW/m (7% and 6% more) for the higher and middle angleattack,
respectively. Moreover, it is confirmed that thexén effect no more difference
for the lower angle of attack case starting frofi90 mm.

Figure 4.6.8. Heat flux distribution on the couglisurface. Nozzle flow in thermochemical non-
equilibrium with fluid-structure interaction androparison with perfect gas modeling.

The coupled solutions are thus rather close to pgheious computations.
Although the flow conditions vary, it must be emspizad that the reservoir
values are the same. The total energetic contemacterizing the flow is indeed
unchanged, and this constitutes a fundamental imgathe thermal quantities
at the interface.

4.7 Summary of the results

As pointed out so far, it is possible to deducé tha different phenomena here
investigated have not a particular influence on tthermal quantities at the
model surface. Although the uncoupled results cansiderably differ, the

integration of the thermal response of the modatiteto comparable results.
The distributions of the thermal quantities on thierface are in general very
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close, in particular on the ceramic horizontal @laivhich is the objective
component. The perfect gas modeling of sections4tBus reasonably sufficient
for the successive numerical simulations, espgciatincerning the surface
temperature values, which are the most interesgiugntities in the current
work, since they can directly be compared with roeaments in the L3K
facility.

Variations due to the flow modeling can then beetainto account according to
tables 4.7.1 to 4.7.6. The values are computedff@sethces with respect to the
perfect gas modeling if the simulation is performeith another model. The

abbreviation “avg” is here intended as the averagdde of the difference. The
positionx=140 mm is chosen as indicative for the variationghe central part

of the plate, since it is nearly at its middle.

It can be noticed that the influence of a differer@deling is generally increased
at higher angles of attack, determining largertinagavariations of the thermal

guantities.

Table 4.7.1. Relative temperature difference widgrtochemical modeling inside the chamber.
Uniform stream. Reference inflow data.

Table 4.7.2. Relative heat flux difference withrthechemical modeling inside the chamber.

Table 4.7.3. Relative temperature difference witlejent stream. Inflow quantities evaluated
with nozzle in chemical non-equilibrium and thermpodmic equilibrium. Adapted perfect gas

Table 4.7.4. Relative heat flux difference witheligent stream. Inflow quantities evaluated with
nozzle in chemical non-equilibrium and thermodyrmaequilibrium. Adapted perfect gas model
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Tmax Tavg Tmin Tx:0.14m
10° 1.01% -0.54% -1.88% -0.51%
20° -0.81% -0.98% -2.34% -0.89%

Uniform stream. Reference inflow data.

0 max q avg A min 0 x=0.14m
10° 3.99% -2.96% -5.92% -1.77%
20° -1.72% -3.92% -6.31% -3.01%

model inside the test chamber.

Tmax Tavg Tmin Tx:0.14m
10° 1.59% 0.47% -0.15% 0.42%
20° 0.73% -1.13% -2.90% -1.14%

inside the test chamber.

0 max q avg 0 min 0x=0.14m
10° 11.26% 1.93% -1.35% 1.45%
20° 5.40% -3.40% -9.58% -4.13%
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Table 4.7.5. Relative temperature difference wiftoiv quantities evaluated with nozzle in
thermochemical non-equilibrium. Uniform flow. Ad&pt perfect gas model inside the test

chamber.
Tmax Tavg Tmin Tx=0.14m
10° 0.06% -1.31% -2.61% -1.25%
20° -1.78% -2.44% -3.45% -2.39%
30° -1.98% -2.42% -3.18% -2.28%

Table 4.7.6. Relative heat flux difference withidnd quantities evaluated with nozzle in
thermochemical non-equilibrium. Uniform flow. Ad&pt perfect gas model inside the test

chamber.
0 max q avg 0 min 0 x=0.14m
10° 0.50% -5.85% -14.54% -4.09%
20° -6.08% -9.27% -17.52% -8.06%
30° -7.11% -9.07% -18.78% -8.10%
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Chapter 5
Investigations on the flat-plate model

The current chapter treats the actual comparisbmea®m numerical simulations
and experiments and hence with the validation & tonsidered coupling
environment. The experimental campaign and thedestodel are introduced
and the measurements and their post-processingprasented. Numerical
simulations on the flat-plate model are conducted the computations are then
compared with the ground-based facility data. Farrtumerical investigations
are subsequently performed in order to better wtaled some aspects which
have emerged during the comparison.

5.1 Investigated model and experimental campaign

The investigated model is shown in figures 5.1.4 ai.2.

Figure 5.1.1. Investigated model (disassembledppEpbnose, steel support and KAPYROK are
visible. Side view (left) and global view (rightsa with cooling system pipes)



Chapter 5

Figure 5.1.2. Investigated model (mounted). Horiaband side plates are visible.

It consists of a ceramic flat plate, made of C/C;Swhich is the focus of the
investigations. Its in-plane dimensions are 251 (fength) 188 mm (width)
and its thickness is 3 mm. The plate is delimitgdtive isolating material
KAPYROK in the front, by a perpendicular plate bétsame C/C-SiC material
in the back, by other two C/C-SiC plates at itesi@nd is screwed to a base
support of stainless steel, which is maintaineé aémperature of ca. 300 K
through water-cooling. The inter-space betweeriepéand support is wholly
filled with KAPYROK. The rear and lateral platessaalso 3 mm thick. The
construction is furthermore completed by a coppatewcooled nose. The nose
radius of 10 mm is designed in order to obtainisigffit cooling for the model
within the complete working area of L3K.

As explained in chapter 4, the isolating materiahldes thermal separation
between ceramic elements and components maintaineghstant temperature,
thanks to its thermal conductivity much inferiomththe values of C/C-SIC,
copper and steel. The rear and side plates all@sepving material continuity
and offer a protection to possible damages.

The upper surface of the ceramic horizontal platedated through chemical
vapor deposition (CVD) by a SiC layer, which impesvthe surface resistance
to oxidation.

The geometrical details of the model can be exathiméppendix C.

In order to perform the requested thermal analybes,plate is equipped with a
measurement system for the acquisition of tempegaton its superior and
inferior surfaces. The instrumentation consistd4fthermocouples, 3 spectral
pyrometers, 2 two-colour pyrometers and the IR cam&s discussed so far, the
thermocouples are not suitable for the use on tbeewn surface, and are
positioned on the bottom of the plate. This enaldés investigating the
evolution of the temperature in the model. The tiwouples are fixed at the
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base and led to the desired spot through the iisglanaterial, as shown in
figure 5.1.3.

Figure 5.1.3. Positioning of the thermocouplestditstion on the base support (left) and
positions after the integration of the KAPYROK it}

Nine of them are distributed under the horizontatgpsubdivided in 4 rows, at
ca. 30, 85, 140 and 195 mm from the frontal edgehef horizontal plate,

respectively. There are three thermocouples in fire¢ row, one on the

longitudinal symmetry axis and the other two milike at a distance of ca. 40
mm from the symmetry axis. The other six thermodesiptwo in each row,

follow this symmetrical arrangement.

Four thermocouples are integrated on the symmeidsyia correspondence of
each row but 20 mm deeper inside the insulating lpereath the plate, in order
to capture also the temperature development incitiisponent. The remaining
thermocouple is installed on the base support thighaim of safety monitoring

the evolution of its temperature.

After the placement of the thermocouples, the actemrdinates of their

junction ends are measured. They are summariztbie 5.1.1 and figure 5.1.4
offers a sketch of their positions on the model.
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Table 5.1.1. Positions of the thermocouples witlpeet to the frame placed on the symmetry

axis at the frontal edge of the isolation piece.

Spot | x [mm]]|y [mm] | z [mm]
1 37 -40 -3
2 39 0 -3
3 40 39 -3
4 95 -39 -3
5 95 40 -3
6 151 -40 -3
I 151 41 -3
8 205 40 -3
9 205 40 -3
10 40 0 -23
11 95 0 -23
12 150 0 -23
13 205 0 -23

The optical instrumentation is placed outside tst thamber and accesses the
model via the windows. The spectral pyrometers fpdown to the surface in
correspondence of the spots 2, 4 and 6, so thatighgforward comparison
with the thermocouple measurements at these spotdve obtained. They are
subdivided according to their sensitive temperattaege, e.g. the S-3000
pyrometer on the spot ahead — where the temperiatesgected to be higher —
and so forth.

The two-colour pyrometers measure the same suspoés 2 and 4 as the
spectral pyrometers (see table 5.1.2). Two-colomar spectral pyrometers give
the fundamental references for quantitative tentpegameasurements with the
IR-camera.

Table 5.1.2. Measurement positions of the pyromseter
Pyrometer | 2C-3000 S-3000 2C-200d S-2000  MINOLTA

Position Spot 2 Spot 2 Spot 4 Spot 4 Spot ¢

A global view of the applied measurement systegivien in figure 5.1.4.
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Figure 5.1.4. Sketch of the positions of thermodesijand pyrometers on the model. View from
above. Stream coming from left.

The pyrometers are placed in correspondence drttad! windows. The “3000”
and “2000” pyrometers are placed in pairs at thedaws to the side of the
facility access door, while the Minolta pyrometéitlee small window on top of
the test chamber. The IR-camera is positioned atadrthe two main windows,
which the access door is provided with.

Moreover, there is a CCD video camera which allam@nitoring the global
situation inside the chamber during the test. Imisunted at the other main
window of the access door.

The optical accesses to the model are shown inefi§Li.5.

Figure 5.1.5. L3K test chamber. The small windowste right provide the access to the pairs
of pyrometers. The CCD-camera is visible at theeasaoor.
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All optical devices are adjusted at angles lowentk60° with respect to the
normal to the surface at the measured point, irerotd avoid errors in the
temperature measurement at large viewing anglds T9& IR-camera is hence
installed at ca. +45°, the Minolta pyrometer at-@&° and the other pyrometers
nearly perpendicular to the surface.

The model deformations occurring during the expental campaign can be
neglected, in virtue of the very high rigidity ¢fet model.

The aerodynamix-axis is directed downstream and thaxis downwards as
well as the body-axis is directed to the model rear and zkexis downwards.

In the current work, the angle of attack is intehde be positive if the model
nose points down.

The test procedure may be summarized as followthdieginning the model is
outside the stream, and the arc heater is ignlted.model is already adjusted at
the desired angle of attack. Once stationary flenditions are obtained, the
model is moved into the stream, and the actualldegins. An exposure to the
stream of 3-5 minutes usually is considered swfitito obtain suitable
measurements. Then the model is moved outside tthans, the actual test
period is finished and the arc heater is switch#d After that, the model is
again shifted to the test position in order toasb records of the cooling phase.
This in-and-out shifting procedure is performed $afety reasons, since the
model could be damaged if left inside the streanmduhe switch-off of the arc
heater.

It is important to mention that many tests are daledl for the same ceramic
material. In order to preserve its integrity, theodel is therefore moved
outwards when the signals of the more interestugngties to be investigated
have reached a steady value. It can mean that sbhee sensors have not
reached the steady value yet, in particular thentbeouples of the last row
backwards and inside the KAPYROK.

Figure 5.1.6 depicts the investigated model intéise chamber.
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Figure 5.1.6. Model inside the L3K test chamber.

The operating conditions for the tests in L3K armmarized in table 5.1.3. The
nozzle exit diameter is set to 300 mm.

Table 5.1.3. Reservoir conditions and mass flow irathe L3K facility.

To[K] 5400

P, [Pa] 4.55-10°
ho [MJ/Kkg] 10.82
Mass flow rate[kg/s] 0.142

A first test has revealed to be necessary to thaeddcility parameters in order
to get the desired reservoir conditions. Figure/displays how the reservoir
pressure is too high in comparison to the desietdevof 4.55 bar.

Figure 5.1.7. Mass flow rate and reservoir presgore evolution. Desired mass flow rate
(0.142 kg/s), but too high reservoir pressure (d85instead of 4.55). Preliminary test-001.
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The tests results have shown to be in general wetlyreproducible. Two tests
per angle of attack are hence considered satisfactable 5.1.4 reports the test
schedule with the relative exposure times: testeeahigher angle of attack are
run for 3 minutes, while 4-5 minutes are necesdarythe 10° and 20°
configuration.

Table 5.1.4. Test cases.

Test [°] |Runtime [d]
002 10 240
003 10 300
005 20 240
006 20 240
007 30 180
008 30 180

5.1.1 Experimental results

Figures 5.1.1.1 to 5.1.1.7 display the surface tatpre measurements
collected by the pyrometers. It is possible tocethat the surface temperatures
need not longer than 150-180 s to reach a steddg,vaf course depending on
the considered position and configuration. In ordemake the comprehension
of the figures easier, the testing time is markgdykey background colour. If
tests with different run durations are presentethensame plot, red and yellow
are used as well. After the model is moved outdlte stream, the signals
abruptly drop down to the initial values, since Wwual contact is interrupted. If
either the temperature level is sufficiently high the measurement range
minimum is sufficiently low, it is possible to olmaalso the temperature
evolution of the cooling phase. The spectral pyremat spot 4 is not capable to
get any measurements for the tests at the lowele anigattack, since the
temperature level is too low.

It is important to underline the general good agrest between temperatures
measured by spectral and two-colour pyrometereeasame spot and the very
good results reproducibility of tests run at thensaangle of attack. The good
concordance of the measurements of the two pyromégpes has been made
possible by the correct setting of the spectrabpyaters emissivity, which has
been arranged to= 0.85.

In the examination of the pyrometers records it tnmesremarked that they start
to sense the temperature from different values useraof their internal
electronic. Thus, the “3000” and Minolta pyrometggnals start from the
inferior temperature of the range, while those he# t2000” pyrometers from
0°C. Moreover, the two-colour pyrometers typicghgsent an overshoot when
they begin to measure, also due to the internatreleic.
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Figure 5.1.1.1. Pyrometers measurements. Spcet°.

Figure 5.1.1.2. Pyrometers measurements. SpetZ0°.
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Figure 5.1.1.3. Pyrometers measurements. Spet30°.

Figure 5.1.1.4. Pyrometers measurements. Spcet°.
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Figure 5.1.1.5. Pyrometers measurements. Spat2D°.

Figure 5.1.1.6. Pyrometers measurements. Spct3D°.
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Figure 5.1.1.7. Pyrometers measurements. Spot 6.

The records of the thermocouples measurementdattecpin figures 5.1.1.8 to
5.1.1.19. Beneath the horizontal plate, steady itiond are more difficult to be
reached, because of the rather high heat capaicttyedC/C-SiC material. The
signals of the thermocouples indeed take longerctoeve a steady value, and
some of them do not reach it at all. The problersearin particular for the tests
with the 10° configuration and is more pronounceaviastream. Furthermore,
the perfect contact between junction end and iofesurface of the plate is not
ensured. This occurrence can have an impact on bwthnecessary time to
reach the steady state and on the accuracy of¢lasured temperature.

It is possible to evince that the symmetry of tamperature measurements in
lateral direction is in general rather satisfactdmyis is especially emphasized at
the lower angles of attack, for which less thremeahsional effects occur.

The reproducibility of the measurements obtained tlsts with the same
configuration is noteworthy also for the thermodesp

Because of the rather high heat capacity of the ein@hd the low heat
conductivity of the KAPYROK, the necessary evolatidcime for the
temperature inside the structure is really high.isTis evident by the
examination of the thermocouples measurementseatie¢eper positions (figure
5.1.1.20): for all cases, the test duration wasdboort to achieve steady-state
temperature levels.
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Figure 5.1.1.8. Thermocouples measurements. Bivst =10°.

Figure 5.1.1.9. Thermocouples measurements. Bivst =20°.
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Figure 5.1.1.10. Thermocouples measurements.Binst =30°.

Figure 5.1.1.11. Thermocouples measurements. Seocend=10°.

104



Investigations on the flat-plate model

Figure 5.1.1.12. Thermocouples measurements. Seoand=20°.

Figure 5.1.1.13. Thermocouples measurements. Seocand=30°.
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Figure 5.1.1.14. Thermocouples measurements. Towwd =10°.

Figure 5.1.1.15. Thermocouples measurements. Towwd =20°.
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Figure 5.1.1.16. Thermocouples measurements. Towwd =30°.

Figure 5.1.1.17. Thermocouples measurements. Fomrth =10°.
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Figure 5.1.1.18. Thermocouples measurements. Fourth =20°.

Figure 5.1.1.19. Thermocouples measurements. Fourth =30°.
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Figure 5.1.1.20. Thermocouples measurements. Sqmapeéndicular position. Tests 003, 005
and 007.

The evolution of the IR-camera measurements agstbsthe records of the
other instruments. In particular, the surface terafpee measured by this device
generally shows to reach a steady state over thesexe time. Anyway, it is
rather difficult to achieve a steady condition fbe tests at the lowest angle of
attack, also owing to the IR-camera manufacturgufé 5.1.1.21, taken from
the second test with the 10° configuration, helpisfing out these facts.

Figure 5.1.1.21. IR-camera measurementB.83.Test-003, =10°.
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The temperature distribution in lateral directioh ¢onfirmed to be rather
uniform, as depicted in figure 5.1.1.22. In thiseathe data of only one test per
configuration are displayed, in view of the goo@roglucibility of the results.
This is common also for other plots in the follogin
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Figure 5.1.1.22. IR-camera measurements in latir@ttion. =0.83.(a): test-003, =10°; (b):

test-006, =20°; (): test-008, =30°.

The peaks on the extreme lateral positions are lyndure to two reasons [30].
Firstly, the difficulty for the IR-camera in disorinating the temperature
discontinuities, since the image resolution is capable to properly capture
large temperature gradients. This is particularhpkasized at the lateral edge,
which borders on the background in the camera infegeaty=-94 mm). The
temperature variation is here even a step: the sethkis more pronounced than
at the other lateral edge, where the lateral ptafgesent in the image and the
temperature discontinuity is consequently less edrhe second reason is the
occurrence of three-dimensional effects at the medges, which can enhance
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the acting thermal load. Moreover, minor effects d& due to a possible
imperfect thermal contact between lateral and lootial plates.

The following pictures, taken also from test 003spécified times, show the
temperature evolution on the plate surface duriegtést (figure 5.1.1.23). The
flow comes from the right. The model is moved itite stream and is initially
cold, see imageaj. The model is then heated up and the surfacedrmanpe
increases rather rapidly, as shown in imad@sad €) and confirmed also by
the examination of figure 5.1.1.21. The highestgeratures are reached on the
upstream end. In the second part of the test, émeperature raises less
markedly, as depicted in imagd).(The temperature gradient with respect to the
testing time is in effect less pronounced, seerafiguire 5.1.1.21.

The temperature on the isolation is not physidag ¢missivity value indeed
differs with the one specified in the IR-cameratwsafe for the ceramic
components. Correspondingly, the temperatures atelicfor this part are too
high.

(@) (b)

(© )
Figure 5.1.1.23. IR-camera records0.83.Test-003, =10°. Stream from the rightaf: t=5 s;
(b) t=60 s; €): t=120 s; (I): t=180 s.
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5.1.2 Post-processing of the experimental data

For a detailed analysis of the experimental resulie measurements of all
instruments are considered at the time just beteeemovement of the model
outside the stream.

The thermocouples records are taken at exactlytithis, although it has been
shown that some of them do not fully reach a steshal.

The pyrometer data are corrected by means of thibratgon procedure
introduced in section 3.2.4. These corrected daéa fandamental for the
subsequent post-processing of the IR-camera recAfte the correction, the
data achieved at the same spot by spectral andawor pyrometers get really
close, such that they are in general almost oveedp This allows having
certain reliability in the local temperature mea&snents. Reliability is also
improved by the lower temperature level of the rtih@couples data measured
below the plate in comparison with the pyrometeeasurements at the same
spots, which indicates a good reproduction of tioall heat transfer.

As already discussed in section 3.2.2.2, the fusdt-processing step allows
obtaining data in the model-fixed coordinate systéhe transformation to this
frame needs at least seven parameters. In thenpresek the four plate corners
and the two inferior corners of the base suppod ahosen, and the
transformation parameters are obtained by leasirequ approximation,
analogously to the procedure described in [32]. Tlked marker points are
displayed in figure 5.1.2.1, taken from the tesiththe 10° configuration.

Figure 5.1.2.1. Marker points (in green) used Ifier post-processing=0.83.10° configuration.

Once the parameters are known, it is possible mscomplete the opposite
operation of placing some markers on the IR-imagesorrespondence of the
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thermocouples and pyrometers spots. This is uskfulthe second post-
processing step. The spots on the images are tidemed to an area of approx.
6 mnt, which corresponds to 6 pixels, as shown in figbie2.2. The 6 mf
area is chosen in order to reproduce the spot gpassed by the pyrometers, so
that a direct comparison with their measurementsbmachieved. Because of
the discrimination incapability of the IR-camerdiet local temperature
distribution is treated as Gaussian (see secti@rb)3.the temperature average
on the spot is thus taken into account.

Figure 5.1.2.2. Spots (in blue) used for the post@ssing.=0.83.10° configuration.

A comparison between the temperatures measuredeospbts by the different
devices, as depicted in figure 5.1.2.3, enablesnbew the analysis of these
results in order to achieve a suitable value ofaimessivity, see section 3.2.2.2.
Since the amount of the optical set-up transmittamas been fixed through the
procedure discussed in section 3.2.3, the emigsaatually is the appropriate
value which modifies the product contained in (3.2.2.5) in order to account
for possible transmittance disturbances as webkrassivity variations, which
can arise at high-enthalpy conditions, as expoumnasdction 3.2.2.

From the examination of figure 5.1.2.3, it is imt®ling to evince the fairly good
agreement of the trends captured by IR-camera hednbcouples over the
spots, in particular the concordance of the slightperature variation in lateral
direction at the last row downstream for the 1Q4figuration.

IR-camera data for = 0.80 and = 0.84 are reported in order to principally
demonstrate the influence of the emissivity ondkaluation of the IR-camera
records.

113



Chapter 5

Best agreement with the other measurements is ¢hémined for = 0.83.
Therefore, this value is taken as global emissitatythe analysis of the IR-
camera data.

(@) )

©
Figure 5.1.2.3. Measured temperatures over thes spith the different devicesa); test-003,

=10°; (b): test-006, =20°; (): test-008, =30°.

Figure 5.1.2.4, taken from test 005 as an exanpoi|ts out the good fitting of
IR-camera and pyrometers data with the chosen aftyssvalue. The
abbreviations “TC_L", “TC_C” and “TC_R” refer hesnd in the following to
the thermocouples datayt-40 mm,y=0 mm andy=+40 mm, respectively.

The agreement of the measurements in lateral direed noteworthy for both,
IR-camera and thermocouples.

Temperature peaks arise at the front and rear eofgéee plate. On the latter,
the phenomenon can be explained as in section fofl.the peaks in lateral
direction. For the former, the difficulty principwallies on the discontinuity
between the two materials (ceramics and KAPYROKmely on the different
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emissivity values, which determine a severe diffeee in the radiation
performances, and on the unlike catalytic behayiaumich can cause the
increase of the heat flux loading the C/C-SiC swgfalhe difficulty of the IR-
camera in resolving this material discontinuity mainbe regulated even by
setting a suitable value of the emissivity. Unfodtely no reliable data can be
achieved with the IR-camera on the frontal and seafaces.

Figure 5.1.2.4. Measured temperatures on the BaepCorrected values. Test-00520°.

Once nominal temperature values are assessedpdassble to go ahead with
the estimation of the uncertainties affecting theasurements, as explained in
section 3.2.5. The detailed plot of the experimlengsults is presented in section
5.3 together with the comparison with the numerfesllts. It can be remarked
that the uncertainty affecting thermocouples andommeters measurements
amounts to ca. +10 K, while the one affecting Recdmera data is ca. £20 K.

5.2 Numerical investigations on the flat-plate mode

The configuration chosen for the computational stigations consists of the
model introduced in section 5.1 exposed to winchélirflow conditions. This

differs of course from real flight conditions, kaltows getting more easily — and
cheaper — a comparison with experimental data atéha straightforward
confirmation of the accuracy of the numerical pcédns.
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Considering the works [30] and [31] on similar dgaofations and the
examination of the experimental results, it is gaes to bring some
simplifications in the concerned problem. First af, the flow along the
symmetry plane can be reasonably treated as birdiimeal, in view of the
model width of 194 mm and of the rather small noadius. This fact is
confirmed by the measurements in lateral directishich have shown small
temperature variations only.

In the same way, the symmetric structural propertigth respect to the
longitudinal plane do not introduce three-dimenalogffects. The calculations
for investigating the symmetry plane can thereftwe restricted to a bi-
dimensional problem.

The flow is simulated as steady, in virtue of tready mentioned rather long
running time of the L3K facility. Moreover, the stture analysis is reduced to a
steady 2-D heat transfer problem. This is fine fioe examination of the
temperature distribution on the horizontal platthaugh it does not completely
take into account the temperature evolution ingitee model, which has been
previously shown to need a longer time to reacadsteonditions.

The calculations of the structural response arfopaed assuming ideal thermal
contact between the different components of theehod

Computations for all three configurations (10°, 20t 30° angles of attack) are
conducted.

The computational problem is hence very similathe study carried out in
chapter 4 and several considerations can be defroed those results. The
preliminary geometry for those investigations wasfact very close to the
assembled experimental model. Therefore, the ageminetry basically differs
from the previous one only for the length of theribantal plate and
correspondingly of the isolation block and basepsup which are ca. 12 mm
shorter, but the main geometrical differences areaagegion where no crucial
effects on the global problem occur.

The coupling interface is thus limited to the soef® of the horizontal and rear
plates as well as of the frontal isolation piecée Tlow is assessed to be
thermochemically frozen at the nozzle exit, to karty uniform and to remain
laminar throughout the test chamber. The perfest madeling and the flow
conditions are taken from sections 4.1 and 4.3 aedsufficiently suitable for
the present investigations. Remarks about effedtsdieergent flow and
thermochemistry can then be referred to section 4.7

The wall is first treated as non-catalytic.

The flowfield and structure modeling follow the dalines of sections 4.2 and

4.3 and the fluid and structure domains are theeefery similar to the ones of
the previous chapter. They are depicted in figbr2sl and 5.2.2.
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Figure 5.2.1. Fluid domain with final mesh. 30° igaration.

Figure 5.2.2. Structure field and relative coortinsystem.

The initial hybrid mesh for the flowfield is in thicase composed of ca. 7210
triangular and ca. 5-f@uadrangular elements. The latter are distribire2
layers in proximity of the surface, with a mininthickness of 3:1® m and a
stretching ratio of 1.05. The mesh is then adaptady times within the startup
solution of the flow problem and kept unaltered tbe successive coupling
iterations. The total number of elements of the ctgive very fine grid
amounts to ca. 1.5-1@nd ca. 1-1Dfor the unstructured and structured mesh,
respectively. The surface points on the couplirigriace are again around 300.
The water-cooling of nose and base support is adedufor by setting a
uniform temperature boundary condition of 500 K &8@D K, respectively,
while the initial temperature distribution over tbeupling interface is obtained
through the imposition of radiative equilibrium -thvthe same parameters as
before — and then through the structure solutidre multi-grid scheme and the
upwind discretization are maintained as in chapter

Analogously, the structure to be computed comprébieghe most important
components, with uniform temperature boundary doons at the interfaces
with nose and base support. The non-linear temyreratependent properties of
the used materials and the orthotropic behaviouhefC/C-SiC as well as the
radiation towards the background are integratethen thermal analysis. The
background temperature is assumed to be const800d .
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The quasi-structured grid relates to section 4.2egolution of about 1-10m
per element side is regarded as adequate.

The coupling procedure is performed as in the previchapter.
The results for radiative equilibrium boundary cibioth are obtained after the
startup adaptation cycle. As expectable, they daemarkably differ from the

investigations of chapter 4. The temperature ffeldthe three configurations is
depicted in figures 5.2.3 to 5.2.5.

@)

(b)
Figure 5.2.3. Distribution of temperatui@ @nd Mach numbetbyj in the flowfield. =10°.
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The temperature distribution in the fluid domairci&aracterized by a maximum
for all three configurations of about 6630 K inttef the nose, similarly to the
reference computations of chapter 4.

@)

(b)
Figure 5.2.4. Distribution of temperatui@ @nd Mach numbebyj in the flowfield. =20°.
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@)

(b)
Figure 5.2.5. Distribution of temperatui@ @nd Mach numbetbyj in the flowfield. =30°.

Also the temperature distribution on the couplingace is really close to what
has been obtained in section 4.3. As figure 5.8i6tp out, the positive gradient
on the fore surface is very pronounced and the ¢eatpre reaches a maximal
value at the interface between KAPYROK and C/C-SiCoccurs for all
configurations ak=11 mm (the connection is &9 mm) as a consequence of
the emissivity difference of the two materials @namounts to 1169 K, 1260 K
and 1339 K for the 10°, 20° and 30° configurati@spectively. After the peak,
the surface temperature shows a negative slopey aldth the longitudinal
coordinate down to a value of 933 K, 1032 K and3LK3for the 10°, 20° and
30° configuration, respectively. The angle of dttdas a remarkable effect,
since at 30° the surface temperatures are eveiK@ 200 K higher than for
the 20° and 10° case, respectively.
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Figure 5.2.6. Temperature distribution on the cimgpsurface. Perfect gas modeling with
radiative equilibrium boundary condition.

Figure 5.2.7. Heat flux distribution on the couplisurface. Perfect gas modeling with radiative
equilibrium boundary condition.
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The heat flux trend on the surface keeps in padk thiese results, see figure
5.2.7. The load is characterized by a maximum efftine region of about 100,
130 and 170 kW/fmand evolves on the surface down to a minimum pf@p
40, 55 and 85 kW/frfor the 10°, 20° and 30° configuration, respedive

The coupled simulations are started with the ihiti@at flux distribution. As
already explained, the inter-field iterations aftére first one focus on
convergence. It is confirmed that 4 coupling itienag are sufficient to reach
convergence and that the convergence is stablel{eeelaxation parameter

is simply set to 1). The convergence of the themuaintities is summarized in
tables 5.2.1t0 5.2.3.

Table 5.2.1. Convergence of the thermal quantiBesfect gas modeling=10°.

Iteration Tmax Tx:0.14m 0 max 0x=0.14m
uncoupled -1  -2.20E+02 -5.46E+0( 9.96E+03 5.10E+Q1
1-2 -2.49E+01 -3.85E-01 4.07E+(3 1.07E+01
2-3 8.83E+00 1.00E-01 -1.44E+(03  -3.83E+0D
3-4 -2.87E+00 -5.00E-02| 4.67E+(2  2.21E+00

Table 5.2.2. Convergence of the thermal quantiBesfect gas modeling=20°.

Iteration Tmax Tx:0.14m 0 max 0x=0.14m
uncoupled -1 -2.36E+02]  -5.25E+00  1.09E+p4  9.97E+(1
1-2 -2.35E+01 -4.15E-01| 4.83E+J3  2.63E+01
2-3 9.06E+00 8.00E-02 | -1.83E+()3  -3.63E+0D
3-4 -2.97E+00 -1.99E-02| 5.88E+(2  -3.26E-01

o

Table 5.2.3. Convergence of the thermal quantiBesfect gas modeling=30°.

Iteration Tmax Tx:0.14m 0 max 0x=0.14m
uncoupled -1  -2.55E+02 -4.40E+0( 1.55E+04 5.94E+(Q1
1-2 -2.85E+01 -2.70E-01 1.72E+(Q3 7.32E+00
2-3 3.87E+00 4.50E-02 -5.78E+02  -2.56E+0D
3-4 -5.11E-01 -2.50E-02 2.39E+q1 2.22E-01

The structural response is proved to have a fundahenfluence on the
problem. The combination of the insulating blocln&ath the horizontal plate
with the direction of the fibers in the ceramicsig@s a component of the heat
flux to be transferred to the back, where it ib@itemitted or further transferred
downwards by the rear plate. The frontal tempeeatoraximum is thus
mitigated of about 30 K and the peak is generattpathed to a plateau, which
involves 10-20 mm with a few degrees differencestaswvn in figure 5.2.8. The
maximal surface temperature after the coupling artsoto 1140 K, 1230 K and
1310 K for the 10°, 20° and 30° configuration, mdjvely. On the other hand,
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Investigations on the flat-plate model

the radiative equilibrium solution predicts quitelithe temperature distribution
on the central region, where the variation is tees 10 K.

Figure 5.2.8. Temperature distribution on the cimgpsurface. Perfect gas modeling with fluid-
structure interaction and comparison with the upéed results.

Anyway, the most distinctive effect is due to theamr plate heat conduction
together with its radiation towards the backgroundhich determines a

noticeable decrease of the local temperature of-25%0 K. The negative

temperature gradient is in this region rather pumoed.

The heat flux shows an analogous behaviour, searefi®.2.9. The more

important variations occur on the frontal and reaupling surfaces, where the
load increases by approx. 10-15 kV¥/mwhile the minor conduction effects on
the central domain determine a very slight variagiess than 1 kW/fin this

zone). It is once again interesting that a posigredient of the heat flux arises
on the rear.
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Figure 5.2.9. Heat flux distribution on the couplisurface. Perfect gas modeling with fluid-
structure interaction and comparison with the upéed results.

The flowfield shows no remarkable differences witle radiative equilibrium
simulations.

5.3 Comparison of the results

The first noteworthy aspect which emerges from dbmparison of numerical

and experimental results is the capability of tbenputations in capturing the
temperature trend on the surface of the horizopiate. As shown in figures

5.3.1 to 5.3.3, the longitudinal slope of the terapge is very well reproduced,
so that the data distributions are nearly parallelfortunately, the IR-camera
difficulty in resolving the discontinuities does tnenable to achieve suitable
measurements in domains close to frontal isolgiese and vertical plate, see
section 5.1.2. The comparison is hence not poseiblie fore and rear regions
of the model, but it properly works on the restitud investigated plate, where
also the other instruments contribute to the evaina
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Investigations on the flat-plate model

Figure 5.3.1. Comparison of the achieved tempegatan the plate. 10° configuration. Left:
test-002; right: test-003.

Figure 5.3.2. Comparison of the achieved tempegatan the plate. 20° configuration. Left:
test-005; right: test-006.

Figure 5.3.3. Comparison of the achieved tempegatan the plate. 30° configuration. Left:
test-007; right: test-008.
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Although the trends are in general satisfactorytwagl, there is a remarkable
temperature difference between numerical and exyerial results. For the 20°
and 30° configurations, the difference is almositfarm along with x and
amounts to about 150-200 K. On the other handyatves from ca. 150 K on
the frontal region down to ca. 70 K on the rearthar 10° case.

The differences between experiments and numeridatulations are
summarized in tables 5.3.1 to 5.3.3 for the measent spots.

Table 5.3.1. Comparison between measured and cedhpainperatures at the spots.
Temperatures in K.=10°.

x[m] | TC L [TC C |TC R [Pyro2C| PyroS [IR =0.83 CFD ng

0.040 | 1241.24 1229.80 1224P5 1281(87 1264.67 126]1.17 .81D5

0.095 | 1066.18 - 1073.99 1178.31 - 1136.7/6 1029.98

0.150 | 1012.79 - 1017.46 - 1055.07 1058.48 983|171

0.195 | 981.73 - 963.38 - - 1019.89 947.11

Table 5.3.2. Comparison between measured and cechpernperatures at the spots.
Temperatures in K.=20°.

x[m] [ TCL|TC C|TCR [Pyro2C| PyroS | IR =0.83 CFD ndg

0.040 | 1364.78 1344.16 134507 1398[69 1389.64 136y.92 .71200

0.095 | 1232.89 - 1239.18 1276.87 1269|198 126498 1130.56

0.150 | 1170.3Q - 1185.47 - 1203.90 125992 1086¢.73

0.195 | 1127.14 - 1122.28 - - 1177.96 105378

Table 5.3.3. Comparison between measured and cedhpainperatures at the spots.
Temperatures in K.=30°.

x[m] | TCL|TC C|TCR [Pyro2C| PyroS | IR =0.83] CFD_ng

0.040 | 1459.6p 1458.24 145488 1498|69 1492.01 1419.73 .8285

0.095 | 1360.7 - 1369.17 1404.40 1404|23 138041 1212.52

0.150 | 1289.7 - 1311.24 - 1338.40 1327..17 1173.74

0.195 | 1247.8 - 1264.42 - - 1261.54 114926

orioTOT

Two phenomena can be retained as the main reasbich wetermine these
differences. Firstly, chemical interaction effebttween gas and ceramics, such
as oxidation and recombination at the surface, aarsiderably intensify the
heat load, as discussed in section 1.2.1.

Secondly, a non-perfect contact between horizgiéaé and insulating material
and between horizontal and rear plates can cauaekain the heat transfer
inside the structure and hence a degradation of silmace temperature
mitigation through heat conduction effects.

These two phenomena are numerically investigatethenfollowing section.
Unfortunately, the current version of the TAU cdukes no available modules
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Investigations on the flat-plate model

which allow studying in detail oxidation and recamdiion at the ceramic
surface. There is, however, the possibility of assg a full-catalytic behaviour
of the surface and drawing some interesting consiibss.

5.4 Further numerical investigations

5.4.1 Full-catalytic behaviour of the surface

In order to treat the surface as full-catalyticisitnecessary to switch to a gas
modeling which accounts for thermochemical effecthie set-up of the
simulations refers therefore to section 4.4. Thartssolutions have the
converged surface temperature distributions achi@veection 5.2 as boundary
conditions at the interface. The horizontal andivar plate surfaces are hence
treated no longer as non-catalytic, but as fulblyaic.

The interface heat flux obtained from the initialution is then applied as load
for the structural problem. The converged couplelditeon is again obtained
after 4 inter-field coupling iterations, but the imaariations are confirmed to
stand out after the first coupling. Table 5.4.1xgraplifies this fact for the 10°
case.

Table 5.4.1.1. Convergence of the thermal quastiti@ll-catalytic surface.=10°.

Iteration Tmax Tx=0.14m 0 max 0x=0.14m

nc - 1.fc 4,18E+02 1.72E+02 4.20E+(5 4.30E+04
1-2 3.09E+01 8.25E+00 3.46E+(4 2.54E+038
2-3 -2.05E+00 -1.00E+00 -2.61E+(3 -3.08E+0p
3-4 9.56E-01 3.90E-01 3.75E+(2 2.20E+01

The heat flux loading the surface is notably enkdnas discussed in the
preliminary chapters. Figure 5.4.1.1 helps to usi@de&d how influential the
recombination effects on a full-catalytic surface:athe heat flux can even
triplicate on the fore domain and the increaselanrear surface is still about
50%.
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Figure 5.4.1.1. Heat flux distribution on the plateface. Comparison between non-catalytic
and full-catalytic ceramic surface.

The raised thermal load causes a significant isered the temperature level at
the surface. This adds up to 400 K on the fronticiwltorresponds to ca. one
third of the non-catalytic maximal values; the éiince decreases along with
the longitudinal coordinate, but it amounts, howeve approx. 120-150 K on
the more downstream region, which corresponds twutali2% more. The
differences are remarkable, as pointed out in &dud.1.2.

128



Investigations on the flat-plate model

Figure 5.4.1.2. Temperature distribution on theéeptairface. Comparison between non-catalytic
and full-catalytic ceramic surface.

It is now important to comprehend which relatiopshetween these results and
the experimental data exists. Figures 5.4.1.3 401% report the comparison
with the already available data. Indeed the testilte lie in the band between
non-catalytic and full-catalytic computations. Thslicates a partially catalytic
behaviour of the C/C-SiC surface coated by thel&@r. The investigations by
Stewart [22], and in particular the already disedsigure 1.2.1.3, highlight that
the recombination coefficients for silicon carbigigproach the maximal values
just at the temperature levels which the testetkpdaperiences (although the
operating conditions are somewhat different). Ict the experimental data are
rather close to the full-catalytic computations tiee 20° and 30° configuration,
for which the temperature amount is within the &ed 1250-1450 K, namely
the range at which the recombination coefficient daygen in proximity of
silicon carbide has a peak. Analogously, the meakstemperatures for the 10°
case get closer to the full-catalytic results i ttore domain, where the
temperature is around 1200-1300 K, but their daifiee grows downstream,
where the temperature level is lower. These faotspminted out in figures
5.4.1.3 to 5.4.1.5, taken for the sake of depictaty from the test cases 003,
006 and 008.

The differences between experiments and numericalilations, accounting
also for full-catalytic behaviour of the surfacege ummarized in tables 5.4.1.2
to 5.4.1.4 for the measurement spots.
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Figure 5.4.1.3. Comparison of the achieved tempezaton the plate. 10° case. Test-003.

Figure 5.4.1.4. Comparison of the achieved tempegaton the plate. 20° case. Test-006.
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Figure 5.4.1.5. Comparison of the achieved tempegaton the plate. 30° case. Test-008.

Table 5.4.1.2. Comparison between measured andutechpemperatures at the spots. Full-
catalytic surface. Temperatures in K510°,

x[m] | TCL|TC C|TCR |Pyro2C] PyroS | IR =0.83 CFD_nd CFD fc
0.040 | 1241.24 1229.40 12245 1281|87 1264.67 126].17 .@1p5.305.62
0.095 | 1066.18 - | 1073.99 117831 - 113676 1029.98 1196.81
0.150 | 1012.79 - | 101746 - | 1055.07 105848 983|71 1138.56
0.195 | 981.73 - | 963.38 - - 1019.89 947.11 109§.32

Table 5.4.1.3. Comparison between measured andutethpemperatures at the spots. Full-
catalytic surface. Temperatures in K-20°.

x[m] | TC L |TC C|TCR [Pyro2C| PyroS |IR =0.83 CFD _n¢ CFD fc
0.040 | 1364.78 1344.16 134507 1398|69 1389.64 1367.92 .7200410.78
0.095 | 1232.89 - 1239.18 1276.37 1269|98 126498 1130.561.4B]
0.150 | 1170.30 - 1185.47 - 1203.90 1259.p2 1086.73 1257.76
0.195 | 1127.14 - 1122.48 - - 1177.96 1053|78 122(.92

Table 5.4.1.4. Comparison between measured andutechpemperatures at the spots. Full-
catalytic surface. Temperatures in K-30°.

x[m] | TCL |TC C |TC R [Pyro2C| PyroS |IR =0.83 CFD nd CFD fc
0.040 | 1459.62 1458.24 145438 1498(69 1492.01 1419.73 .84851506.88
0.095 | 1360.70 - 1369.17 1404.40 1404|23 138041 121f2.526.4@p
0.150 | 1289.72 - 1311.34 - 1338.40 132707 1173.74 1358.82
0.195 | 1247.86 - 1264.42 - - 1261.94 1149(26 1329.16
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It must be underlined that the recombination ofratooxygen is likely to be the
principal reason of the increased heat flux at gshdace, since at the tested
facility flow conditions the mass fraction of atamoxygen is considerable,
whereas the mass fraction of atomic nitrogen isctmally negligible (see
chapter 4). Oxidation processes at the surfaceldhmmi be excluded, but their
simulation, as well as computations accounting #&rpartially catalytic
behaviour, is not attainable with the currentlyikalde tools.

5.4.2 Imperfect thermal contact between horizontal plate and
neighbouring components
The possibility of imperfect thermal contact betwekorizontal plate and
insulating material is taken into account by thesv@ircumstance, namely the
absolute absence of heat transfer below the plais.is treated by means of the
straightforward neglection of the KAPYROK block wndhe plate and by the
introduction of an adiabatic wall boundary condition the ceramic sides in
contact with it. The heat load taken from the coged coupled simulations of
section 5.2 is applied to the structure, which mdeled as before for all other
aspects.

Figure 5.4.2.1. Temperature distribution on theeptairface. Comparison with simulations with
adiabatic inferior wall of the plate.

Figure 5.4.2.1 reports the results. The KAPYROKarat is confirmed to be an
efficient insulating material: the heat conductinside the block is shown in the
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previous investigations to be rather low and thesent temperature variation on
the plate surface is unsubstantial. It amount$s than 10 K (less than 1%
increase) on almost the whole plate, with maximaues on the front, where it
can reach 15 K (which corresponds to about 1.5%endtrcan be emphasized
that there are no essential quantitative differermseing to the angle of attack.

A possible imperfect thermal contact with the KARYR block can be assessed
not to represent a fundamental influence on theltesA more remarkable role

can be played by an imperfect thermal contact betvmrizontal and rear plate,
since the heat conduction effect in the back haenlshown to be significant.

The problem is again treated considering the warstimstance, i.e. neglecting
also the complete rear plate. In practice, the Zootal plate is taken into

account only, with adiabatic wall boundary condismn the internal sides.

As explained previously, the heat flux from the wenrged coupled simulations

of section 5.2 loads the structure, and the resthef numerical set-up is

maintained as before. The results are plottecguré 5.4.2.2. As expectable, the
temperature on the back increases in absence dfethiedrag through the rear
plate. The effect on the temperature distributiartiee back is manifest: there is
no longer a pronounced negative gradient but aitian to a plateau and even
to a slight positive gradient. The increase is caraple to the differences

registered between coupled and uncoupled resultseacthes even 200-250 K
accordingly to the configuration. The relative e&se is thus about 25%.

Figure 5.4.2.2. Temperature distribution on theefairface. Comparison with simulations with
adiabatic internal walls.
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Figure 5.4.2.3. Temperature distribution on theefairface. Comparison with simulations with
adiabatic internal walls. Test-003;710°.

Figure 5.4.2.4. Temperature distribution on theefairface. Comparison with simulations with
adiabatic internal walls. Test-006:20°.
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Figure 5.4.2.5. Temperature distribution on theeptairface. Comparison with simulations with
adiabatic internal walls. Test-008730°.

As displayed in figures 5.4.2.3 to 5.4.2.5, the gemature trend on the rear
domain becomes in this way more similar to the expental results.
An imperfect thermal contact between the plates twrefore represent a
further aspect which affects the concordance viighcomputations.
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Conclusions and final remarks

The present work has been focused on the studigeothtermal fluid-structure
interaction, which involves a spacecraft experiegcihigh-enthalpy flow
conditions. A coupling methodology, which makes o$enumerical tools for
accurately predicting the thermal load acting om blody surface, represents a
fundamental instrument for the design of a spadedkumerical simulations,
capable of adequately reproducing the intense -Btrdcture interaction
occurring at such flow conditions, offer the posd#ip of an extensive
examination of different configurations and of ans#vity analysis, which
would not be available otherwise — or only withrextdinary costs. The correct
evaluation of the surface thermal load allows tke of reliable design criteria,
which no longer have the necessity of considerashlety margins, with the
consequent decrease of the structural mass togeifitieran increase of the
payload as well as a reduction of the costs.

Before numerical tools actually come into use, ¥aédation of the coupling

procedure and the proof of the exactness of thegults are necessary
prerequisites. This degree thesis takes its placehis perspective. The
application of a suitable physical model capableappropriately reproducing
the fluid-structure interaction phenomena whichoiwe the structure surface,
the analysis of the coupled simulations results #melr comparison with

experiments have been focal points of this work.

The simulation of the flowfield has been perfornigdmeans of the TAU code
developed at DLR, whereas the structural respoasében calculated with the
commercial software ANSYS. Coupled simulations hbeen proved to more
effectively reproduce the distributions of the thal quantities on the surface of
the investigated flat-plate model, which is madeh& ceramic material C/C-
SiC. Temperature peaks have shown to be remarksiblgothed and the
temperature distribution to be rather mitigatedémeral.

Different flow models for the high-temperature gasd for the stream

conditions have been numerically investigated ideorto understand their
impact on the surface quantities, which has beemodstrated to be generally
not significant.

For the collection of the experimental data, thedetchas been tested in the
high-enthalpy facility L3K of DLR in Cologne, whiclkenables reaching a
steady-state of the temperature distribution onsilndace thanks to its rather
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long running-time. The instrumentation for the temgture measurement has
comprehended thermocouples and optical devicesglgapyrometers and an

IR-camera. The tests results have shown to be geod reproducible, the

thermal quantities to reach in general a steadie stithe surface and to be
rather uniform in lateral direction for a considadeaportion of the model. Bi-

dimensional steady simulations have been theretiegned satisfactory for the
numerical investigation of the concerned problem,least for the model

symmetry axis.

The computations have been demonstrated to propepiure the temperature
trend on the objective surface. The temperatungesédong with the longitudinal

coordinate is effectively reproduced, although tieeperature values are
underpredicted. Some phenomena can be indicatetheageasons of such
results: the catalytic behaviour of the ceramidasie, the oxidation reactions at
the surface and the imperfect thermal contact bmtwbe model components.
Further numerical investigations have been conduct®rder to understand the
impact of a full-catalytic surface and of an abselgimperfect contact between
the components. In particular, the results in tiledatalytic case lie above the
experimental measurements, pointing out a partieialytic behaviour of the

ceramics at such temperature levels, while an ifapethermal contact is likely

to be the reason of the temperature undeprediotiche rear surface.

Future developments should concern:

the extensive study of the aerothermodynamic effecturring at the
surface, accounting for the partially catalytic &abur of C/C-SiC and
for possible oxidation processes;

three-dimensional computations, capable to capttine three-

dimensional effects at the model edges;

the accurate reproduction of the transfer of thertfal quantities at the
connection surfaces between the model components;

the unsteady simulation of the structural respofvgeereas the flow
solution can reasonably be maintained as quasihgte@he data of the
thermocouples integrated inside the model can iaddily be used for
the validation.

Since the investigated configurations have beetedest only one facility
flow condition, other comparisons should be planded different flow

states, with the final aim of validating the numatienvironment with real
flight experiments.
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Properties of the used materials

Table A.1. Principal material properties of C/C-3iClependence on the temperature (from ref.

[30]).
CICSIC | T=273K | T=473K | T=873K | T=1273 K] T=1673 K| T=2273 K
WimK) | 11.2 11.2 11.2 10.9 10.4 10.0
JWImK)] | 180 19.3 195 19.6 19.5 19.2
co UikgK) | 748 1211 1604 1720 1780 1800
[kg/m]] 1800 1800 1800 1800 1800 1800
0.88 0.89 0.90 0.90 0.89 0.88

Table A.2. Principal material properties of KAPYR®#aterial in dependence on the
temperature (from ref. [30]).

KAPYROK | T=273K | T=473K | T=873K | T=1273 K[ T=1673 K[ T=2273 K
W/(mK)] | 0.0 0.10 0.12 0.15 0.23 0.30
cp kg K)] | 1250 1250 1250 1250 1250 1250

[kg/m’] 400 400 400 400 400 400
0.95 0.95 0.95 0.95 0.95 0.95

Table A.3. Principal material properties of usegper and stainless steel, considered
temperature-independent (from ref. [30]).

Copper | Stainless stee

[W/(m K)] 400 15
Cp [J/(kg K)] 385 500
[kg/m”] 8900 7900
0.5 0.3
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Appendix B

Chemical model

Table B.1. Reaction rates. Gupta model [77]. Reaathtek defined as:
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k(T)=aT% " . (B.1)
2N, = N, + 2N a b c
Forward rate constant$ 3.72E415 -1.4 113d00
Backward rate constan{s 2.06E+08 -1.6 0
N, + O, =0, + 2N a b c
Forward rate constant$ 3.72E415 -1.4 113d00
Backward rate constan{s 2.06E+08 -1.6 0
N, + NO = NO + 2N a b C
Forward rate constant$ 3.72E415 -1.4 113d00
Backward rate constan{s 2.06E+08 -1.6 0
N, + N=3N a b c
Forward rate constant$ 1.11E+16 -1.4 11300
Backward rate constan{s 6.19E+08 -1.6 0
N,+O=2N+0 a b c
Forward rate constant$ 1.11E+16 -1.4 113d00
Backward rate constan{s 6.19E+08 -1.6 0
N, + O, =N, + 20 a b c
Forward rate constant$ 2.76E+13 -1.4 59500
Backward rate constan{s 2.30E+04 -0.5 0
20,=0,+20 a b C
Forward rate constant$ 2.76E+13 -1.4 59500
Backward rate constan{s 2.30E+404 -0.5 0
0,+NO=NO + 20 a b c
Forward rate constant$ 2.76E+13 -1.4 59500
Backward rate constan{s 2.30E+404 -0.5 0
N+0O,=N+20 a b c
Forward rate constant$ 8.25E413 -1.4 59500
Backward rate constan{s 6.88E+404 -0.5 0




0,+0=30 a b
Forward rate constant$ 8.25E+13 -1.( 59500
Backward rate constanfs 6.88E+04 -0.% 0
N,+NO=N,+N+O a b
Forward rate constanty 2.31E+11 -0.4 75500
Backward rate constanis 5.77E+04 -0.% 0
0,+NO=0,+N+0O a b
Forward rate constants 2.31E+11 -0.4 75500
Backward rate constanis 5.77E+04 -0.% 0
2NO=NO+N+O a b
Forward rate constants 2.31E+11 -0.4 75500
Backward rate constanis 5.77E+04 -0.% 0
NO+N=2N+0O a b
Forward rate constant$ 4.62E+11 -0.9 75500
Backward rate constants 1.15E+05 -0.% 0
NO+O=N+20 a b
Forward rate constant$ 4.62E+11 -0.9 75500
Backward rate constants 1.15E+05 -0.% 0
NO+O=0,+N a b
Forward rate constant$ 1.60E+03 1.2 197p0
Backward rate constanis 4.81E+05 0.7 3700
N,+ O=NO +N a b
Forward rate constants 3.19E+07 0.1 37500
Backward rate constanis 7.09E+406 0.1 0
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Appendix C

Geometry of the considered models

Figure C.1. Bi-dimensional model for the simulaarf chapter 4.

Figure C.2. Investigated flat-plate model. The roeasient spots are also shown.
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Nomenclature

Latin symbols

Cp Specific heat capacity at constant pressure Kjkg

D Multi-component diffusion coefficient fts

E Total energy per unit mass Jikg

h Specific enthalpy per unit mass J/kg

k Reaction rate mol/(hs)

Kn Knudsen number -

L Representative length of the flowfield m

M Molar mass kg/mol
Specific radiance W/hn

Ma Mach number -

N Number of atoms -

p Pressure Pa

Pr Prandtl number -

Q Heat flux w

Qs Inner energy source term Wim

q Specific heat flux per unit surface W/m

R Specific gas constant J/(kg K)

Re Reynolds number -

S Surface M

Sc Schmidt number -

T Temperature K

t Time S

u, v, w Velocity components m/s

V Volume m

X,Y,Z Spatial Cartesian coordinates m

Greek symbols

Absorptivity -
Angle of attack °
Mass fraction -
Domain interface M

Recombination coefficient -
Specific heat ratio -
Difference -
Virtual variation -



Nomenclature

S

Emissivity

Heat conductivity

Molecular mean free-path length
Wavelength

Dynamic viscosity

Mass density

Standard deviation of temperature distribution
Characteristic time
Transmittance

Relaxation parameter

Mass source term

Tensors, matrices and vectors

AT TO®

QTUVS Z

ccHo

Indices

avg
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Shape function gradient matrix
Heat capacity matrix

Flux tensor

Identity matrix

Heat conductivity matrix

Heat conductivity tensor

Shape function matrix

Local normal to the surface
Stress tensor

Finite element heat fluxes vector
Source vector

Heat fluxes vector

Nodal temperatures vector
Conservative flow quantities vector
Velocity vector

Time derivative
Reservoir

Zero point

Parallel

Perpendicular

Free stream conditions
Inflow conditions
Averaged value

Black body

Convective

W/(m K)

Pas

kgfn

kgim



ca Calibration

chem Chemical

di Discrimination

el Electronic

Eul Inviscid

F Fluid

in Instrument

IR Infrared camera

/ Spectral

max Maximal

min Minimal

N Normal

n External normal

p Pixel

R Recombination

re Reproducibility

ref Reference

rot Rotational

r Radiative

S Structure

S Species

T Total

tr Translational

u Background

v Viscous

vib Vibrational

w Wall

Constants

Co Light speed in vacuum
h Planck constant

k Boltzmann constant
A Universal gas constant
S Sutherland constant
Abbreviations

2C-2000

2C-3000

4coupled

2.99792458 ° hi)'s
6.62606896 210 s
1.3806504 -2a/K
8.314472 J/(K mol)
110.4 K

Stefan-Boltzmann constant 5.6704 ®30/(m? K%

Two-colour pyrometer, temperature rang@06F2000°C
Two-colour pyrometer, temperature rang@08F3000°C
Coupled solution after 4 inter-field itevas
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Nomenclature

ad

fc

mv

na

nc

Pg
radeq
rg

tggf
tngg
tnggf
TC
S-2000
S-3000

Acronyms

Al
Al,O3
C
CCD
C/C-SiC
CFD
CMC
CcoO
Cr
CVvD
DLR
FEM
FPA
IR

N

Ni
NiCr
NO
@)

Si
SiC
SiO
SiO,
SFB
TPS
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Adiabatic wall

Full-catalytic wall

Measured value

Non-adiabatic wall

Non-catalytic wall

Frozen flow (adapted perfect gas properties)
Uncoupled solution

Range

Nozzle flow in chemical non-equilibrium

Model flow in thermochemical non-equilibrium
Nozzle flow in thermochemical non-equililbmu
Thermocouple

Spectral pyrometer, temperature range @2800°C
Spectral pyrometer, temperature range @3200°C

Aluminum

Aluminum oxide

Carbon

Charge-coupled device
Carbon fiber-reinforced silicon-carbide
Computational fluid dynamics
Ceramic matrix composite
Carbon monoxide

Chrome

Chemical vapor deposition
Deutsches Zentrum fir Luft- und Raumfahrt e.V.
Finite element method

Focal Plain Array

Infrared

Nitrogen

Nickel

Nickel-chromium

Nitric oxide

Oxygen

Silicon

Silicon carbide

Silicon oxide

Silicon dioxide
Sonderforschungsbereich
Thermal protection system
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