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1 INTRODUCTION

Development of space transportation is a very challenging task for the aerospace research and industry.
Hypersonic flight should be investigated in details to allow designing spacecraft according to the severe
environment of their flight conditions. Typically during a planetary re-entry, when a capsule or a space
vehicle approaches the relatively dense atmosphere a strong bow shock takes place ahead of the vehicle
detached from its nose. It is subjected to wide range of pressure, heat transfer and shear levels. Several
features, specific of hypersonic regime appear, as thin shock layer, entropy layer, viscous interaction ...
which are described in classical textbook [1-3]. Among those phenomena one could remark the high
temperature effects since they appear as one of the critical points in the design phase of the vehicle
mission. Indeed across the shock a large amount of kinetic energy is converted into thermal energy. This
large energy density leads to high temperature of the gas mixture where dissociation and ionization take
place. It results into a plasma flow which impinges on the vehicle wall. To sustain this important heat-
transfer the spacecraft must be equipped with suitable Thermal Protection System (TPS). Their role is
essential for the success of the re-entry manoeuvre, but their design is difficult due to the complexity of
the heat-transfer phenomena. This later can be described with two main contributions [4]: a conductive
heat-flux from the very high temperature flow reaching the wall, and a diffusion one due to chemical
recombination at the wall activated by the catalytic properties of the TPS. The radiative part is left aside in
this description, but one should remember that it could be important in certain condition.

From this situation it could be understood that ground testing appear as a strong requirement for TPS
design. Number one they represent a first convenient step at reduce cost before the launch of a mission.

Chazot, O. (2007) Experimental Studies on Hypersonic Stagnation Point Chemical Environment. In Experiment, Modeling and Simulation of
Gas-Surface Interactions for Reactive Flows in Hypersonic Flights (pp. 13-1 — 13-32). Educational Notes RTO-EN-AVT-142, Paper 13.
Neuilly-sur-Seine, France: RTO. Available from: http://www.rto.nato.int/abstracts.asp.

RTO-EN-AVT-142 13-1


mailto:chazot@vki.ac.be
http://www.rto.nato.int/abstracts.asp

Experimental Studies on Hypersonic Stagnation Point Chemical Environment PREANIZATION

Number two the tests allow a better control for the environment and for the measurement techniques to
investigate TPS properties. However the development of high—enthalpy facilities for hypersonic testing is
a challenge in itself. It involved the management of very high pressure levels to set-up extreme test
conditions. Moreover, as it is known, a complete experimental simulation of hypersonic condition is most
of the time impossible to achieve in a ground test facility [5]. If not all the conditions could be reproduced
at once a lot of complementary facilities have been set-up. They are of several kinds to address at best
these flight environments. They have been widely used to study the typical features of hypersonic flows
and assess the critical issues associated with aerospace flight [6].

When the investigations concern high temperature effects, and their consequences on TPS material,
specific ground facilities have to be used allowing long time range and chemical reacting flows.
Classically plasma wind tunnel are used: Arc-jet facilities in which supersonic testing in different
configuration is available at very high power [7] and very large scale [8], or Plasmatron facility offering
usually a better chemical environment with subsonic testing [9,10]. This lectures focus on this last type of
facility and attends to present the use of such plasma wind tunnel to study the chemical environment of a
re-entry flight as well as the catalytic properties of TPS material. It will deal with the methodology
adapted for the Plasmatron testing, some aspects of the facility design, the development of the specific
measurement techniques and the data processing in connection with appropriate CFD tools. It will finally
concentrate on the application of this ground testing methodology to the determination of TPS properties
in real flight conditions.

2 STAGNATION POINT TESTING CONFIGURATION

2.1  Methodology

In real flight condition the flow along the stagnation line present very different situations from the gas at
rest in front of the shock up to the wall of the vehicle downstream. Across the bow shock the flow gain a
large amount of thermal energy, it leads to high temperature and excites the different internal energy mode
of the gas particles. Immediately after the shock appears a region of non-equilibrium flow. The excitation
processes re-equilibrate downstream through a relaxation region and then reach an intermediate zone
where Local Thermodynamic Equilibrium (LTE) can be consider in certain conditions. At the wall the
flow enter the boundary layer area which can be mainly consider as a chemical non-equilibrium flow. This
brief description is very schematic and does not pretend to give a complete view of all the processes
occurring in reality. Figure 1 summarized this rough presentation. Many times the different regions
overlap and it becomes much more complex. Classical textbook about gasdynamics must be consulted for
more accurate details [11, 12].
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The reproduction of this kind of flow environment requires specific facilities. As it has been mentioned in
the introduction the complete re-entry simulation, as it could interest the designer, is impossible or at best
impratical in a laboratory. A classical similarity analysis as it used to be practiced in a wind tunnel cannot
be carry out in this case. However the experimentalists can consider the problem in different parts and
provide sufficient simulation for the study of various aspects of the re-entry flights. For instance,
concerning the heat-transfer for the hypersonic stagnation point, an inspection of the Boundary Layer (BL)
equation as it could be written in those conditions illustrate this situation. Considering the treatment of the
compressible axisymmetric BL equations done by Lees [13] after Cohen and Reshotko [14] using the
Howarth-Doronitzin transformation with Mangler transformation and 1 as similitude parameter, it can be
read:

u T T 2
=—=T ith  S=|u,p,U.r dx (1)
n \/g.([ Pdy  wi '([/u PeUel,

(Only the final result is given here, the derivative of the function f corresponds to the non-dimensional
longitudinal velocity, the function g corresponds to the non-dimensional temperature and z to a non-
dimensional concentration.)

X-momentum: (If ”)' + ff"+ 258[19['05 — f 'zj =0 2)
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total energy:
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One can notice that these equations are not similar due to dimensional terms and extra terms accounting
for diffusion and production rate. In some case, as the cold wall at equilibrium with some approximation
the set of equations can be reduced to a similar one [13]. However in the general case, if the production
term vanishes (wi = 0) by considering equilibrium it appears that He, Pe and du/dx are the values that have
to be reproduced at stagnation point to have identical situations from equations (2) and (3).

In this condition it has been shown that a complete duplication of real flight condition is possible in
ground facility, if the total enthalpy (He), the total pressure (Pe) and the velocity gradient (= du/dx), of
the flight conditions, can be matched locally on the test sample [4, 13-15]. Experiments based on this
approach could be designed and the very first ground facility set up to study those aerothermodynamics
effects was the shock tube [16]. It allows an accurate duplication of the flow for the stagnation location
[15]. It is still used nowadays to study gas reaction rate in the hypervelocity conditions. Its simple
principle allows a good control of the test environment. But like most of the others hypersonic ground
facilities the test duration (1 ~ 100 ms) are too short to be suitable for TPS testing. These material tests
require high enthalpies associated with long time scale (in this order of the material thermal inertia) to be
representative of re-entry conditions. In this frame facilities like arcjet and Plasmatron have been
developed [17]. They are able to produce dissociated flows for a long time base which is suitable for tests
involving aero-thermochemistry. The tests are restricted to local area where the flight conditions could be
reproduced. It concerns specifically the stagnation point. The complete theory of stagnation point heat
transfer for dissociated flows have been elaborated for hypersonic boundary layers [4], the expression for
equilibrium flow is given below (Le = 1):
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du 1/2
Qw=0.67(p,1,/ p, 1, )0‘41/,0W,uw( r e} (He-h,)/Pr (5)
X

The theory is well suited for hypersonic facilities and in the introduction of their paper Fay and Riddel [4]
make a short remark about the relevance of boundary layer in re-entry problems. Indeed the hypothesis of
the existence of a boundary layer should be preserved for the development of the theory. In the case of
plasma facility where the analysis involving non-dimensional numbers as Mach and Reynolds can no
longer be maintained this question had to be re-examined. In this purpose the theoretical frame has been
adapted for plasma wind tunnel by Kolesnikov, in a methodology called Local Heat Transfer Simulation
(LHTS) [18] and a very careful justification of this development is given in the PhD thesis of Barbante
[19]. The duplication of the flight condition at stagnation point is strictly reduced to the boundary layer
with its appropriate treatment. In the case of a subsonic plasma facility like the VKI Plasmatron [20] the
testing configuration could be presented as in figure 2.
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Figure 2 : Testing in Plasmatron facility in LHTS conditions

Knowing the total enthalpy Hs and the total pressure Ps, the extrapolation to the freestream flight
conditions are achieved considering the conservation of enthalpy and momentum along the stagnation line
[18, 21].

H, + %. V. = Hs (6)

Py + V2. puVeo =Ps (7)

2.2  Ground testing facility

The knowledge of the working principles and the operating conditions of the ground facility used to carry
out the experimental study is essential for the interpretation and a relevant discussion about the results
obtained. This lecture presents developments achieved in the VKI Plasmatron and some details concerning
this type of facility is given here.

A plasmatron is a plasma wind tunnel using an Inductively Coupled Plasma (ICP) torch as plasma source.
ICP torches have been developed for 50 years, initially in Russia, in the context of electrical discharge in
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low pressure gases [22]. These devices are used in spectroscopy , material processing, spray coating,
powder synthesis, chemical vapor deposition and in many, generally called Thermal Plasma Processes
(TPP) [23]. Their applications to high enthalpy wind tunnel are mainly due to their high purity and high
energy density flow characteristics which are very beneficial for aerothermodynamic studies. The
stagnation configuration of TPS testing with ICP torch is sketch in figure 3.
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injection
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central injection -  discharge region plasma jet
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Figure 3 : Sketch of an ICP torch for TPS tests in a Plasmatron facility

The basic concept of ICP torches is also schematically shown in this figure (fig. 3). A coil with a few
turns, connected to a high-frequency generator, surrounds a quartz tube, where gas is injected (argon, air,
CO,). Once an initial ionization is created by suitable means, the coil induces eddy currents in the
conducting gas, transferring energy and maintaining it into a plasma state.

The so-called “torch” is the chamber where the plasma discharge takes place. It is designed basically with
two coaxial flows inside the quartz tube surrounded by the coil. The plasma region can be divided in two
parts, the most sensitive part is the coil region called “the discharge region” where all the parameters
interact strongly and the downstream part named the "plasma jet" (fig.3). Historically this design has been
evolving during the last two decades, as a result of direct observation of the torch discharge and of its
behavior [24-28]. For the same purpose, measurements of emission intensity of samples introduced into
the plasma have been made. By these methods “empirical laws” have been established to match the
minimum flow rate [26], the tube configuration [27], and critical geometrical parameters in an ICP torch
[28]. All these criteria led to a torch design characterized by an easy ignition, a good stability and a low
consumption of plasma gas. A correct axi-symmetry of the of the plasma jet is also of major importance
for the stagnation point testing. This aspect has to be attentively checked and the torch properly designs to
achieve good testing conditions [29]. Torch design is a very important point for a Plasmatron facility it
could be investigate by careful experiments [30] joined with CFD computations [31].

The fundamental phenomenon occurring in an ICP torch is radiation/matter interaction. The plasma
discharge is heated by electrical currents induced by a time varying magnetic field and fed by a gas flow.
This leads to an interaction between the fluid flow field, the temperature field and the electromagnetic
field in the discharge region. As shown in figure 4, each field directly interacts with the other two.
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Figure 4 : Modes of interaction between the fluid flow field, the temperature field
and the electromagnetic field

The operation of an ICP torch can be described in a more practical way. Basically the discharge depends
on two parameters: the magnetic field imposed by the current intensity and the coil design, and the flow
field imposed by the gas mass flow rate and the injection system design. The temperature field appears as
a result of the interaction of these two parameters.

Unsteadiness of the discharge is a more complex problem because of all the interconnected parameters.
Nevertheless two main sources of unsteadiness can be distinguished: the electrical effects and the fluids
dynamic effects. The electrical fluctuations due to the time varying electro-magnetic fields represent a
very high frequency (1/f = 1, ~ 10%) and can be average in comparison of the characteristic time of the
flow (D/U = &t ~ 107s). However some interactions exist: the modulation of the current after the rectifier,
in the power generator, is reflected in the energy deposition into the plasma discharge. This phenomenon
occurs on a time base of the order of the flow time (t. ~ 107s). It could be reduced by adjusting the plasma
setting. In addition to those phenomena one have to consider the influence of the confined recirculation
zone in the ICP torch which induce a vortex shedding and creates unsteadiness traveling in the plasma
flow [32].

The plasma facility used at VKI for the testing is a Plasmatron-type using an Inductively Coupled Plasma
(ICP) torch (fig. 5). Its basic working principle and operation, as well as the test configuration correspond
to what has been presented above (fig. 3). The main control parameters are the mass flow injected into the
torch, the pressure in the test chamber and the generator power imposed. In the context of TPS testing and
catalycity determination it could be relevant to mention that it is an appropriate facility for those purposes:
It allows testing in a subsonic plasma jet, where LTE conditions are more likely to be verified, produced
by a ICP torch which provide chemical purity. This last point has been checked by spectroscopic
measurements for the most powerful emission line of copper, silicon and iron [33].
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Figure 5: VKI Plasmatron facility

Beside the ICP torch the facility is composed of a test chamber in which the plasma jet exit. Measurement
probes as well as a sample holder are set in the lateral sides of the chamber, ready to be injected on the
centreline of the jet for intrusive measurements or testing purposes. A 3-axes displacement table allow an
accurate positioning for the stagnation point testing configuration (fig. 6). A powerful pumping device
allows to control the static pressure in the chamber during the tests.

Test & measurement probes

Test chamber

ICP torch

e
X
./L

Displacement table

Figure 6: Sketch of the Plasmatron test chamber instrumentation

2.3 Probes and measurements techniques

The testing procedure for TPS material has been developed at VKI with three kinds of probes: heat-flux
probes, Pitot probe and the sample holder itself. The heat-flux and Pitot probe have been firstly used for
the qualification of the Plasmatron facility and to assess its operating envelope 20]. All these experimental
tools have been presented with details in previous publications [20, 34]. Their main characteristics are just
mentioned here. The rest of the presentation will preferably deals with more recent developments for the
calibration procedure and the combined measurements.

The measurement probes have the same external shape to preserve the same characteristics for the
stagnation point boundary layer in term of dynamic pressure, stagnation point heat-flux and velocity
gradient. Their geometry is known as the ESA Euromodel: flat faced cylinder (50 mm in diameter) with
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rounded corners (10 mm radius) (fig. 7). The probes are water cooled and mounted on a foot to allow their
injection in the plasma jet. A cylindrical channel along the centre of the probe body is available for the
passage of the sensor device. At the front a sensing element of 14 mm in diameter is installed in the
cylinder. It corresponds to a water cooled calorimeter for heat-flux measurement (fig. 7) or a water cooled
pressure orifice for the total pressure measurement (fig. 8).
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Figure 8: Pitot probe mounted to 50mm diameter probe

The Sample holder is composed of two coaxial tubes in which water circulates for cooling. At the
extremity, a SiC cover is attached to the holder body by three metallic pins. The sample to be tested is
installed in this support, maintained at its periphery by the cover and at its back by an insulator (fig.9). The
sample holder has the same shape as the stagnation point probes to preserve the similitude in the test
conditions. The surface temperature is measured on the front part by a 2-colors pyrometer (A1:0.75-1.1um,
22:0.95-1.1um). The conductive heat flux passing through the TPS sample is measured at the back, after
an insulating material, by a water-cooled calorimeter (fig. 9).
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Figure 9: Sketch of the Sample Holder

Stagnation point heat-flux calibration for plasma flow is not trivial to realize since it is difficult to
reproduce and control the thermal environment of the dissociated gas in a reference test bench. Several
calibration benches, involving radiative heat-transfer, have been tested at VKI but the problems in
determining the reference heat-flux were limitating to achieve accurate results [ref VKI reports]. They
end-up in a never ending loop to reach a relevant calibration procedure. To come over those difficulties
the method finally set-up at VKI proposes to compare in-situ the current measurement technique, using
water cooled calorimeter with a reference one, using a slug calorimeter, following the designation of the
American Society for Testing and Materials (ASTM) [35]. This procedure presents the advantage of direct
measurements in the same environment and the same configuration that the calorimeter to calibrate. The
calibration process requires careful and diligent experiments with an appropriated Data Acquisition
System to allow high enough sampling rate. In parallel to those a data processing method have been set-up
at VKI to exploit at best the transient measurements an evaluate the related losses. Only a schematic view
of the Copper Slug installation used for the calibration in the VKI plasmatron is shown in figure 10, the
complete study is reported in a VKI Technical Note [36]. The final accuracy for the current stagnation
point heat-flux probe is found to be 7 %.

Teflon ring
Plasma Jet l Copper Slug
— e
—_—> + + .
Type K - = -
_—
Thermocouple
Probe
Special Tape
Air Gap

Ice Bath BNC Connection

Figure 10: Schematic view of Copper Slug Calorimeter for heat-transfer calibration

A combined probe which permits to measure simultaneously heat-transfer and total pressure at stagnation
point has been designed at VKI [37-39]. It is based on a classical measurement probe in which the water
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cooled calorimeter is equipped with a pressure line for total pressure evaluation (fig. 11). A test campaign
has been carried out to assess its performance and to compare its measurement results with the classical
heat-flux probe ones; good agreement has been found (fig. 12). The integration of the combined probe is a
major advantage to determine the stagnation point characteristics in a single probe injection. This probe is
permanently installed in the Plasmatron test chamber. It allows checking the testing conditions just before
placing the test article into the plasma jet. This procedure avoids the problems link to repeatability issue
and lead to a large improvement in the test accuracy.
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Figure 12: Heat-flux and Combined probe comparison
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2.4 Numerical tools

The methodology as presented in the first section, adapted to the experimental stagnation point
configuration requires as well the use of CFD codes. It is usually presented as an hybrid methodology
where experiments and CFD are intimately linked. If the facility allows to set up the boundary layer
physically at the stagnation point, the CFD allows to describe it and determine its parameters with two
main numerical codes:

1- The ICP code simulates the experimental configuration. It computes the flow in the ICP torch and
around the sample in the test chamber. It solves the time averaged magneto-hydrodynamic equation at low
Mach and low magnetic Reynolds number. In this computation local thermodynamic equilibrium and
axisymmetric flow is assumed. It was developed by D. vanden Abeele [40] and T. Magin [41].

2- The BL code simulates the boundary layer that develops in the neighborough of the stagnation point. It
solves the laminar chemically reacting boundary layer for axisymmetric or 2D flows. It was developed by
P. Barbante [19].

These codes are interfaced with the Pegase library, written at VKI [42], which performs the computation
of thermodynamic and transport properties for arbitrary gas mixture as well as the chemistry of the flow.
ICP furnish a NS solution from which the external conditions for the boundary layer problem are
determined by Non Dimensional Parameter (NDP). They represent a non-dimensional axial velocity (V.),
a non-dimensional radial velocity gradient (u;.), a non-dimensional derivative of the velocity gradient (u,y)
and a non-dimensional thickness for the boundary layer (A). Some more details will be given about the
NDP in the next section (fig. 15).

The numerical data are transfered from ICP to the BL code which computes the stagnation point heat-flux.
By comparing the numerical heat-flux obtained with the experimental one measured in an iterative
procedure the dimensional conditions at the edge of the BL, assuming LTE, can be determined. The heat-
flux measurement is realised with the copper calorimeter which is assumed to be fully catalytic, in this
condition its value can be consider fairly close to what one should obtained for a equilibrium boundary
layer. The rebuilding procedure for the methodology is summarized in figure 13. It allows to determine the
enthalpy and the dimensional velocity gradient at the stagnation point.
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2.5 Hypersonic versus Subsonic testing

For aerospace ground testing, in one hand hypersonic facilities allow a good reproduction of stagnation
point condition but offer very short test time. In the other hand Plasmatron facilities are ideal with long
test run, for TPS design, but their duplication is strictly limited to stagnation point heat transfer and
require a proper treatment for the boundary layer (BL) model. According to the methodology presented all
these facilities generate analogous BL conditions with the one existing at the stagnation point in a real
flight. In order to compare their actual performance, in terms of testing condition, one could use empirical
stagnation point heat-transfer relations which have been developed to predict, with a simple and accurate
method the stagnation point heating rate for various gases in high enthalpy facilities [43]. It results in a
compilation of numerous experimental data and predicting methods for high enthalpy levels. Such
relations allow to compare results obtained in hypersonic testing as it can be found in many references
[43-45]. The simplest one is expressed by a linear relation between the heat flux rate (Qw), normalized
with an effective radius (Regry) divided by a stagnation pressure (ps) and the enthalpy difference at the
stagnation location (He-hy,). This formulation is derived from a rearrangement of Fay & Riddell equation
at equilibrium (5), it reads:

Qw REF“,’“ =K, (He-h,) (®)

S
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K, is a constant deduced from the compilation of data for each gas mixtures [43]. The concept of effective
radius (Regp) is used for non-spherical bodies. It corresponds to the radius of an equivalent sphere leading
to the same velocity gradient at stagnation point. Ry is mostly useful for flight extrapolation. In
hypersonic, where the modified Newton theory applied, Ry is easily defined in the expression of the

velocity gradient (/) [46, 47]:
oo | Jm[l ] pJ ©
Reﬂ,H pt pt

Expression (8) provides a way to plot in a same graph experimental results obtained from different
hypersonic tests that can be found in the literature for equivalent conditions. In order to compare these
latter’s with the VKI Plasmatron results achieved in a subsonic air plasma one has to found a proper way
to normalized the subsonic results as it is known that the expression of velocity gradient (i.e effective
radius) is different in this case. Starting from the same equation (5) an empirical relation for the stagnation
point heat-transfer in subsonic could be found [47-49].

Reff S
T _K,(He-h, (10)
§/Pe- AP )

AP; is the dynamic pressure and R is expressed in this case with the NPD defined at the edge of the BL
computed by ICP as it has been presented in the previous paragraph.

Qw

Rets = T 73 11

Using expression (8) for hypersonic cases and (10) for the subsonic one experimental results taken from
the references [15, 43, 50-55] for the hypersonic testing can be compare in the same graph with VKI
Plasmatron data [56] (fig. 13).
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Figure 14: Comparison of hypersonic and subsonic results for stagnation-point heating rates

The hypersonic and subsonic results properly normalized compare reasonably well. From the graph the
constant K appearing in the relation (10) for the plasmatron tests is close to the constant K;, defined in (8).
The good matching of the results allow to establish the correspondence between hypersonic and subsonic
effective radius and to assess the flight extrapolation related to the subsonic case. This equivalence has
also been checked by numerical computation [21, 57]. Even if the points are fairly well aligned many
comments could be done on the scattering of the data. In all the rebuilding procedure the LTE hypothesis
is always invoke, but this point remains questionable. The predicting methods represented, from the
quoted references, reveal quite large dispersion for high enthalpies. The prediction of Onera [50] is limited
by two curves (Onera+ and Onera-) which represent the extreme values and illustrate the large scattering
of the data. One could remark that the enthalpy determination may bring a lot of differences in the final
results depending on the method used [17, 56]. However this method could be useful to compare testing
conditions in different plasma wind tunnel as well.

3 STAGNATION POINT REACTOR

3.1 BL general definitions

In the previous section it has been seen that thanks to a “local similarity” form real flight stagnation-point
boundary layer could be duplicated in a Plasmatron facility. Assuming LTE at the outer edge of the
boundary layer the enthalpy (He), the total pressure (P.) and the velocity gradient (B.) are the three
parameters to reproduce for matching the conditions. In this case LTE was considered and equation (4)
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from the set of BL equations was ignored. Another way to disregard equation (4) is to assume a frozen BL
in which the production terms also vanish. This situation has been treated by Fay & Riddell as an extreme
case [4]. In the present section we would like to inspect more general feature of the reacting BL including
diffusion and reaction processes, taking into account the full set of BL equations.

The “big picture” of the BL, from where the NDP are determined is composed by an axial velocity, a

radial velocity gradient profile and a temperature profile. These normalized quantities on the stagnation
line in front of the calorimeter wall are represented in figure 15 with the mention of the different NDP.
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Figure 15: General view of the stagnation-point BL

In top of this view species profiles of the gas mixture should appear as they are computed by the BL code.
From here one could see that, if we could check, in the previous section, the ability of a ground testing
facility to duplicate the outer conditions of the BL, one has now to investigate how the inner conditions
could be match as well by reproducing the term for chemistry production as it appears in equation (4). The
question could be put in this way, in which limit a plasma facility is able to generate the same chemical
environment as it exists in a real flight stagnation point. The question will not be address directly since it
is far beyond the scope of this lecture.(Such investigations would be based at least on heavy flight
experiments, modeling development and a number of optical diagnostics).

A first step for the assessment of the plasma testing is to set up tools to evaluate the chemical environment
at the stagnation point. The very first and more direct way is the laser based optical diagnostics in the
region of the stagnation point as they are currently developed at VKI or already realized in some facilities
[59]. In any ways the chemical phenomena happening in the BL will be inspect in fine through a model.
One can then take the problem by the other end, since different chemistry models are implemented in the
BL code, and explore which chemical situation can be produce with the VKI Plasmatron facility, in
stagnation point configuration.
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Usually a reacting BL is described by its dynamic BL, thermal BL and chemical BL in which different
diffusion processes take place and lead to the different profiles already mentioned (fig. 15). It can also be
describe with characteristic non-dimensional number as Pr (Prandtl number), Le (Lewis number) and Sc
(Schmidt number). This characterization is well suited when we consider the ideal diatomic gas [4, 13],
but it becomes less effective for gas mixture with a lot of species to take into account. Our approach is to
consider the stagnation point as a local chemical reactor (Stagnation Point Reactor: SPR) where gas
chemistry happen as well as surface chemistry. Its control parameters have been already mentioned, they
are:

At the BL outer edge: He, P, [..
At the wall: y (recombination probability coefficient, as it will be presented in the last section).
In the gas: Da (Damkd&hler number, to be defined in the following paragraph).

This description requires NDPs coming from ICP computations which have been organized at VKI in a
database for a large number of Plasmatron testing conditions [60]. Having this complete definition we will
focus on the chemical environment produce in the SPR.

3.2 Chemical environment evaluation

Flow chemistry involves a very large number of processes and microscopic phenomena, they are usually
summarized in a set of chemical reactions, with their own kinetics, which still constitute numerous
forward and backward reactions. To account for the chemical state of the mixture is a quite complex
problem. The only reference state is equilibrium when all reactions balance each other and end-up in a
stable composition. For chemical non-equilibrium different point of views could be adopted. A
characteristic non-dimensional number (Da) has been suggested by Damkdlher [61] to account for the
chemical (non)equilibrium of a gas mixture. He proposed to compare a characteristic time for the

chemistry to happen (tc) with a characteristic time of the flow (tf) in the same region:

Da=— (12)

This number could be regard as a chemistry scaling:

For chemical equilibrium flow: tf >> tc : Da — o0

For frozen flow: t1f <<tc:Da — 0

For non-equilibrium flow Da will take a finite number that could be ranged as it will be deal with in the
following. The same non-dimensional quantity can be found if one considers the last term of the LHS of
equation (4). #' = (du/dx)" appears as a mechanical time when (wi/p;) has a dimension of a time for the
chemical production. This last term of the equation can be interpreted as a Dankohler number.

To build a chemistry scaling for the SPR one has to define a relevant flow time and an appropriate
chemical time. By following the statement of Fay & Riddell [4] the inverse of the velocity gradient,
(du/dx)™, could represent at first glance “the time for a particle in the free stream to move a distance equal
to the nose radius, and thus also the time for a particle to diffuse through the boundary layer at the
stagnation point” (sic). This term is convenient to choose for a characteristic flow time since it is one of

the parameters of the SPR and it is computed using a NDP in the rebuilding procedure, tf = (du/dx)™.

A chemical time is more difficult to define since one has to face a large number of very different times
associated with all the chemical processes happening, and it is not easy to pick up just one representative
for the chemical state. Different strategies could be found in the literature. In a case of the ideal diatomic
gas Fay and Riddell proposed a recombination rate parameter (C,) :
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C, =K, p:TS_3‘5R_Z(%j (13)
It can also be expressed as:
-1
C, :(due) a (14)
dx ), p,

We recognize the term of equation (4) which is no more than a Damkdhler number for the binary mixture.
This approach as also been followed by Baumgart at VKI to assess the design of an enthalpy probe [62].

To treat an air mixture an overall production rate (R) considering the dissociation-recombination process
can be defined for A, molecules [63]. A, being O, or N, and M a generic collision particle. With k¢ and k;,
the reaction rate constant R reads:

R =X (k¢ [A2][M] + k, [AT[M]) (15)

A characteristic chemical time is formulated as the inverse of the ratio of R over the sum of all the species
concentrations in the mixture. The advantage is its validity for multi-elemental mixture but its physical
meaning is not straight forward.

A more general way for building a characteristic time scale for the chemistry can be found in the approach
of Barbante [19]. It is proposed as a first approximation to linearize the expression of the mass production
rate in function of the composition around a known state (;"). Instead of having as in the general case a
system of non-linear ODE it can be written:

0= 0+ [Alp [A]= B” } (16)
P,

o; and o;” are vectors of dimension i and [A] is a matrix of dimension i*j. Each element (i,j) of the matrix
has a dimension of 1/t. They could be interpreted as the sensibility of species i production rate to an
evolution of species j quantity in the mixture. Barbante suggests to find a norm for [A] to compute a
characteristic chemical time.

Following this approach, Herpin in her report tackle the problem of establishing a chemical time from this
“sensibility matrix” [64]. This matrix is a jacobian matrix of the mass production rate made of 5 x 5
components if one considers a 5 species air mixture. It is computed by the BL code all along the
stagnation line in the boundary layer. To extract a single value representative of the chemical time in the
SPR from all these numbers physical hypothesis are take into account.

We first selected particular species, O, and N, molecules, which specify two lines on the matrix. In each
line we focus on the positive terms, because we assume that recombination is the main reaction occuring
in the SPR, and drop the negative on. On the components which are left we pick-up the one concerning the
major population. For doing so each term representing the sensitivity to a specie is weighted by the mass
fraction of this specie. With these considerations the characteristic time for a molecule i is expressed like:
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T; is computed for O, and N, along the stagnation line. The typical time is selected from the (1/ ;) profile
on the location corresponding to half of the final mass fraction for equilibrium. More details on these
developments are given in VKI publication [64] where the Da computation is included in the rebuilding
procedure [65]. An example extract from [64] is shown (fig. 16) for two chemical models, Park [66] and
Dunn-Kang [67]. The typical conditions for the SPR are: He = 26 MJ/kg, P, = 202 mbar, =731 s -1.
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Figure 16: Chemical characteristic time for O, and N, recombination

from different chemistry models

The Dankohler numbers for O2 and N2 computed in this situation give:

Dag, = 6.83*10~

Day, = 1.21*10°

It could be interpreted using a classical scaling for Da that N, recombination is just at equilibrium, when
O, recombination is in non —equilibrium near to a frozen flow in the SPR considered (fig. 17).
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Figure 17: General scaling for chemistry with Da
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3.3  Damkodnhler probes

The chemical state can be evaluated at the stagnation point for given parameters of the SPR by a proper
computation for Da number as presented above. On the experimental side the interest is to control the
chemical environment in order to be able to adjust it in order to reproduce real flight conditions.
Concerning ground testing for aero-thermochemistry it would be very useful to have the ability of
scanning a large range of Da numbers.

In the SPR chemistry is ruled by a model and is influenced by the parameters of the reactor like He, Pe
and S which are somehow interconnected. In this situation there is no direct control on the chemical time.
However the Da number could be changed independently by acting on the flow time given from the
velocity gradient. On that purpose several probes were designed based on a generic geometry. Their shape
is defined by two parameter: a body radius (Rb) and a corner radius (Rc) (fig. 18). It corresponds to the
geometry of the heat flux probe prescribed in the first section and to typical parameters used for probes in
hypersonic testing as well [46].

—— —— . — —— . —

Figure 18: Generic geometry for the Da probes

These probes are called “Dankohler probes” since each of them addresses a particular domain on the Da
number scale. It has been decided to have, in addition to the standard probe used for typical non-
equilibrium BL, a “equilibrium” probe and a “frozen” probe. During the design process CFD
computations have been run on different geometries to determine their respective performance in term of
velocity gradient for given plasma jet condition [64]. Three probes were finally designed, manufacftured
and tested for the plasmatron facility.

The characteristic geometries of the Dankdhler probes used at VKI are given below (in mm):
“Equilibrium” probe: Rb=57.54  Rc=5

Standard probe: Rb=25 Rc=10

“Frozen” probe: Rb=15 Rc=15

The classical water-cooled calorimeter can be installed in each of the Da-probe to allow stagnation point
heat-flux measurement in the test chamber (fig. 19-21). The “equilibrium” probe is well suited to generate
equilibrium BL, when the “frozen” one is efficient to produce frozen conditions. They give a larger

variability to the SPR and each of them could be used for specific applications as it will be shown in the
next section.
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Figure 19: Equilibrium probe in the VKI plasmatron

Figure 20: Standard probe in the VKI plasmatron

Figure 21: Frozen probe in the VKI plasmatron
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4  APPLICATION TO THE DETERMINATION OF TPS PROPERTIES

Having defined the external parameters for the stagnation point BL and set-up a method to control and
evaluate the chemical environment of this region we address in this section the conditions at the wall
which represent the other limit of the boundary layer. This limit is of particular interest since it
corresponds to the TPS location. Thus using the experimental apparatus to operate in stagnation point
configuration with the measurement techniques and the processing tools developed the TPS can be tested
in the VKI plasmatron facility for a specified real flight condition. In this representative situation one
could test and investigate the material properties.

At the wall the heat transfer balance reads, with a general form for the diffusion term and neglecting the
radiation from the gas:

_gg_TJrZhi-ji-ﬁ:agT; (18)
n i

The properties of the surface are represented by the emissivity (g) and the wall chemical activity, roughly
speaking, that it called “catalycity” in these notes that influences the diffusive flux Ji of the LHS. They are
the two properties that the designer needs to assess the performances of a TPS (disregarding the
mechanical strength).

4.1  Emissivity determination

If one considers TPS testing with an “equilibrium” probe type, it allows to impose high heat-flux
comparable to the one of a planetary re-entry without any chemistry involve. In these conditions the outer
edge enthalpy could be determined by heat-flux measurement and the rebuilding procedure, as presented
above, with the rest of the parameters for the SPR. In that case the heat-flux reaching the wall could be
computed depending on the surface temperature (Tw) by the BL code, it is also given by equation (5).

With a TPS sample mounted in an equilibrium-probe type and instrumented as it is shown in figure 9 the
heat transfer at the surface can be expressed like :

Qweq(Tw) = G'S'(TW)4 + Qcond (19)

Qw,q is the heat-flux measured by the water-cooled calorimeter for the equilibrium-probe and Qcong 1s the
conductive heat-flux passing through the insulating material at the back of the TPS sample and measured
by a calorimeter (fig. 9). One can plot in the same graph (Qweq(TwW) - Qcond) and a family of curves
f(Tw)=c.e(Tw)" for several & values. They intercept for different Tw (fig. 22). The global emissivity
coefficient could be determined by measuring the surface temperature of the sample (Tw) in the testing
condition. A precise experimental set-up with several pyrometers, properly calibrated, is required to
achieve accurate surface measurements in this situation. At VKI it is proposed to proceed at a first
estimation with a 2-colors pyrometer, calibrated in its experimental environment.
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Figure 22: Procedure for a global TPS emissivity determination

4.2  Catalycity determination

In a chemical reacting boundary layer the surface can be highly involved. As a general statement one
knows that three bodies collisions are more efficient for chemical reactions. This combination allows a
better management of the quantum exchanges between particles, to say it short. In the same way the wall
is playing the role of a third body which makes easier the reactions to happen. Several situations can be
considered. The surface is “inert” and do not promote any particular reaction, it corresponds to a “non-
catalytic” wall, or the wall can activate any reactions at its surface and be called a “fully-catalytic” wall. In
between these two extreme cases one has to determine the definite catalytic properties of the surface.

In the case of re-entry conditions the determination of catalytic properties of TPS materials is a major
issue for the aerospace vehicles. These properties strongly affect the heat transfer to the materials with up
to a factor of two greater heat flux for a fully catalytic material compared to a non-catalytic material.
Knowledge of TPS catalytic properties is extremely important for designing aerospace vehicles that have
very stringent mass budget, for reusable launch vehicles the problem is even more critical.

Plenty of interactions happen at the microscopic scale close to the wall and many mechanisms are
proposed in the literature [68-70]. Different designation can also be found which do not necessarily come
under the same meaning, as catalytic recombination, catalytic properties, catalysis, catalysticity or
catalycity [71-74]. We choose, in this note, to call this “gas-surface interaction” by a neologism:
catalycity. It reflects the fact that we are considering a macroscopic behaviour for a collection of complex
microscopic phenomena, besides we also distinguish this global reaction from the catalysis more precisely
known by the chemists.

The basic phenomena that we consider in the situation of the SPR are the diffusion/reaction of species
through the BL and the probability of recombination at the wall. This probability of recombination at the
wall is defined as the catalycity of the wall (yi). In our model we called it effective catalycity (y) since it is
assumed that the catalycity of each species are the same. Moreover it includes another characteristic of the
wall usually called B, accounting for the energy accommodation of the surface. y is then the product of the
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recombination probability yi, assumed equal for all species, with B. It appears as a production term for the
boundary condition in the BL problem to compute. This term is built with the impinging mass flux
(m;.M;)) multiply by the probability coefficient y:

O)icat = y.mi.Mil (20)

For a fully catalytic wall y equal 1 and for a non-catalytic wall y equal 0. For a finite catalycity y takes a
value between 0 and 1 which represents the ability of the surface to enhance recombination. This boundary
condition is implemented in the BL code to compute the heat-transfer at the wall depending on .

The determination of the catalycity by a plasmatron testing in stagnation point configuration results in an
identification process. Heat-flux combined with pressure measurements with the standard probe are
primarily achieved on a reference copper water-cooled calorimeter for which y is assumed to be 1. This
hypothesis is often done for convenience and its validity will be discussed in the following section. It
allows to consider that the measurement corresponds fairly to the equilibrium heat-flux. Nevertheless one
can point out that the equivalence between the equilibrium heat-flux and the heat-flux on a fully-catalytic
surface is strictly valid only if Le =1.

In any case starting with a heat-flux and a pressure measurement the rebuilding procedure allows to
determine the enthalpy, and the other parameters of the SPR, as soon as the corresponding NDP are given
with a known catalycity. Thus the enthalpy is obtained for the experimental conditions.

With this value and the parameters of the SPR the heat-transfer (Qw) can be computed varying the surface
temperature with y as parameter. A series of curves are obtained which form a heat-flux abacus, in a Qw-
Tw plot, from the fully catalytic condition to non-catalytic one (fig. 23). The TPS sample to be tested is
placed in the same stagnation point condition (same plasma jet with same probe geometry) and the surface
temperature (Ts) with the total heat-flux at the surface (Qtot) are measured by a 2-colors pyrometer for the
radiative part and a water-cooled calorimeter for the conductive one (fig. 9). By plotting the experimental
results (Qtot, Ts) on the heat-flux abacus the effective catalycity can be identified by interpolation (fig.
23).
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Figure 23: Example of heat-flux abacus for ¥ identification
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This y determination method is based on several hypotheses and models that have to be furthered checked,
but it already allows to characterize a surface material for TPS design. It is a quite long procedure (fig. 24)
and one has to assess the accuracy and the validity of the hypotheses at each step. Such checking has been
initiated at VKI carrying out a critical approach on the numerical side [60] and a careful calibration on the
experimental side [36]. It has been found that the uncertainty on the catalycity determination is mainly due
to the heat-flux measurement in relation to the enthalpy rebuilding. A precise set-up operating with
successive probe injection for the testing is highly recommended to get rid of the repeatability issue of the
plasma testing.
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Figure 24: Procedure for effective catalycity determination
4.3  Reference catalycity determination

By looking closer, the previous method for catalycity determination provides only a relative value for the
effective catalycity compared to the cold copper surface which is taken as reference. The determination
procedure in itself does not present major limitation except the fact that the reference catalycity is not
known and is assumed to be 1 a priori. This assumption is somehow not realistic and present some
physical inconsistency as it is often pointed out [19]. It is usually said that it can be viewed as an ideal
situation and because of the typical S-curve of Qw vs. y and the uncertainty on calorimeter measurements
only the “highly catalytic” hypothesis for the copper surface is of importance. Taking y=1 will not change
drastically the results and is in some way a conservative approach for TPS design. Nevertheless the
situation can be sometime more critical and a better accuracy on the value of v is required. In this case one
should work with a known value of vy as reference or determine the reference catalycity. It could be
thought to carry out these measurements in another facility as a chemical reactor which allows an absolute
determination. But such experiments are not easy to realise due to the oxidation of the surface cause by the
low operating pressure of those devices. Moreover, as for the heat-flux calibration, the measurement
should be done in the proper experimental condition to do it at best.

In this path, a new determination process has been set-up at VKI. At first one can remark that the
rebuilding procedure, presented above (section 4.2), could function starting with any y value, as well as the
heat-flux abacus computed by the BL code for the y-determination. These two processing programmes
need only a reference catalycity. The first one rebuild an enthalpy (He) at the outer edge of the BL from
the reference measurement when the second one determines a catalycity from the test measurements. The
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idea of the Reference Determination Procedure is to operate with two identical water-cooled calorimeter
put in two different Dankohler probes. The first one in the standard probe (probe 1) is the reference
surface. The second one mounted in the frozen-probe (probe 2) is the test surface. The two probes are
placed successively in the same plasma jet. They imposed at their stagnation point two different velocity
gradients (f1 and B2 ) because of their geometry. The NDP of each one is computed by the ICP code
(NDP1 and NDP2) and both provide heat-flux and pressure measurement; (Qwl, AP) for probe 1 and
(Qw2, AP) for probe 2.

With all these experimental and numerical data one could run the He-rebuilding procedure and the y—
determination one in a same loop. The enthalpy (He) is rebuilt with the reference measurement (probe 1)
assuming y =1 as initial value. This enthalpy (He) is given to the BL code which computes a heat-flux
abacus for probe 2 with the same initial y value (y=1), since we consider identical calorimeters in the same
plasma jet. By placing Qw2 in the computed abacus one could check the validity of the initial guess for
the catalycity of the copper surface (yc,) and eventually determined a new value for yc,. This new value is
now taken as reference and re-injected in the rebuilding procedure for starting the same determination
loop. This iterative process stops when the computed heat-flux on the probe 2 is equal to the measured
one, as it is summarized in figure 25. In other term this procedure ends when the catalycity of the
reference surface is the same as the test surface. This final value will be the effective catalycity of the
reference surface, in this case the water cooled copper calorimeter (yc,). This new methodology is also
based on physico-chemical modelling but do not require the strong hypothesis of a fully-catalytic surface.
The assumption is that the surfaces have the same effective catalycity on their respective testing situation.
To be more precise the consistency of the methodology is also supported by the fact that the Prandtl
number remains near unity in our situation [75].

The reference determination procedure has been implemented and is currently running at VKI, the first
results indicate value like yc, = 0.01 but further investigations are carried out to complement and assess
these promising results [76].
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Figure 25: Procedure for reference catalycity determination
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4.4 The 0-model

It has already been mentioned that innumerable microscopic phenomena are happening at the surface in a
reacting boundary layer. The effective catalycity (y) that is defined in a previous section is only a global
coefficient that helps to characterize catalytic properties in the purpose of TPS design. The catalycity
property of a surface is implemented as a production term for the boundary condition of the BL problem to
solve. The formulation of this term comes under a proper modelling which is used for the data processing
of the experimental results. This reflects the fact that the methodology presented is a determination of
catalycity and not a direct measurement of it. The point here is not to list or discuss the large number of
models which can be found in the literature but rather to propose a simple view. As experimentalist in the
perspective of surface properties characterization for TPS design it is always an interest to adopt a global
approach for catalycity. Nevertheless the model used should be simple enough without being simplistic.
Considering one of the simplest models in use a first approach can be find, in the early work of Goulard,
where the gas-surface interaction is treated as an additional first order reaction [71]:

W; = ki.pi.Ci (21)

A second approach currently used is the one presented in this lecture which defines a recombination
probability (y) for the flux impinging on the wall, given by (20).

Each of this approach is appealing by its simplicity but none of these formulation gives a wall chemical
composition that tends correctly to the local equilibrium composition for a fully catalytic wall as it has
often been remarked [19]. Some new formulations help to remove their inconsistencies as it is proposed by
Sarma [77] for the first approach and Rini for the second one [78]. But in one hand the first order reaction
imposed at the wall appears not really justified for high temperature surfaces and in the other hand
imposing vy = 1 is strictly speaking no physical since it should remain an asymptotic value.

If one wants to treat catalysis at the wall with a global approach, it can be simply consider that the
reactions are accelerated at the wall. Instead of looking at “gas-surface reactions” one could focus on “gas
reactions at the surface”. In this view, no specific model is needed for the reaction at the wall but the set of
equations for gas chemistry is conserved and their reaction rate are multiplied by a “booster-coefficient”
for the condition at the wall, to indicate that the reactions could happen faster at this location:

k= kf*IOW kps = kb*IOW W . [0, OO[ (22)

kes, kps are the forward and backward reaction rate for the gas chemistry at the surface and the catalytic
property of the surface is defined by:

w = 0 for non-catalytic surface.
w = o0 for a fully catalytic surface.

We propose to call this simple model the “0-model” since no specific model are implemented for the wall
which is simply considered as a location where gas chemistry could happen faster. This approach has
several advantages:

The physical nature of the catalysis is preserved, the wall has a role of a catalyst which is not involved in
the reaction but helps them to happen. The wall chemical composition is no more a problem since the final
chemical state is ruled by the gas chemistry which is automatically coherent with the wall condition.
Finally the catalycity which is still defined as a probability of recombination is now an outcome of the BL
solution. The catalycity (yi) can be processed for each specie with the diffusion fluxes computed by the BL
solver. The same expression as before can be rearranged to give:
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A=t (23)

v = 1 remains an asymptotic situation and for w = 0 there is no catalycity and the wall behave chemically
as part of the gas at its surface temperature. The 0-model presents many benefits to deal with a simple and
coherent model. It is currently implemented on VKI code to test its efficiency for ground testing situation.
Further fine consideration can be made for its improvement but it is believed to be a efficient tool to deal
with the characterization of the TPS catalytic properties.

5 CONCLUSIONS

Experimental hypersonic stagnation point studies are at the confluence of many aspects of
aerothermochemistry. At this point the reproduction of the real flight conditions in a high enthalpy wind
tunnel requires a specific methodology, adapted to the ground testing facility. For a plasmatron facility the
LHTS methodology has been proved to be accurate and efficient. Nevertheless a great care has t be taken
to set-up the plasma facility and design the experiment environment because many disturbances can occur
to perturb the ideal stagnation point configuration. To ensure accurate flight duplication as well as to
support material testing that aim to determine fine properties of the TPS the quality of the measurements is
of first importance. To that purpose careful probe design together with extensive calibration campaign
must be carried out.

In these investigations experiments and computations are intimately linked on two levels. Firstly through a
rebuilding procedure which leads to the characterization of the flow parameters of the stagnation point,
and secondly because the measurements are interpreted with physico-chemical models implemented in a
proper boundary layer solver.

With all these tools we were able to treat the stagnation point as a local chemical reactor in which a
Damkohler number has been defined to scale the chemical environment produced in the ground testing
facility. Measurement probes have been designed to expand the testing capabilities of the facility in a wide
range of chemical non-equilibrium situation. Applications of these developments have been presented for
emissivity and catalycity determination of TPS. An innovative method for the determination of the
reference catalycity has been explained, it results in a definite improvement for the characterization of
TPS catalytic properties.

A new model for the surface catalycity has been proposed to keep a simple approach avoiding major
inconsistencies. It is called the “0O-model”, since no specific models are considered for the wall, but
involves only gas chemistry which can be accelerated at the wall by a booster-coefficient for the chemical
rates.

Finally some questions should be raised. As a first one everybody could wonder which chemical model
has to be used for the hypersonic stagnation location. This study cannot reply directly since it is based on
existing models, at least a relative comparison could be done. But the experimental set-up in its stagnation
point configuration with its careful characterization methodology is a useful basis for laser based
diagnostics which could investigate such problems for these reacting flows.

More practically stagnation point as it is treated in these studies requires axisymetry and steadiness which
are situations not likely to happen easily in nature. At this point very diligent efforts must be done on the
experimental set-up to assess the testing conditions. Most of the attention should be focused on the ICP
torch design which represents the most sensitive part of the plasma wind tunnel. Very instructive
investigations are currently carried out at VKI on those problematic [32].
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At the end a more fundamental interrogation concerns the nature of the dissociated flow generated in a
ground testing facility. One could ask how the reacting flow present at the nose of an hypersonic vehicle
could be compared to the one produced by an electrical discharge on a ground based facility. Certainly
optical diagnostics should be involved for free stream characterization since LTE appears as a unique
reference which is important to check in the facilities. But flight experiments are also essentials to
consider since a lot still to be learnt concerning real hypersonic flights to address at best ground studies
from numeric and experimental sides.
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