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von Karman Institute for Fluid Dynamics

ENVIRONMENTAL AND
APPLIED FLUID DYNAMICS

Project Subjects for Graduation Theses 2014-2015

The ENVIRONMENTAL AND APPLIED FLUID DYNAMICS Deparnent is engaged in a wide
variety of research activities, closely relateghtoblems of industry.
Graduation projects are proposed in the followirepsa:

1. SOLID PROPELLANT ROCKETS & BOOSTERS

The projects proposed in this section are relatefluid dynamics phenomena arising in solid
boosters, which equip the first stages of laundtesns such Ariane 5. Large solid rocket motors
are composed of a submerged nozzle and segmemteellpnt grains separated by inhibitors called
frontal thermal protection (PTF). During propellasdmbustion the PTF emerge in the gas cross
flow inducing complex vortical structures and pressoscillations. Under such a flow field, the
PTF bends and oscillates at its structural freque@oupling may appear if both the vortex
shedding frequency and the structural frequencyctsgmize. The research objective is to
understand the basic principles of fluid/structumeractions, to perform experiments using non-
intrusive techniques allowing both frequency anspliicement measurements and to assess the
potential of CFD codes to simulate fluid/structaceipling.

Contact person: Philippe Planquatanquart@vki.ac.be

2. AEROACOQOUSTICS

Noise from cooling fans

Cooling fans are extensively used in many appbeetj ranging from engine cooling fans in
automotive and rail transportation, to CPU-coolfiags in electronic devices and laptops. The
aerodynamic noise emitted by these fans represenimportant societal issue, which eventually
affects the public acceptance of new devices inited in our daily life. The advent of hybrid and
full electric vehicles in particular, brings thenfaoise to the foreground of the passenger's acoust
landscape. In that line, the VKI has developednapairtant theoretical, numerical and experimental
aeroacoustics research pole aimed at a better stadding and modelling of the mechanisms
through which aerodynamic noise is produced by $peed fans. The measurements are done
within an anechoic chamber, unsteady pressure mezasuats are performed in the near- and far-
field using microphone arrays (acoustic beamformimarticle Image Velocimetry and hot wire
anemometry are used for flow field characterizatibhe modelling efforts are articulated around
semi-analytical (Amiet's theory) and numerical tetgées (Large Eddy Simulation).




Noise from airframe components

The annoyance caused by aircraft noise has becoma&a societal concern, and one of the top
priorities of the ¥ Framework Programme of the European Commissiogingnand airframe
(high-lift devices and landing gears) noise arersjrcontributors to the acoustic footprint percdive
by local communities. Important progress has beadarover the past decades to reduce these
source components, mostly through incremental agmirgthe aircraft design. But in order to fulfil
the ambitious objectives defined in terms of EPMHuction, more drastic changes in the aircraft
design will be necessary, which rely on advancetdikition strategies and innovative noise control
approaches. The VKI has developed a strong expdrtithe modelling of turbulent flows on the
one hand, and on the prediction of the relatedenpisduction and propagation on the other hand.
Hybrid methods based on the aeroacoustical ana@gan important component of these research
and development activities. Two specific axes feegch are pursued thereto: 1) based on a
deterministic flow model (e.g. Large Eddy Simulatior Detached Eddy Simulation) coupled with
an analytical or numerical (Linearized Euler Eqomas) propagation solver, and 2) based on a
statistical description of the flow-field, couplegith analytical (Amiet's theory) or numerical
acoustics (e.g. Finite Element Method) approachinovative combination of these techniques is
meant to cover the whole frequency spectrum ohtiise emitted by high-lift devices.

Compressible LES and LEE applied to aeroacoustics

VKI has a long experience in the Large Eddy Simaotatfor industrial flow. Present efforts is
focused on wall resolved simulation allowing théedmination of pressure fluctuations further used
as sources terms in another solver. The soundndiet&tion at a distance from the studied object is
obtained in different manners. Actual efforts aealthg with incompressible or compressible LES
executed with an open source code (OpenFoam) axity ike geometry. The wave propagation is
carried out by a Linearized Euler solver developedhe VKI CoolFluid framework. Different
aspects of the subject may involve Code developime@t-+ or incompressible/compressible LES
computation or advanced post-processing.

Contact person: Christophe Schraachram@vki.ac.be

3. AERODYNAMICS OF GROUND VEHICLES

The drag of a ground vehicle consists of skin ifsittand pressure drag. For Ultra-streamlined
vehicle, the drag is mainly produced by skin foati separation being avoided all the way to the
trailing edge. A further decrease of the drag ttemefore only be achieved by decreasing the skin
friction by passive means like for example the abeiblets or active actuators. The aim of the

project is to review the state-of-the-art of actared passive devices for reducing the skin friction
drag (theoretical part) and to design and perforsetaof experimental investigations on a simple
geometry in the L1 wind tunnel of the VKI (experimi@ part). The drag measurements will be

performed using an existing balance.

Contact persons: Philippe Planquatgnquart@vki.ac.heJeroen van Beeckanbeeck@vki.ac.be




4. FILM COATING

Jet wiping

The deposition of a very thin liquid film on a sbkurface is the basis of many industrial coating
processes. Several research programs are pursuiisifield at the VKI. Experimental set-up
simulating jet wiping technique is available to éstigate the occurrence of instabilities such as
wave formation and splashing. Projects are proposgdtie fundamental aspects of the formation of
free-surface instabilities in jet-wiping processéslvanced optical measurement techniques to
measure the instantaneous film thickness will bEduslonlinear theory of free surface flows will
be developed and compared to multidimensional GRFDlations using LES/VOF approach.

Contact person: Jean-Marie Buchlchlin@vki.ac.be

5. HEAT TRANSFER

Inver se method for convective heat transfer

Advanced designs of aerothermal devices requirerate predictions of the governing heat transfer
mechanisms. In many situations, the phenomenavadoare so difficult to be investigated with
conventional measurement approaches that the eesaaysis is the only way for reaching the aim.
This method combines intimately experimental ancherical approaches. In particular it allows the
investigation of the complex conjugate heat transfuation. In this objective, projects will be
proposed to study basic problems such as the badkaeing step, the cavity and the rectangular
channel of high aspect ratio. All these configunasi are often encountered in many industrial
thermal systems such as compact, plate or lameadkat kexchangers. Infrared thermography
measurements and CFD simulations will be performed.

Impinging Jets
Array of gas jets are found in many industrial gsses such as the fast cooling of metal strips, the

guenching of glass sheets and the thermal antir@imircraft wings. Fundamental investigations of
the turbulent heat transfer can be performedyapplthe Large Eddy Simulation with general
purpose codes. In-house post-processing softwaogvsalthe study of the phenomenology of
Coherent Structures in the flow. The optimisatidnttese heat exchange devices requires deep
knowledge of the mean flow description and turboéelevel in the impaction area, the effect of jet
confinement and nozzle arrangement on the locavexdive heat transfer. In particular advanced
design of slit and round jet nozzles will be tdste a dedicated experimental set-up. Measurement
could be performed by means of Laser Doppler andicka Image Velocimetry as well as
Quantitative Infrared Thermography. The experimedtda would allow validation of numerical
simulations.

Heat Transfer in a ribbed duct

The investigation of turbulent heat transfer in to@ling duct of a gas turbine is studied thanks to
the Large Eddy Simulation technique. The conjubaiat transfer is specially investigated in a duct
equipped with 5, 6 or 7 ribs. The LES allows stadyihe impact of the coherent structures on the
heat transfer at the wall. This project provideghhievel of autonomy in the use of LES of
commercial codes together with state of the art past processing techniques. The
comparison/validation with experimental data isgilole thanks to the collaboration with a team of
experimentalist from the TU department.

Contact persons : Carlo Benodognocci@vki.ac.ibeJean-Marie Buchlilpuchlin@vki.ac.be




6. WIND TECHNOLOGY

Dispersion in urban environment

Pollutant dispersal in the atmospheric boundargriay of increased interest due to ever increasing
urbanisation and new European regulations. Theigired and subsequent control of dispersion
processes by active and passive means in semieoniirban areas is investigated in VKI wind
tunnels and compared to CFD and non-CFD modellapgplications such as underground garages
and tunnels are envisaged, including ventilatiomsuoncentration and velocity measurements are
performed using techniques suitable for wind tusnslich as laser tomography and gas aspiration
probes. Opensource CFD-codes are employed in adddinon-CFD modelling.

Wind Energy
Wind turbine micrositing from urban to MW turbinissstudied in wind tunnels and by CFD.. Also

Weather Research Forecasting (WRF) is used for emalgy prediction and compared to field data
for European wind turbine sites, off-shore, onshoreluding mountaneous terrains and roughness
effects. Focuss goes to the characterisation otitiséeadiness of wind turbine wakes within wind

farms

Wind effect on structures

Wind effect on structures is studied in wind tuisnahd by numerical simulations, and focuses on
steady and unsteady forces on high-rise buildings tawers, cladding systems and suspension
bridges.

Contact persons: Jeroen van Bee@lnbeeck@vki.ac.héhilippe Planquarplanquart@vki.ac.be

7. TWO-PHASE FLOWS

Two-phase flows are widely encountered in induspiiacesses. The configurations to be dealt with
are gas bubbles in a liquid flow and liquid dropletr solid particles in a gas flow. A proper
modelling of the behaviour of the continuous argtdite phases is essential to improve the process
effectiveness.

Bubble flow

Multiphase flows are encountered in electrochemicatesses, with heat and mass transfer often
dominated by the presence of gas bubbles. Measuterhbquid bulk velocity and bubble velocity
and size will be performed by laser techniques.domcentration will be assessed using absorption
spectroscopy and heat transfer near the electiydedrared thermography.

Multiphase flows are also encountered in liquid aheeactors where dedicating reacting gas is
injected in the liquid bath through a submergeddaihe behaviour of the resulting gas bubbles is
of extreme importance since it controls the perémmoes of the whole process. At the VKI
experimental investigations of this problem arefqrened using laboratory facilities. The different
parts of the process are reproduced using waterhafidm to simulate liquid metals and gas,
respectively. This allows to visualise the gas heklevolution and to deduce their formation
frequency and diameter growth by Digital Image Bs3tng. However other measurement
techniques such as Particle Image Velocimetry (PDNAser Doppler Velocimetry (LDV), Fibre
Optics probes and pressure probes can be als@dppli

The presence of bubbles in a flow may change dedltithe pressure drop. This is crucial to design
security valve or control valve in general. At VK, dedicate setup allows to study the effect of
bubbles (diameters, mean void faction,...) flowingotigh different geometrical accidents. The



research involves measurement of diameters witicadgdtbre probes, visualisation with high speed

camera, measurement of pressure drop and diffetéet optical techniques (such as two-phase
PIV). A numerical part of the subject is also pregad; it will be conducted with commercial codes

in an Euler-Euler configuration.

Contact persons: Jean-Marie Buchbogchlin@vki.ac.bpM. Rosaria Vetranozetrano@vki.ac.be

Liquid sprays
Hydrodynamic and transport phenomena in liquid ywpravill be studied. Gas entrainment

phenomena, physico-chemical absorption of gas bplels, convective and radiative heat transfer
in a polydispersed medium, phase change proceasisas flashing, evaporation and freezing of
droplets have to be modelled. Innovative measurérteamniques such as the Particle Tracking
Velocimetry & Sizing, Phase Doppler InterferometfiyDIl), Global Rainbow Thermometry,
Interferometric Laser Imaging and Droplet SizingIQS) will be used to determine all the
characteristics of the spray or cloud droplets.

The applications are found in airborne diagnosticsloud droplets, the mitigation of toxic heavy
gas release, protection of structures against fiomling of hot surfaces, direct contact heat
exchangers, rocket boosters and spray coatingatticplar, projects on the spray cooling of hot
solid surfaces coated by liquid metal are proposed.

Contact persons: Jean-Marie Buchbogchlin@vki.ac.beMaria Rosaria Vetrano,
vetrano@vki.ac.heleroen van Beeckanbeeck@vki.ac.be

Two-phase hammer

The operation of spacecraft propulsion systemsgularly faced with adverse fluid hammering
effects during the priming operation. This maneusgetdone by fast opening of an isolation valve
and the classical liquid hammer taking place alseolves multi-phase phenomena such as
cavitation, boiling front and absorption and desiorpof a non-condensable gas.

A new experimental facility designed at the VKI &vailable to reproduce all the physical
phenomena taking place in the propellant linesnduitne priming process.

Experimental and/or numerical projects are propdsedvestigate the fluid hammer phenomenon
in a confined environment.

The creation of an experimental database, togetllemumerical simulation will be used to certify
the spacecraft propulsion systems facing fluid hampmenomenon.

Contact persons: Jean-Marie Buchbogchlin@vki.ac.be

Nanoparticle Project
VKI is involved in a research program aiming to gwoe nanoparticles with a plasma reactor. A
team of researchers across the EA and AR deparisdaaling with:

o The design and qualification of the injection ofcnoi solid particles through a combined

system composed of fluidised bed and cyclonic se¢par

o The study of the life time of micro particle in thlasma reactor.

o The development of nucleation system for a corgdolbrmation of the nanopatrticles.
Several experimental and numerical challenginggatsjcan be defined in this field.

Contact persons: Jean-Baptiste Gougetriet@vki.ac.be



Development of non-intrusive measurement technique for nanoparticle characterization

At the present age the fields of fuel spray combuastnuclear reactor safety, meteorology, steam
turbine application and product manufacturing neida® to grow in competitiveness and
efficiency. At this aim, the improvement of on-lineeasurement techniques, as the ones measuring
particles size in real time, is extremely importanindustrial production. The majority of natural
and manufactured products involve the presencenafdparticles”, either in their final state or at
some stage in their production. Particle size aadigbe size distribution are, therefore, critigall
important parameters. At the simplest level, infation on particle size can help maintain a more
consistent product, enhancing end-use value anfitgioitity. At a more complex level, careful
control of particle size can reduce the need fgurocess modifications and reworking, so making
products more competitive. The main subject of tieisearch topic is the development of non
intrusive an on-line and real-time optical techmida characterize nanoparticles. The development
is both experimental and theoretical.

The optical technique used to characterize the iwhe “Multi Wavelength Light Extinction -
MWLE”, which allows to measure the granulometry ahe& concentration of nanoparticles or
nanodroplets. In the Optics Laboratory of the Emwnental and Applied Fluid Dynamics
Department of Von Karman Institute for Fluid Dynan{Belgium), a facility has been built to
produce the nanoparticle and nanodroplet flows, andedicated optical set-up is developed to
implement MWLE technique.

One of the major difficulties in the MWLE technigeensists in the regularization of the data
inversion algorithm. Numerical methods have torbplemented in the inversion code (MATLAB
environment) in order to speed up the experimetdtd analysis.

Contact person: Maria Rosaria Vetrametrano@vki.ac.be

Interested students should contact the indicated otact person(s)
VKI, 72 chaussée de Waterloo, 1640 Rhode-Saint-Gesee Tel : 02/359.96.04



von Karman Institute for Fluid Dynamics

TURBOMACHINERY & PROPULSION

Project Subjects for Graduation Theses 2014-2015

The TURBOMACHINERY AND PROPULSION Department hasifidies for research on the flow
in turbomachine components such as compressors,ppuand turbines. Fast response
instrumentation and data acquisition systems aadadle. The theoretical effort concentrates on the
calculation of the flow and performance predictsmhemes for turbomachinery components.
Several Graduation projects are proposed in eattredbllowing areas:

1. INTERNAL COOLING IN GAS TURBINES

The increased performance of gas turbines callsifginer turbine entry temperatures and higher
aerodynamic loadings. Important areas of investganclude the development of efficient internal
cooling schemes, the investigation of the flow- @echperature fields, and the development of
dedicated instrumentation chains for pressure amgpérature measurements.

Contact person: Tony Artarts@vki.ac.be

2. TURBINE AERO-THERMODYNAMICS

The main research activities in the domain of ebaerodynamics are related to unsteady wake
flow characteristics, wake-blade and shock-bladerierences and the aero-thermodynamics of
cooled turbine blades. Progress in the understgnaofithese complex flow problems depends on
the use and/or the development of advanced measunteamd testing techniques such as fast
response pressure and temperature probes, thirgéiliges, data transmission systems and optical
methods e.g., Laser Doppler Velocimetry, Particide Displacement Velocimetry, holographic
interferometry and ultrafast flow visualisation.u8é&nts eager to learn and use advanced data
acquisition and data processing techniques areoweldo participate in this advanced research.

The use of Computational Fluid Dynamics also plagsimportant role in the understanding of
turbomachinery flow field at different levels. Migliage configurations are analysed with 1D codes,
unsteady aspects of the flow field in a stage wjitlasi-3D or 3D Euler codes and detailed steady
aero-thermal flow fields with 3D Navier-Stokes staglculations.

Contact person: Tony Artarts@vki.ac.be

3. GAS TURBINE CYCLE ANALYSIS
Supervisor :

This project is related to the analysis and optatian of gas turbine cycles used in subsonic and
high-speed propulsion. Performance of the indivicdenponents are considered together with the
internal heat transfer on steady and transientatiper.



4. AXIAL COMPRESSOR AERODYNAMICS AND STABILITY

Over the past 30 years there has been a contimasaarch concerning possible benefits of casing
treatments for improving axial compressor perforogaat off-design conditions. This problem has
gained recently new interest with the trend toa@ased blade and stage loading to reduce costs and
weight of the engine.

It is proposed to investigate new engine desigit, gher bypass ratios but with reduced weight
in order to gain on propulsive efficiency and hersaae on fuel burn. It is also proposed to
investigate new engine architectures, like geareiofans or contra-rotating turbofan engines,
which would enable substantial noise reductiondoyering the fan speed. All these objectives

result in higher stage loadings and require aeraayn designs which go beyond classical know-
how.

Current projects are of both experimental and nigakenature :

- Accurate measurements of the performance of thewesgor, its stability margin, including
the determination of efficiency by different meteddcomparison with CFD.

- Development of accurate temperature probes farieffcy measurements

- Development of entropy probes

- Detailed fast response measurements with unsteagdgyre probes (single- and multi-hole
pressure probes), comparison with single- and X-twres, measurements of inlet
turbulence. Comparison with CFD.

- Stall detection probes and investigation stall rtice mechanisms.

- Parametric study and numerical optimization of mg$reatment configurations.

- Numerical optimization of the 3D aerodynamic desof the compressor stage (lean, sweep,
platform contouring).

Contact person: Jean-Francois Brouckdeduckaert@vki.ac.be

5. ADVANCED INSTRUMENTATION TECHNIQUES FOR TURBOMAC HINES

Experimental techniques to measure the highly adsteand three-dimensional flow field in
turbomachines have tremendously improved over #wst tecades. Still higher temperature
instrumentation is required, with smaller probeesjzand better frequency response.
Current projects include :
- Development of fast response directional and spméssure probes.
- Assessment of unsteady errors on measurementsn (isxial compressor for example),
comparison with CFD.
- Determination of frequency response of a probesgydiy shock tube tests, development of
a fast opening mechanism to determine the frequessponse of slower systems.
- Experiments with an infinite line pressure probecufor remote pressure measurements in
high temperature environments. Comparison to thieatgredictions.
- Development of ultra-high temperature (2000K) cddhest response pressure probes.
- Development of high temperature (800K) miniatureagied fast response pressure probes
- Assessment of turbulence measurements with fgsbmes pressure probes

Contact person: Jean-Francois Brouckdeduckaert@vki.ac.be




6. DESIGN OPTIMIZATION OF TURBOMACHINERY COMPONENTS

This numerical work focuses on automated desigmigdition techniques to assist the designer in
improving the performance of typical turbomachineoynponents such as axial and radial
compressors and turbines in the virtual designrenment based on Computer Aided Engineering
(CAE) tools. Projects in this field target to impeoexisting industrial designs in a multidisciplina
context. The successful candidate will exploregheadigm of optimization techniques using a
hands-on application while improving the optimipatialgorithm. The real challenge is to improve
aero-performance of components while still satrgfystructural integrity including stress and
vibration analysis. The multidisciplinary contexttbis project requires candidates to work with
different CFD and CSM codes.

Contact person: Tom Verstraetem.verstraete@vki.ac.be

Interested students should contact the appropriatsupervisor by telephone.
VKI, 72 chaussée de Waterloo, 1640 Rhode-Saint-Gesee Tel : 02/359.96.04
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von Karman Institute for Fluid Dynamics

AERONAUTICS/AEROSPACE

Project Subjects for Graduation Theses 2014-2015

The AERONAUTICS/AEROSPACE Department is involvedaivariety of research projects with

both experimental and numerical aspects. Experiahdatilities cover the entire speed range of
aerial vehicles from low to hypersonic speed ared ejuipped with modern instrumentation and
data acquisition systems. Numerical projects areemed with the development of new physical
models (e.g. for reacting flows, turbulence, plasinand advanced numerical algorithms for
solving fluid flow (higher order schemes, solvagsd generation).

Graduation projects are proposed in the followireas:

1. AEROTHERMODYNAMICS OF RENTRY VEHICLES IN PERFECT GAS TEST
FACILITIES

Development of hypersonic vehicles for future asces space or civil transport applications
requires improved knowledge of shock-wave boundiayer interactions and transition to
turbulence in the hypersonic regime. Experimentatl anumerical investigations of these
phenomena are currently being conducted in thedvaork of ESA programmes (e.g. EXPERT
program for in-flight testing and validation withinslation and ground testing). For the
experiments, two VKI facilities are being used :ngshot, which is a free-piston tunnel that
produces high Reynolds and Mach number flows oftsfaration and H3, which produces Mach 6
flow for a range of Reynolds numbers. Topics ofrent interest include : control surface
simulation, heat flux and pressure distribution sueaments, instrumentation development,
aerodynamic coefficients determination, and facflbw characterization.

1.1 Simulation of Mach 14 L ongshot facility
The Longshot is a facility designed to produceoavffor a very short time but at high Mach number
and high Reynolds number. This facility can be apsst with nitrogen or carbon dioxide.

The purpose of this project is to study the behawb the piston during all the phase of
compression. When the piston is released, it reaebey high speed and a shock appears in front of
it. This shock is reflected at the end of the thbtore to impact the piston. After several refleas,

the pressure can reach up to 4000 bar and thenfggips at the end of the tube.

Tools are now available for 1D modelisation of thehavior of the piston. This new program has
first to be adapted to the Longshot configuratidhe final objective is to be able to define new
conditions with nitrogen, carbon dioxide or othasegs. A correct modelisation can also be used to
improve the capability of the tunnel by increasthg Reynolds number or the enthalpy. This new
tool gives the possibility to investigate the uséhe tunnel with air in order to obtain more rgak
effects...

The project consists mainly in programming the m®de. Existing experimental data will be used
for comparison. Participation to new measuremesutsaventually be included.

This project requires capabilities in numerical middg, aerodynamics and thermodynamics.

11



1.2 Unsteady computation on oscillating capsule in supersonic regime

The stability of reentry vehicles can be criticalow supersonic and transonic regime. Experiments
were performed in this range of condition in ortlededuce the stability criteria. Several methods
were already tested in these conditions and gisaltse

This project is proposed in the field of a genestaldy on the dynamic stability of space vehicle
during the atmospheric reentry. In order to bettederstand the relation between the dynamic
stability and the flow topology, it is propose img project to study the flow when the capsule is
oscillating. Different experimental approaches haween investigated like unsteady pressure
measurement on the capsule or in the wake.

It is propose in this project to simulate the flavound a reentry vehicle. The first step consists i
static computation in order to assess the effeth@fsupport and how it can affect the flow. Then,
unsteady computation should be done on a statiem@bmparison with existing experimental
results should help in a better understanding. firta¢ objective is to perform unsteady CFD on an
oscillating capsule.

The results will be analyzed to better understdredrelation between the flow topology and the
behavior of the vehicle.

Models tested will be the BLAST capsule because tmodel was recently tested in the
transonic/supersonic wind tunnel.

1.3 Validation of the experimental methods used on oscillating capsule in supersonic regime to
find the aerodynamic derivatives

The stability of reentry vehicles can be criticalow supersonic and transonic regime. Experiments
were performed in this range of condition in orttededuce the stability criteria. Several methods
were already tested in these conditions and gisaltse

This project is proposed in the field of a genestaldy on the dynamic stability of space vehicle
during the atmospheric reentry. The experimentahot used to compute the damping of a space
vehicle was never validated properly.

A special set-up to impose a force proportionalthie angular speed will be designed and
manufactured. The solution can be electric, mechdwydraulic ... .

Instrumentation associated to the set-up shouldnsilled in order to measure accurately the
applied forces. This set-up will be used with d veghicle and a deep error analysis will be done on
the results: the model under investigated for #tigly will be the BLAST capsule which was
recently tested in the transonic/supersonic wimaél

12



1.4 Design of a new experimental set-up to study the aerodynamic derivatives thank to the forced
oscillation capsule

The stability of reentry vehicles can be criticalow supersonic and transonic regime. Experiments
were performed in this range of condition in ortededuce the stability criteria. Several methods
were already tested in these conditions and gisaltse

This project is proposed in the field of a genestaldy on the dynamic stability of space vehicle
during the atmospheric reentry.

Up to now, the study of the stability of capsule éxperimental tools was limited to the pitch
damping. Only 1 degree of freedom was considered.

The purpose of this project is to design the newegaion of experimental set-up. The new
equipment will allow deducing the pitch dampingcotirse, but also the other derivatives.

Two or more degree of freedom can be consideredrdier to study the coupling between the
different movement

The different possibilities will be studied and sigé care will be taken to limit the support effect

Associated measurement techniques will be invdstiga

This project required a good mechanical enginetr solid knowledge in aerodynamics.
Numerical simulation can be used during this prajeorder to validate some choices.

Models under consideration in this project will the BLAST capsule and the IXV vehicle. These
models represent the two main configuration oreatrg vehicle.

Contact persons: Sébastien Paragjs@vki.ac.beOlivier Chazotchazot@vki.ac.be

2. AEROTHERMODYNAMICS OF SPACE REENTRY VEHICLES

2.1 Experimental investigations on aerothermodynamics

Spaceships entering a planetary atmosphere aresexgo very high temperature flows. To study

the thermal resistance of their heat shields, twadwunnels generating a high temperature (up to
10 000 °K) plasma jet are available at the VKIs@\k large number of computational models of
high temperature flows have been developed ovepdakedecade.

A number of projects are available in this area #re) include accurate simulation of re-entry

conditions, characterization of plasma flows, tharprotection system (TPS) tests and use and
development of numerical tools to investigate abeymodynamic phenomena:

2.1.1 Smulation of re-entry conditions

This research activity focuses on the duplicatibrihe aero-heating environment on the critical
components of spacecratft for different planetargniry conditions in a ground-test facility. Curren
projects include:

- Simulation of Mars aerocapture

- Thermal history of the heat shield during the eptrgse

- Entry condition in dusty atmosphere and &mosphere

13



2.1.2 Characterization of plasma flows and TPStests

This research activity is concerned with the dgweent of specific measurement techniques for
high enthalpy flows. It includes adaptation of siaal intrusive measurement techniques in severe
environments, combined instrument measurements @Eadma diagnostics by emission or
absorption spectroscopy.

Specific topics are:

- Unsteady pressure and temperature measurement

- Catalycity determination

- Hemispherical and multispectral emissivity deteration

- Reacting boundary layer characterization by spectipy measurements

2.1.3 Development of hypersonic flight extrapolation methodology for supersonic plasma wind

tunnels

In the context of space vehicle design for ESA raiss the project will deal with an investigation
of the duplication of the aerothermodynamics fesguor a hypersonic flight in high-enthalpy wind
tunnels. Hypersonic similarity laws, local duplicat of real flight, reactive boundary layer, wall
chemistry will be considered.

2.1.4 Development of a new probe for intrusive radiative heat flux measurements in high enthalpy
flows

(theory/experiments)

The aim of this project is to extend to radiatieabflux measurement the set of intrusive diagnosti
capabilities available at the VKI for high enthalfacilities. Starting from available material, the
student will be involved in designing, building,dagqualifying a new and challenging probe for in
situ measurements of radiation in the UV and vesdypectral ranges for air plasmas representative
of Earth entry conditions. An extensive experimentampaign will be carried out by means of the
new diagnostic probe for different test and opagatonditions.

Contact person: Olivier Chazathazot@vki.ac.be

2.1.5 Boundary layer control using DBD plasma actuator
(theory/experiments)

The control of the boundary layer separation iBallenging topic regarding potential active control
using Dielectric Barrier Discharge (DBD) plasma.eThim of the project is to provide a
phenomenological performance map of the DBD plaaotaator applied to a simple configuration
(flat plate, step) for subsonic flow separation tooin The student will be involved in the

experimental bench design and implementation. Rerda range of operating conditions, he will
characterize the effect induced by the plasma @nfkbw by means of simple visualization

techniques and analyze the experimental data.

Contact persons:

Olivier Chazotchazot@vki.ac.be
Thierry Magin,magin@vki.ac.be

Yacine Baboubabou@vki.ac.be

14



2.1.6 Enthalpy Measurement in plasma flow

(theory/experimental)

To increase the accuracy of the free stream clarzation at Plasmatron facility, a direct enthalpy
measurement probe for Plasma flows is being deedl@p VKI. Starting from available material,
the student will be involved in improving the curtalesign, building and qualifying a new and
challenging probe. A number of experiments in Vkdgtatron facility will be carried out to build
a database for a large pressure range and prefesiligh heat flux rates. This subject also
includes using other available tools at VKI to dalie the probe design.

2.2 Numerical investigation on aerothermodynamics

2.2.1 Sudy of non equilibrium phenomena in compression and expansion flows

In the frame of atmospheric re-entry conditionsgestigations are made using 1D codes (like Shock
tube code and Nozzle code) to study non equilibrpimenomena in expansion and compression
situations. The starting point is the classicatria non equilibrium approach developed by Park at
NASA and can proceed with the implementation ofafiional specific model (STS).

2.2.2 Heat flux modelling for hypersonic experiment instrumentation

The VKI is actively involved in hypersonic flighkperiments. In the framework of an ESA flight
experiments project, we intend to perform infligetnperature measurements on the surface. It is
known that several aspects influence the qualityhefresults. The VKI proposes that a detailed
model of the Flight Instrumentation will be devetopwith a focus on the thermal behaviour. The
heat flux into the surface and body shall be detezthfrom the temperature measurements. Critical
points shall be analysed.

2.2.3Catalysis in hypersonic flows

The heat flux into the body of a hypersonic vehislene of the limiting parameters in its design. |
is strongly dependent on the chemical gas-surfategaction. The VKI proposes to review existing
models, implement them into a CFD code, and comifegeobtained results. Optionally, a further
model shall be developed based on the findings riatesent correctly the phenomenological
behaviour of the interaction.

2.2.4 Energy accommodation in gas surface interactions

It is known that exothermic reactions close touta#l contribute only partially their reaction heat
the wall. A non negligeable part serves to exdite tecombined molecules leading to a non-
Boltzmann distribution of internal energies. The IVtoposes to review recent techniques to
determine this ratio of heat contributions and ttgve methodology applicable in the VKI Plasma
Facilities and to implement it into a CFD code.
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2.2.5 Transition in super sonic/hypersonic flow

This subject will start by an update of the stafetle art bibliography on the transition
models/experiments in very high speed flow. Thefigomation under interest is a cubical or
cylindrical roughness inducing transition in its kea The subject will is containing benchmark
exercises of existing transition models. Theseases will involve the use of the CFD framework
CoolFluid or results obtained with this frame wdik VKI researchers. Finally, new models or
variation of previous models will be proposed, iempented and tested. The different part of the
subject may be tackled independently.

2.2.6 Turbulence models for super sonic/hypersonic flow

This subject will start by an update of the stafettee art bibliography on the turbulence
models/experiments in very high speed flow. Thejestibwill continue with the validation of
previous VKI implementation of turbulence models dgvelopers on the CFD framework
CoolFluid. Finally, new models or variation of prews models will be proposed, implemented and
tested. The different part of the subject may bklém independently.

2.2.7 Computation of full Re-entry Trajectory

This subject involves the development of a simpie fast code allowing the computation of orbital
trajectories of nano satellites once released &éyahncher. The code will take into account all the
physics allowing to tracks the Cubesat from itgioal altitude in the Mesosphere Thermosphere
layer till its re-entry up to 80 km. The subjecpert of a larger Cubesat project.
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2.2.8 Development of a hypersonic flight extrapolation methodology for supersonic plasma wind
tunnels

(theory /numerics/experiments)

In the context of space vehicle design for the spa@loration program of ESA, this project deals
with the duplication of the aerothermodynamicsuesd of hypersonic flight into supersonic plasma
wind tunnels.

Keywords: hypersonic similarity laws, flight extrapolatioparabolic equations, reactive boundary
layer, wall chemistry.

2.2.9 Development of advanced nonequilibrium models for compressing and expanding flow
simulations

(theory/numerics)

Understanding thermo-chemical nonequilibrium e8eist important for an accurate prediction of
the radiative heat flux to the surface of hypersovehicles and for a correct interpretation of
experimental measurements in wind tunnels. We m®pan innovative work, at the interface
between computational chemistry and CFD, in collatbon with NASA Ames Research Center.
Rate coefficients and cross-sections computed fi@nprinciples, for rovibrational excitation and
dissociation of molecular nitrogen, will be used study the dynamics of the excitation /
dissociation mechanism in compressing and expanitimgs. Then, kinetic theory will allow for
the macroscopic conservation equations to be dgritegether with the expressions for the
transport fluxes and chemical production rates.

2.2.10 Study of detailed chemistry / radiation coupling in atmospheric entry flows
(theory/numerics/experiments)

During atmospheric entries, the gas heated inhbekslayer emits radiation that contributes to the
incident heat-flux to the vehicle surface. Radiatimodeling involves determination of the
population distributions over the internal energydls and of the radiative contribution of each of
these levels. At the early reentry stages for luswad Martian missions, the electronic energy
populations depart from equilibrium. We proposeléwelop a reduced collisional-radiative model
that will be used for the first time in 3D CFD silatons. The metastable electronic excited states
of the nitrogen and oxygen atoms will be consideasdseparate species. The high-lying excited
states, that produce radiation, will be grouped imited number of electronic levels.

2.2.11 Pre- and post-flight data analysis for the EXPERT mission
(numerics/experiments)

The VKI is currently the primary investigator fond payloads for the EXPERT mission of ESA,
dealing with: 1) gas-surface interaction over arrted protection material junction, 2)
characterization of an isolated roughness indu@etition. These payloads have been designed and
qualified to be integrated into the vehicle, whistexpected to fly in early 2011. Physico-chemical
models and computational tools developed in theoAautics and Aerospace Department at the
VKI will be used for pre- and post-flight data aysas for this flight demonstrator.

2.2.12 Development of physico-chemical models for ablative materials
(theory/numerics/experiments)

The choice of the heat shield material is a ciitpr@blem for engineers. A new class of ablative
materials, low density carbon / resin compositegoinsidered for numerous forthcoming missions.
We propose to calculate the kinetic data for cafploenolic resin decomposition and transport of
gaseous species for these materials. These ddthenvimplemented in a high-fidelity model for
ablation developed in collaboration with the Spaeehnology Division of NASA Ames Research
Center. The model developed will be used for sitiutaof ablation experiments carried out in the
VKI plasma facilities, for carbon / resin composite
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2.2.13 Uncertainty Quantification for the space exploration program
(theory/numerics/experiments)

To avoid mission failure and ensure safety of tsieomauts and payload, engineers resort to safety
factors to determine the heat shield thicknesshetexpense of a reduced mass for the embarked
payload. Determination of safety factors relies dmcertainty Quantification (UQ) that aims at
developing rigorous methods to characterize theaochpf “limited knowledge” on (here) the heat
flux. We propose to address the issue of stochasiothermodynamics in collaboration with
Stanford University and the University of TexasAaistin. Their state-of-the-art tools for UQ will

be adapted to quantify the influence of uncertaamameters related to the advanced physico-
chemical models developed at the VKI. Experimedtth will be used for validation (plasmatron
and shock-tube facilities, as well as several E@hif demonstrators, such as Expert).

2.2.14 Sability of hypersonic flows in the transition regime from laminar to turbulent
(theory/numerics)

The transition from laminar to turbulent is curtgmniot well understood in hypersonic flows. This
phenomenon is associated with an undesirable fisbeoheat transfer on the thermal protection
material for atmospheric entry vehicles. A convemail linear stability approach cannot be used to
study hypersonic flows. We propose to derive a genBarabolized Stability Equation (PSE)
accounting for generally curved surfaces, threeedsional disturbances, and thermo-chemical
nonequilibrium effects, based on specialized saftveaich as SAGE. The general PSE derived will
be compared to partial equations available initeeakure and will be implemented in code starting
from an existing VKI solver. Strong interactionsthviVKI researchers studying hypersonic
transition by means of a broad spectrum of toolpéemental and numerical models) will be
crucial for the success of this project.

2.2.15 Development of an approximate Riemann solver for plasmasin thermal nonequilibrium
(theory/numerics)

Developing shock-capturing numerical schemes fasmpls in thermal nonequilibrium is a
challenge due to the nonconservative mathematitakctare of the system of macroscopic
equations. For nonconserva

tive systems, the jump relations for discontinusolutions depend on diffusion. We propose to
develop an approximate Riemann solver for a newo$eequations, for plasmas in thermal
nonequilibrium, derived from kinetic theory. Thieplem is related to important applications such
as plasma control of hypersonic cruise vehiclestfe US Air Force, influence of precursor
electrons in reentry flows for ESA and NASA missipand supernova radiation.

Contact persons:
Olivier Chazotchazot@vki.ac.be
Thierry Magin,magin@vki.ac.be
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2.2.16 Plasma (ICP) Smulations for a Re-Entry CubeSat

(theory/numerics)

In the framework of the QB50 project, VKI's reenttpbeSat will carry a number of in-flight
experiment payloads on board. The in-flight expenis will be designed according to the scientific
questions associated with the re-entry physicss phoject deals with preparing and making ICP
(Inductively Coupled Plasma) simulations on thd flilbeSat, also developing post processing
tools. The outcome of this work will eventually pide suggestions for scientific payload design
such as TPS recession sensors, heat flux gages;speters etc.

Contact person: Davide Masutti: masutti@vki.ac.be

2.2.17 CFD of a CubeSat during Re-Entry

(numerics)

Development of a reentry CubeSat requires sigmfic@mputational work based on the re-entry
trajectory. In the framework of QB50, computatidresre to be done in order to provide input not
only to the stability mechanism development to eehithe desired atmospheric re-entry but also to
the in-flight experiment design in case of sidegdaui.e skin friction measurements) and base flow
(i.e fast response pressure transducers) invastigatThe entire vehicle and the regions of interes
should carefully be studied to contribute instrutagon decision process. Based on previous work
done at VKI, the optimum nose shape design cauntbeer developed.

Contact person: Davide Masutti: masutti@vki.ac.be

2.2.18 Rarefied flow simulations for the stability of a CubeSat in orbit

(numerics)

The QB50 Project aims at realizing a network of €séuts in very low Earth Orbits (altitude less
than 320 km) and this results in the opportunitgewelop aerodynamic stability tools for CubeSats.
Aerodynamic attitude control mechanisms would hsigaificant mass, power and volume budget
reductions compared to traditional attitude contsabsystems with reaction wheels. For this
purpose, rarefied flow simulations of various inatwve aerodynamic control mechanisms (fins,
tethers, flower or badminton style panels, paraghetc) and aerodynamic drag augmentation
systems need to be performed by Direct Simulatianteé Carlo (DSMC) and 6-DoF trajectory

simulators.

Contact person: Davide Masutti: masutti@vki.ac.be

2.2.19 Plasma (ICP) Smulations for a Re-Entry CubeSat

(theory/numerics)

In the framework of the QB50 project, VKI's reenttpbeSat will carry a number of in-flight
experiment payloads on board. The in-flight expenis will be designed according to the scientific
questions associated with the re-entry physicss phoject deals with preparing and making ICP
(Inductively Coupled Plasma) simulations on thd flilbeSat, also developing post processing
tools. The outcome of this work will eventually pide suggestions for scientific payload design
such as TPS recession sensors, heat flux gages;speters etc.

Contact person: Davide Masutti: masutti@vki.ac.be
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2.2.20 CFD of a CubeSat during Re-Entry

(numerics)

Development of a reentry CubeSat requires sigmfic@mputational work based on the re-entry
trajectory. In the framework of QB50, computatidresre to be done in order to provide input not
only to the stability mechanism development to eehithe desired atmospheric re-entry but also to
the in-flight experiment design in case of sidegdaufi.e skin friction measurements) and base flow
(i.e fast response pressure transducers) invastigatThe entire vehicle and the regions of interes
should carefully be studied to contribute instrutagon decision process. Based on previous work
done at VKI, the optimum nose shape design cauntbeer developed.

Contact person: Davide Masutti: masutti@vki.ac.be

2.2.21 Rarefied flow simulations for the stability of a CubeSat in orbit

(numerics)

The QB50 Project aims at realizing a network of €séuts in very low Earth Orbits (altitude less
than 320 km) and this results in the opportunitgewelop aerodynamic stability tools for CubeSats.
Aerodynbamic attitude control mechanisms would hsigaificant mass, power and volume budget
reductions compared to traditional attitude contsabsystems with reaction wheels. For this
purpose, rarefied flow simulations of various inatwve aerodynamic control mechanisms (fins,
tethers, flower or badminton style panels, paraghetc) and aerodynamic drag augmentation
systems need to be performed by Direct Simulatianteé Carlo (DSMC) and 6-DoF trajectory

simulators.

Contact person: Davide Masutti: masutti@vki.ac.be

3. Model form uncertainty quantification for RANS turbulence and mixing models

Turbulence and turbulent mixing are fundamentalcesses in the vast majority of aerospace
applications. While large-eddy simulations can ptevaccurate solutions for turbulent flow
problems, they impose a significant increase inmatational cost, and Reynolds-averaged Navier-
Stokes simulations remain the most commonly useldwahin the engineering community because
of the affordable computational cost. The drawbatkRANS turbulence and turbulent mixing
models is the introduction of uncertainties in siéutions, and a tool to quantify these uncertamti
could significantly improve the predictive capdiodls of the approach. The following projects all
aim to contribute to the development of such a.tool

3.1 Evaluating RANS turbulence model performance

This project will consider different flow configurans (channel flow, wavy wall with separation,
jet in crossflow) for which DNS or LES datasets aneilable to evaluate turbulence model
performance. The model errors will be evaluateddiyparing the Reynolds stresses obtained from
different RANS models to the DNS or LES resultse Hifect of the coupling to the mean flow will
be eliminated by freezing the flow to the time-agead DNS flow field and only solving the
transport equations for the turbulence quantitggsecial focus will be on investigating the role of
turbulence production and dissipation terms inpiregliction of the turbulence kinetic energy.
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3.2 Implementing a turbulence model uncertainty quantification framework in OpenF OAM

This goal of this project is to implement an exigtimodel form uncertainty quantification
framework in the opensource code Openfoam. Theewaork consists of:
1. Computing a marker that identifies in which regiomshe flow the model is not trusted.
2. Performing an eigenvalue decomposition of the d@ropy tensor obtained with the original
Reynolds stress model.
3. Introducing perturbations in the magnitude, eigéimes and eigenvectors in the previously
identified regions.
4. Recompose the perturbed Reynolds stresses.
5. Compute the divergence of the perturbed Reynoléssts and impose the modified source
term in the momentum equations.
The framework will be tested for flow fields of tifent complexity (channel flow, wavy wall with
separation, jet in crossflow)

3.3 Evaluating RANS turbulent mixing model performance

This project will consider different flow configurans (channel flow, wavy wall with separation,
jet in crossflow) for which DNS or LES datasetstbé flow and scalar fields are available to
evaluate turbulent mixing model performance. Theusowill be on mixing models based on the
generalized gradient diffusion hypothesis. The raateors will be evaluated by comparing the
scalar field and the turbulent scalar fluxes oladifrom different mixing models to the DNS or
LES results. The effect of the coupling to the flamd turbulence equations will be eliminated by
freezing the mean and turbulent flow quantitiethtime-averaged DNS or LES result, hence only
solving the transport equations for the scalar. Vakdity of the generalized gradient diffusion
models and the importance of correctly predictihg tifferent terms in the tensorial diffusion
coefficient will be investigated

Contact person: Catherine Gorle, gorle@vki.ac.be

Interested students should contact the appropriatsupervisor by telephone or e-mail.
VKI, 72 chaussée de Waterloo, 1640 Rhode-Saint-Gesee Tel : 02/359.96.04 or
chazot@vki.ac.be
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