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Abstract

Re-entry space vehicles face extreme conditions of heatvilian interacting with the atmosphere at
hypersonic velocities. Stagnation point heat flux is nolynaded as a reference for TPS design, however
many critical phenomena also occurs fitsiagnation point. This paper adresses the implementatian
off-stagnation point methodology able to duplicate in growaxdlity the hypersonic boundary layer over
a flat plate model. A first analysis using 2D-CFD simulatiansarried out to understand the limitations
of this methodology when applying it in plasma wind tunneksRlits from a testing campaign at VKI-
Plasmatron are also presented.

1. Introduction

Reentry space vehicles face severe heat flux conditions imbenacting with the atmosphere at hypersonic velocities.
The strong shock wave in front of the vehicle dissociatesraitecules into atoms and the gas becomes a mixture of
species [1]. A non-equilibrium boundary layer developsaumding the vehicle after the shock. Within this boundary
layer, atom recombination can take place andiaisive heat flux term should be added to the heat flux balanaiequ

at the wall. Stagnation point is normally considered as tbetraoritical region due to its higher stagnation properties
This is the reason why it is typically used as a reference 108 Tesign. However, extreme heat flux conditions
could also occur atff-stagation point. Thus, it is of interest to develope a mathagy able to reproduce these flight
environments in ground facility.

The ground simulation of reentry conditions is carried dubtgh the so-called high enthalpy facilities. The
lack of capability to reproduce the complete in-flight phexema in only one facility urges to operate ifitdrent type
of wind tunnel: shock-tunnel facilities and plasma fa@hbt While the formers are used to reproduce high Mach
numbers for only few milliseconds, the latters can deal wétlatively low velocities and very high static enthalpies
during several minutes. For TPM (Thermal Protection Matgigharacterization, two types of plasma facilities are
extensively used. Arc-jet plasma facilites, which can hehigh power plasma (several MW) through an electrical
discharge between two electrodes, and ICP (Induced Coltéestina) facilities, which are less powerful than arc-jets
but they achieve a very pure plasma torch in terms of chem@raposition [2]. The experimental campaign that will
be presented afterwards is carried out at the ICP-Plasméztcdity located at the VKI (von Karman Institute).

The purpose of this paper is the implementation of firstagnation point methodology able to duplicate the
in-flight non-equilibrium boundary layer in plasma fagiliDespite it is normally said that real scale models shoeld b
used for ground testing in order to reproduce many of the tsgméc phenomena, the methodology presented below
overcomes this limitation for the boundary layer. Inde&i;kness, gradients and chemical reactions can be the same
than in flight but applied over reduced scale models. In tlticres below the fi-stagnation point methodology is
presented followed by a brief introduction to the involvadifities at VKI. Then, a CFD assessment focused on its
implementation at VKI-Plasmatron is described. Resultsiog from an experimental campaign are also discussed.
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2. The Off-Stagnation Point Methodology

It is known that the heat flux requirements df-stagnation point are not as demanding as the ones at stagnat
point. However, most heat shield designs are still basediismtaximum heat flux condition throughout the wall of
the vehicle. Since this is a very conservative assumpttois, of interest for a moreficient design to develope a
methodology that allows the flight extrapolation &i-stagnation point configuration. Thus reducing both costs a
weight.

This paper is based on th&@tagnation point duplication methodology presented ByBarbante [3]. He states
that the following parameters should be reproduced in gidesting for further flight extrapolation: total enthalpy
He, densitype, velocity U,, Damkdhler numbeba (ratio between chemistry and flow characteristic times)l e
parametex/Ue, where subindex refers to boundary layer outer edge properties. Fronthendx/Ue requirement,
the conclusion that a real scale model sould be introduceptdand facility is imposed. In order to overcome this
limitation, one could restrict the application of this medlelogy to low enough Eckert numbers, i@2 /h,, << 1.
This assumption implies that most of the flow energy is stanethternal energy and, as a consequence, fiie o
stagnation point boundary layer has to be close enough wtaélgaation point of the vehicle. Nou, does not need to
be respected anymore, and what is important is the stati@kaytduplicatiorhe.

A CFD analysis of the methodology is published by Chazot.efddlfor two different velocity conditions. The
non-equilibrium boundary layer is solved over a flat plataiffierent Mach numbers, showing that the supersonic
heat flux over the x-coordinate is much higher than the subsore. By imposing the same equilibrium freestream
conditions for all simulations (i.eP andhy), it is expected that chemical reactions within both boundayers are
the same. This means that the characteristic time of the istrgris always respected. Then, considering the variable
x/Ue as a characteristic time of the flow foffestagnation point configuration, tHea is automatically reproduded.
The same publication shows how the heat flux curves fiferdint Mach numbers converge over th&l. variable,
which means the boundary layer development is the same todifferent velocities. Indeed, Equation 1 shows the
conservation of the boundary layer thicknés$ the convective timex/Ue is the sameRg; is the Reynolds number
based orx andy the kinematic viscosity.

5=f(i)= X - > (1)

3. VKI Facilities
3.1 The VKI-Plasmatron

ICP generation uses a cooled quartz tube surrounded by toduglat up the gas. If high voltage and high power are
applied to the caoll, primary currents produce an electrgimadic field coaxial to the coil itself. The time varying field
induces an electro-magnetic discharge that leads to désntof the gas molecules. Eddy currents within the iodize
gas increase the rate of collisions, the gas heats up by éffat# and plasma is generated. In addition, to enhance
stability and provide a better thermal management of thenpéetorch, an annular injection of gas is realized. Once the
plasma is generated, it is discharged through a torch imteetst chamber.

Plasmatron is able to operate at 1.2MW of power and 2kV at H@0kreate the plasma and expand it into a
2.5m long and 1.4m diameter test chamber through a 160mmetkartorch. An schematic of the facility is shown
in Figure 1. The control parameters are mainly three: massdfaas, static pressufeinside the test chamber, and
power applied to the coil. The mass flow is regulated with amagter, whileP is controled with vacuum pumps located
under the test facility and an atmospheric air by-pass. ibespe power is a control parameter, the one that is normally
used to target testing conditions is the stagnation poiat fhex which can be measured in real time with the stagnation
heat flux probe. References [5] and [6] are recommended ftirdudetails about VKI-Plasmatron facility.

3.2 The Flat Plate Model

The flat plate model [7, 8] used during the testing campaigisists on two main elements. On one hand, a copper flat
plate holder with two cooling systems containing a watersifsv that keeps the surface temperature at 350K. On
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Figure 2: The flat plate calorimeter.

the other hand, a flat plate calorimeter that measures thdlhrat of-stagnation point (Figure 2). The holder has a
groove where the calorimeter (or TPM samples) can be fixetefting at &-stagnation point configuration.

Eight isolated copper sensors are distributed along thelfite calorimeter to obtain the heat flux distribution.
The insulation issue is very important because energy ¢dmndost between sensors or towards the holder. Each
sensor is made of a small part of the copper plate that is ddnjea water pipe. It is assumed that all the energy of
the copper plate is transmited to the water. Then, type-Etbeouples are used to measure the water temperatyre (
increment within each sensor so the heat flQx distribution can be obtained with Equation 2. Mass flow ofevand
its specific heat at constant pressureraggy andc, respectively, whilal is the width of the sensor (30 mm).

_ Mh,0Cp OT

Q 4 ox (2)

4. CFD Analysis

The implementation of thefBystagnation point methology described above at the VKIrR&dson facility is the major
concern of this paper. A 2D-CFD analysis trying to reprodagelose as possible the conditions in the facility is cdrrie
out before testing. The main goal of the analysis is the appliity of the methodology over a finite flat plate model
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Figure 3: Flat plate model geometry for CFD analysis.

Table 1: Freestream conditions for CFD analysis.
Casel Case2 Case3 Case4 Case5 Caseb6
U, [m/g] 257.45 375.00 514.93 257.64 375.00 514.93
To [K] 4800 4800
P.. [Pal 1500 3000

with a rounded nose. The flat plate model is repoduced in Ei§dor numerical analysis. It is of particular interest to
know which variablesféect the methodology, especially the freestream velddity pressurd® and perpendicular-to-
the-flow direction gradients due to non-uniform freestreamditions of the torch.

For the analysis the numerical co@&D++ version 11.1 fromMetacomp Technologids used. It solves the
non-equilibrium Navier-Stokes equations for a 7-speciemadel. As the methodology is only applicable to laminar
boundary layers, no transition is considered. The softatwoe/s the definition of either Non-Catalytic or Full-Cattit
conditions at the wall.

4.1 Applicability of the methodology over finite flat plate

On references [3, 4] it is proposed that the velocity usedtioate the convective timeg U, along the flat plate should
be U.. However, a finite flat plate model with a rounded step is usedefsting. This means thal, is not constant
everywhere along the model and its measurement would berrdificult. It would be much more convenient to use
the freestream velocity..,, as it could be verifyied by CFD.

The freestream conditions used for the analysis are in Tall€E is imposed at the freestream where the species
concentrations are specified by VKI Mutation Library. Walirtperature is always set at 350K. Results can be seen in
Figure 4. The heat flux curves converge alotity, for the same pressure. This means that the obtained boundary
layers are equivalent and the methodology is applicable thé freestream velocity.,. Pressure isféecting chemical
reactions and as a consequences it defines the resultinfftheatirves. This fact has an important consequence for
testing considering that the easiest way to modlfy in the Plasmatron is by changing static presdliresiven the
results in Figure 4J., should be varied with the mass flow of gas injected at the torch
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Figure 4. Qf-Stagnation Point Methodology applied with,.

4.2 Reference Enthalpy and Velocity

It is reasonable to think that the fact of having a gradienthim freestream properties could significantly influence
chemical reactions in the bulk of the boundary layer. Howeegen if the simplifying assumption of a uniform
freestream is rather convenient, it igfiult to achieve in real testing conditions with a plasmahorthen, the study
of the influence of a jet profile discharged on the flat platebess a necessity. To analyze thikeet, both enthalpy and
velocity profiles are rebuilt from experimental measuretsé®, 10] across the plasma torch. These profiles, together
with species concentrations under equilibrium, have begnduced as input boundary conditions in the simulations.
Results are shown in Figure 5 where the enthalpy profile atPfdam the leading edge is compared to the one obtained
under uniform conditions. Freestream profiles are plotted it appears reasonable to define the outer edge as the point
where enthalpy reaches its freestream value. In the prafitfesponding to the freestream jet, the enthalpy at the oute
edge is not the same as the one located at the axis of the ptastha Then, freestream enthalpy on the axis should
be considered as a reference and not as the one really pegset outer edge. Another conclusion from Figure 5
is that enthalpy gradients are not significantlffelient between the two boundary layers. Hence, the assumygitio
uniform freestream conditions during the tests should eat bmitation for the methodology. Same conclusions apply
at different locations of the flat plate.

In addition, the assurance that a variatiotig leads to the same variation at the outer edgés required. This
has also been verified and it is shown in Figure 6. Under the$anandP conditions, ifU,, is varied from 210 s
to 105 njs, U is also halved at 20 cm from the leading edge of the flat platdelorhe same result is checked at
different x-coordinates over the model.

5. Testing Campaign

The Of-Stagnation Point Methodology has been applied at the ME$iRatron facility. The experimental set up is
shown in Figure 7. A copper calorimeter (callSthndard Probet VKI) and a Pitot probe are injected first into the
plasma torch to define the testing conditions of heat flux aadgure at stagnation point respectively. They are used to
rebuild the freestream conditiokk, andh,, together with the in-house boundary layer code [11] and li@Rilations
[12]. Then, the flat plate model is introduced into the plaggand the temperature coming from the themocouoples
is stored using the data acquisition system.

The Plasmatron test chamber is equipped with an absolussymetransducer Memberanovac DM12, Leybold
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Figure 5: Uniform and jet enthalpy profiles comparison (estibn at 20 cm from the leading edge).
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Figure 6: Hfect of varyingU,, on U, (evaluation at 20 cm from the leading edge).
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Figure 7: Schematics of VKI-Plasmatron configuration fii¢stagnation point testing.

Table 2: Testing conditions considered fdf-stagnation point methodology application.
mlg/s] he[MJ/kg] U [m/s] P[Pa]
16 11.73 839.93 1500
8 11.61 572.21 1500

Vacuum, OC Oerlikon Corporation AG, Rfékon, Switzerland able to measure static pressure wfio of uncertainty.
For the Pitot line, a variable reluctance pressure traresdualidyne DP-15 Validyne Engineering Coorp., Northridge
CA, USA is used. Its output is amplified and corrected throagivltage demodulator CD-15 Valydine Engineering
Coorp., Northridge CA, USA. Both pressure transducer andadkilator are calibrated by means of a Betz water
manometre and their uncertainty4s10% due to plasma torch fluctuations. The thermocouples instbe flat plate
calorimenter are type-E with an uncertainty400.2 K.

5.1 Off-Stagnation Point Results

The testing procedure described above is repeated for 18 gisdof air-plasma for several values of stagnation point
heat flux and at constant pressuRe£ 1500Pa). The df-stagnation heat flux distributions with same static emal
are selected. The change of the gas mass flow leads to asaiiathe freestream velocity,,. The testing conditions
considered are presented in Table 2. Tiffestagnation point methodology is applied and the resukssapown in
Figures 8 and 9. Since theffdirence inh,, is only 1% it is reasonable to assume that chemical compasitf the
plasma is kept constant between the two cases. Tiferelce inJ,, leads to the conclusion that a 32% boundary layer
reduction is achieved when passing from 16 tg8aijr flow.

Uncertainty Analysis studies can be found in [5] for the stgn point heat fluStandard ProbeSame levels
of uncertainty are expected at the flat plate calorimeteresiroth are based on the same measurement principles. Heat
flux accuracy is assumed to Bd 0% following Equation 3, wheri andout referes to input and output conditions
at the sensor and is the corresponding sensing area. Static presBumad dynamic pressurqy, accuracies are
+10% and+20% respectively. The former due to fluctuactions of the uatpumps and the latter due to plasma torch
instability. Propagation error through the rebuilding bdary layer code leads t610% uncertainty of,,.

S e (e
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Figure 8: Gf-Stagnation Point Methodology applied at VKI-Plasmatrawifty: Q overx.
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Figure 9: Gf-Stagnation Point Methodology applied at VKI-Plasmatracifity: Q overx/U..
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6. Conclusions

An off-stagnation point methodology that overcomes the model Igizitation for high enthalpy facilities has been
assessed. After a 2D-CFD analysis, it is suggested thatRl&$matron is suitable to apply this methodology. Care
should be taken when changing g sinceh,, andP determine chemical reactions in the bulk of the boundargray

It is shown that applying the methodology with,, instead ofU, remains acceptable as well as the assumption of
uniform freestream conditions. Finally, the methodologguiccessfully applied for the Plasmatron testing conutio
cosidered in Table 2 obtaining a 32% reduced scale boundgey bver the flat plate model.

References

[1] J. D. Anderson Jr.Hypersonic and high temperature gas dynamibécGraw Hill / AIAA - Education Series,
1989.

[2] O. Chazot, “Plasma Wind Tunnel: Design, Operation angl&ations,” Course Note 211, Von Karman Institute
for fluid dynamics, October 2009.

[3] P. F. Barbante, “Heat Flux Duplication Between Groundiig and Hypersonic Flight,Journal Thermophysics
and Heat Transfervol. 23, pp. 684-692, 2009.

[4] O. Chazot, F. Panerai, V. van der Haegen, “Aerothermisisiey Testing for Lifting Reentry Vehicles,”

[5] F. Panerai,Aerothermochemistry Characterization of Thermal PramttSystems PhD thesis, von Karman
Institute for Fluid Dynamicg Universita degli Studi di Perugia, 2011.

[6] B. Bottin, O. Chazot, M. Carbonaro, V. van der Haegen anB&is, “The VKI Plasmatron Characteristics and
Performance,”

[7] A. Vanaerschot, “Development of a Flat Plate Probe fdi-8tagnation Testig of Space Reentry Vehicles,” final
year project, Faculteit Ingenieurswetenschappen - Kegk®lniversiteit Leuven, 2009-2010.

[8] A. Braun, “Validation of a methodology for & Stagnation Point Testing,” study thesis, Von Karma Insgit
Institute for Space Systems - Stuttgart University, 2011.

[9] A. Cipullo, “Plasma Flow Characterization by Means oftdpl Emission Diagnostics,” Project Report 2010-05,
Von Karman Institute for Fluid Dynamics, 2010.

[10] F. Baldani, “VKI Plasmatron Jet Investigation forffcstagnation Point Testing,” Project Report 2009-21, Von
Karman Institute for Fluid Dynamics, 2009.

[11] P. F. BarbanteAccurate and Ficient Modelling of High Temperature Nonequilibrium Air Rla PhD thesis, von
Karman Institute for Fluid DynamigsUniversité Libre de Bruxelles, 2001.

[12] G.Degrez, D. Vanden Abeele, P. F. Barbante and B. Bdttinmerical Simulation of Inductively Coupled Plasma
Flows Under Chemical Non-Equilibriumipiternational Journal of Numerical Methods for Heat and idl&low,
vol. 14, pp. 538-558, 2004.



