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Advanced Non-Intrusive Instrumentatlon
for Propulsion Engines

(AGARD CP-598)

Executive Summary

The ability to measure and monitor key internal gas and structural characteristics is crucial to
improving performance, operability, durability and economy of engines. Non-intrusive measurement
techniques provide this capability and thus are a key technology to maintaining and upgrading NATO’s
defence capabilities. This forum for communication between engine manufacturers, researchers and

. developers and users has already proved that there are many technologies fit for routine application and

many are maturing. Future development work must continue to aim at robust technologies apt for
application by non-specialists and it was found that this is already a well established attitude in
development and industry. The need to keep this up was reinforced and directions to be followed
evolved from the presentation-and discussions. The technologies presented, at different stages of
development, as well as the future outlook proved that this field contributes and will continue to
contribute greatly to NATO’s air, land and sea powers.



L’instrumentation non invasive avancée pour
les propulseurs

(AGARD CP-598)

Synthese

La capacité de mesurer et de contrdler les caractéristiques des gaz et des structures internes clés des
moteurs d’avion est fondamentale pour améliorer les performances, I’exploitabilité, 1a longévité et la
rentabilité. Les techniques de mesure non intrusives offrent cette possibilité et représentent, par
conséquent, une technologie essentielle pour le maintien et la mise a niveau des moyens de défense de
I’OTAN. Ce forum, qui a permis des échanges entre motoristes, chercheurs, concepteurs et utilisateurs,
a prouvé qu’il existe déja bon nombre de technologies susceptibles de trouver des applications
courantes et d’autres encore arrivant 3 maturité. Les travaux de développement futurs devraient
privilégier des technologies siires, pouvant étre mises en application par des non-spécialistes, ce qui est
déja la pratique courante dans le secteur du développement comme dans I’industrie. L’accent a ét€ mis
sur le souhait de maintenir cette situation, et les présentations et les discussions qui les ont suivies ont
permis d’identifier les voies a suivre. Les technologies présentées, aux différents stades de leur
développement, ont fourni la preuve que cet aspect joue déja et continuera de jouer un role important
dans I’évolution des forces armées de I’OTAN.
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Theme

Improving the performance, operability, durability and economy of propulsion engines is vital to maintaining NATO’s
air defense capabilities. Advances in propulsion will provide future generations of aircraft and missiles with extended
range, greater pay load capability, and improved lethality performance. This will require radical changes in many
aspects of engine technology such as much higher temperatures, higher tip speeds, new metal/composite/ceramic
materials together with radical changes in design philosophy. Implementing the advanced technologies will require
amongst other prerequisites the ability to measure and to monitor key internal gas and structural characteristics.
PEP conducted a technical symposium of Advanced Instrumentation for Aero Engine Components in May, 1986. Since
that time significant progress has been made e.g. in vibration analysis and surface pressure measurements for rotating
turbine blade components, in temperature measurements and many other areas. Techniques having potential application
to operational systems have been developed and need to be widely applied.

This symposium will address non-intrusive optical vibration measurement and analysis, neutron diffraction and laser
speckle interferometry; temperature measurements of the new materials such as ceramics and composites, addressing
amongst other things imbedded sensors; coherent anti-stokes Raman spectroscopy, laser anemometry, holography,
pressure sensitive paint and others; highly advanced concepts such as smart structures, gas path laser-induced-
fluorescence, super lattice strain sensors.

The Symposium will offer a premier opportunity for propulsion experts from the NATO Nations to discuss and
improve technologies from various facilities across NATO and elsewhere putting them to wide application in the
defense propulsion sector as well as in civil use. The Symposium will provide a synergistic boost for NATO, in
affordability, mobility, flexibility and operational reliability. There is no other event which would serve the focused
exchange in the foreseeable future.

Theme

L’amélioration des performances, de 1’exploitation, de la durée et de la rentabilité des propulseurs est indispensable au
maintien des moyens de défense aérienne de I’OTAN. Les avancées prévues en matiére de propulsion permettront de .
disposer d’aéronefs et de missiles de portée et de charge utile accrues avec des performances améliorées en léthalité.
Ceci nécessitera des changements radicaux au niveau des technologies de propulsion tels que, par exemple, des
températures beaucoup plus élevées, des vitesses en bout d’aube plus élevées, des nouveaux matériaux
métalliques/composites/céramiques, ainsi que la réorientation en profondeur des principes de conception. La mise en
ceuvre des technologies avancées nécessitera, entre autres, la possibilité de pouvoir disposer, au préalable, de la
capacité de mesurer et de contrdler certaines caractéristiques internes fondamentales des écoulements et des structures.

Le Panel PEP a organisé un symposium sur I’instrumentation avancée pour les composants des moteurs d’avion en mai
1986. Depuis lors, des progres considérables ont été réalisés, par exemple dans I’analyse des vibrations et du contrdle
des pressions superficielles pour les aubes de turbine, ainsi que dans les mesures de températures et dans bien d’autres
domaines. Certaines techniques qui ont été développées et qui ont des applications potentielles aux systémes
opérationnels mériteraient une large diffusion.

Ce symposium examinera les méthodes d’instrumentation employées dans quatre domaines:

— la mesure des vibrations et des contraintes, y compris les méthodes optiques non-invasives de mesure de
I’analyse des vibrations, la diffraction des neutrons et 1’interférométrie a granularité laser;

— les mesures de température effectuées sur de nouveaux matériaux tels que les céramiques et les composites,
couvrant entre autres, les senseurs intégrés;

— la mesure des écoulements gazeux aux températures €levées, y compris la spectroscopie Raman cohérente anti-
Stokes, I’anémométrie laser, I’holographie et les peintures sensibles a la pression;

— des concepts hautement avancés tels que les structures intelligentes, la fluorescence induite par laser et les
capteurs extensométriques pour les trés grands maillages. '

Ce symposium représente une occasion exceptionnelle pour les experts en propulsion des pays membres de I’OTAN de
se réunir afin de discuter des technologies mises en ceuvre dans les différentes installations de I’ Alliance et autres, en
vue de leur amélioration avant de proposer des applications plus larges dans les secteurs de propulsion civils et
militaires. La synergie créée par le symposium doit permettre 2 I’OTAN de réaliser des avancées considérables en
termes de mobilité, de colts de possession, de flexibilité et de fiabilité opérationnelle. A notre connaissance, il n’y a
aucune manifestation qui soit organisée autre que ce symposium, qui puisse offrir de tels échanges, dans un avenir
prévisible.
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Technical Evaluation Report

90th Symposium of the Propulsion and Energetics Panel of AGARD on the topic of

Advanced Non-Intrusive Instrumentation for Propulsion Engines

Dr. R.W. Ainsworth
Oxford University
Department of Engineering Science
Park Road
Oxford, 0X1 3PZ, UK

1. Summary

The objectives of holding this symposium were clearly met, in terms of assembling a large number of high
quality papers for presentation to an appropriate audience on a wide range of advanced non-intrusive
instrumentation techniques for use in propulsion engines. This perhaps was not surprising since over ten years
had elapsed since the last such forum. The committee were to be congratulated for their efforts in producing
such a relevant programme. The conclusions which I drew were as follows:

I

There has been very significant progress made in advanced non-intrusive measurement techniques for
use in propulsion engines in the last ten years in terms of furtherance of knowledge.

There has been an impressive amount of guidance from the applications, and thus the research
programmes have a great degree of relevance to future R & D programmes in propulsion system
technology, and the way in which this will interact with military planning.

This massive progress has been made possible by the high degree of enthusiasm and commitment of
the research cornmunity, who are clearly motivated by their work. Every means should be made of
maintaining this commitment.

All the work reported at this symposium is relevant to the stated goals.
There have been many real and significant successes reported of particular relevance to the ultimate

application. There were also some failures, and a degree of realism is required in understanding that
it is impossible to make progess without this aspect.

Consequently, I would recommend:

A continuation of the process of rendering the measurement techniques fit for routine application, by
for example concentrating on the robustness of the technology, such that application by the non-
specialist continues to expand,

A continuation of the development of new ideas, such as high bandwidth whole-field measurements to
determine turbulence structures for flow modellers.

Devotion of effort to ensure that new ideas are taken towards maturing technology.

To maintain a careful watching role over the eventual application, to ensure that research and
development work continue to be entirely relevant to the needs of propulsion technology.
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5, To ensure that the necessary feedback mechanism is in place, in terms of enabling the researchers to
be sure that they are working on relevant techology (targeting).

This symposium has provided a most valuable feedback forum to ensure not only that the engine manufacturers
and developers are aware of the state of development of the various advanced techniques, but also that the
technique researchers and developers themselves see where the priority areas lie in terms of the applications. I
can quite categorically state that no other suitable forum exists in such an apposite context. Therefore, I strongly
recommend that, in order for this healthy research and development area, which is so relevant to the extension
of propulsion capabilities to continue to flourish, the highest priority should be given to ensuring that in the new
NATO RTO organisation, an equivalent forum is established with some urgency

2. Introduction

The subject for this 90th and final Symposium of the Propulsion and Energetics Panel of AGARD was that of
Advanced Non-Intrusive Instrumentation for Propulsion Engines. In the past the activities of the Propulsion and
Energetics Panel has encompassed all aspects of aerospace propulsion such as turbojets, turboshaft engines,
ramjets, and solid and liquid propellant rockets. The theme of this symposium was cast in terms of the
importance of improving performance, operability, economy and durability of propulsion engines in order to
maintain NATO’s air defence capabilities. In order to implement with some degree of confidence advanced
methodologies and technologies to achieve these goals, it is evident that the ability to measure and monitor key
internal gas and structural characteristics must be required. This is where Non-Intrusive Instrumentation might
be expected to play a large and increasingly important role.

The symposium was organised in such a way as to solicit papers in the following four areas:
vibration and strain measurements
temperature measurements of new materials
gas flow measurements, particularly at higher temperatures
highly advanced techniques, such as laser-induced-fluorescence,

and in general succeeded greatly in attracting high quality papers covering very advanced techniques, which are
set out in more detail below. There is no doubt that a highly active and motivated research community has
busied itself in producing many tools which are of direct use to the propulsion system manufacturers. Naturally,
these tools are at different stages of development, and these stages of development are discussed in the following
text.

3. Evaluation

The degree of sophistication of the techniques on display was most marked, and the progess over the last ten
years has been rapid. However, equally impressive was the number of times that presenters talked about the
need to make their technology robust, and as easily applicable in difficult circumstances as possible. It seems
that there has been a great concentration on this aspect of technology, which must be of comfort to the
propulsion system manufacturers and users.

I would like to categorise the significance of the symposium in the way in which it has addressed its objectives
by looking at the contents in three different ways, or indeed perhaps by posing three questions. Firstly, how
widespread amongst the NATO community are these developments? Secondly, which branches of propulsion
system technology are being exposed to the techniques? Thirdly, are there projects at all stages of development
(as befits a healthy programme area) in terms of new technologies, maturing technologies, and production
technologies capable of widespread application by non-specialists?
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The first is easily answered. In geographic terms, there was indeed widespread use amongst the NATO
community of non-intrusive techniques to monitor the performance of propulsion engines. The geographic
distribution of the number of papers presented by each country was as follows: U.S.A. 16; U.K. 10; Germany 10;
France 6; Canada 3; Portugal 2; Greece 1; Belgium 1. In addition, there were representatives from the
following countries at the meeting: Netherlands; Spain; Italy; Turkey.

For the second question, I examined the component parts of propulsion systems, to see which technologies were
being applied in each area, with a view to determining whether there was a good spread of applications. In
looking at this, it is perhaps worth being tediously detailed to record the results, which I present in tabular form:

Aerothermal

Combustors (13 papers): UV absorption; Infra-Red Spectroscopy (IRS); Coherent Anti-Raman Spectroscopy
(CARS); Rayleigh scattering; Fourier Transform Infra-Red Spectroscopy (FTIRS);
Laser Doppler Anemometry (LDA); 3D PDA; Laser Induced Incandescence (LII);
Planar Laser Induced Fluorescence (PLIF); Laser Induced Iodine Fluorescence

(LIIF); DIAL.

Turbines (13 papers): 3D LDA; Laser two Focus anemometry (L2F); Liquid crystals (LX); Thermographic
Phosphors (TGP); Theremocouples (T/C); Thermal Paints (TP); UV Rayleigh
scattering; Particle Image Velocimetry (PIV); Laser Induced Fluorescence (LIF);
Hot Film Gauges (HFG); This film gauges (TFG); Pressure Sensors (PS); Two
Colour Digital PIV (2CDPIV); Shadowgraph and interferometry.

Compressors (8 papers): L2F; L2F- 3D; LDA; Pressure Sensitive Paints (PSP); Temperature Sensitive Paints
and fans (TSP); 2CDPIV; PIV.

General (3 papers): Pyrometry; 3D PIV; Doppler Global Velocimetry (DGV).

Rockets (1 paper): LIF.

Structural

Compressors Tip measurement; Holography; Ultrasound; X-ray; High temperature strain
and rocket fuel gauges.

The conclusion from this was that there was a good spread of instrumentation techniques being applied to all
important technology areas.

In answering the third question as a diagnosis of the health of the programme area, I endeavoured to split the
technology developments into three areas: new technology; medium maturity techniques; and highly
productionised techniques capable of operation by non-specialists. My thesis was that in order to maintain a
competitive position technically, components in all three categories were required. Naturally, these divisions are
somewhat artificial, and it is difficult to be entirely categorical about some techniques: ie they straddle the
borders between categorisations. Again, I present this in tabular form:

New techniques: DGV; PSP; UV Rayleigh scattering.

Medium maturity: PIV in compressible flows (high speed); Spectroscopic methods; 3D laser
techniques.

Productionised: LDA; L2F; 2D laser techniques in general; PIV in lower speed flows; some

techniques. spectroscopic techniques.
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I was particularly impressed to find such a concentration on making sure that techniques could be applied in a
robust manner in difficult environments. The specialist had addressed the problem of making his technique
accessible to the non-specialist, I found that there were indeed technologies at all stages of development, so the
prospect of paucity of tools in the future is diminished. I believe that the research community in this area is
healthy, has good guidance from application requirements, and is characterised by a high degree of enthusiasm.

In addition to these formal classifications given above, I would like to add here a breakdown for the technical
enthusiast in terms of (a) difficult/heroic/valiant work; (b) classic work; and (c) encouraging work. I would put
the work on L2F in a centrifugal compressor, UV Rayleigh scattering for density measurement, and 3D-PIV into
the first category. Into the second category, I would select the work on Pressure Sensitive Paint from Purdue,
and the use of hot film sensors for separation detection in LP turbines. Finally, into the third, I would feel very
encouraged by the work on PIV in transonic flows, particularly the attention which has been paid to making the
technique robust.

A detailed paper-by-paper summary follows.
Paper 1
On the Aerotherochemistry of Recirculating Premixed Flames with and without Swirl

This paper describes the recent progress in the analysis of the nature of turbulent premixed flames stabilised
behind a baffle. Laser based techniques were used for velocity and temperature measurement. It was shown that
the swirl attenuated the turbulent heat transfer rate, due to the decrease of temperature across the reacting zone.
The experimental technique was based on a combination of laser Doppler velocimetry techniques, combined
with a Rayleigh scattering detection system. These techniques were used to produce simultaneous measurements
of time-resolved velocity and temperature in the near wake of premixed recirculating flames.

Paper 2
The Simultaneous Measurement of Velocity, Pressure, Temperature and Heat Release in a Oscillating Flame

This paper describes the detailed physics of the flow in a pulsed premixed turbulent flame, obtained by analysing
experimental results. Time-resolved measurements of velocity, temperature, pressure and light emission were
obtained. This is of interest to the field of low NOx combustors. Increasing the rate of turbulent mixing offers
the possibility of reducing NOx emissions. There is a drive to explain the coupling between pressure oscillations
and heat release in combustion, hence the need to look at the microscopic physical process. This is the first time
that such a detailed time resolved spatial distribution of phase averaged radicals has been obtained.

Paper 3
Flow Field Investigation within a High Speed High Pressure Centrifugal Compressor

Detailed L2F measurements were reported within the small, highly curved impeller passage of a high-speed
high-pressure centrifugal compressor. The results were shown to be in good agreement with the expected
analytical results in the potential flow entrance region. A good explanation was proposed of the vortical
mechanisms within the blade passages, which was substantiated by the experimental results. It was thought in
particular that the tip clearance flows had a major influence on the location of low momentum fluid.

Paper 4
3-D LDA Measurements in an Annular Cascade for Studying Tip Clearance Effects

The context of this paper was the paucity of information available in terms of detailed 3-D compressible flow
field measurements inside turbomachines. Consequently, developments are required to apply a 3-D LDA
measurement system to the tip clearance flow within an annular cascade. Sample measurements were compared
with a conventional 5-hole probe in terms of pitch angle, yaw angle and velocity. The agreement with the first
two was very good, whilst the latter was slightly disappointing. This was thought to be due to slightly different
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atmospheric conditions. On a practical point, good details are given in the paper on the technology employed to
address the problems of window fouling.

Paper 5

Investigation of the Spray Dynamics of Aeroengine Fuel Injectors under Atmospheric and Simulated Pressure
Conditions

The thrust of this paper was to study the two phase flowfield in the near-field of a fuel injector operating at
atmospheric and simulated engine conditions, using a commercial 3D Phase Doppler Anemometer (PDA). In
particular, a new algorithm was developed for calculating injected mass flux from three components of velocity.
A local enrichment of the spray due to reduced dispersion was identified, and this was thought to influence NOx
emissions and soot production.

Paper 6
Laser Two Focus Anemometry (L2F-3D) for Three-Dimensional Flow Analysis in an Axial Compressor

Emphasis is given to the requirement of understanding the three dimensional nature of the flow in highly loaded ,
high speed turbomachines, and the consequent need to employ L2F-3D anemometry. The paper presents a
statistical calculation method for first and second order moments of the velocity data derived from the 3D-L2F
system. Validation of the analysis was undertaken with reference to measurements made in a free jet. Finally the
system was applied to the tip leakage flow in a highly loaded compressor. The basic problem lies in the non
simultaneous measurement of the three components of velocity, and the postulated analytical method makes
progress with the application of this technique.

Paper 7
Non-Intrusive Measurement Technique for Propulsion Engines

A method of using combined gas and metal thermal patterns in the infrared radiation spectrum was used to
evaluate gas path patterns to help in diagnosing faults at early stages of deterioration. The method had been used
successfully to detect faulty fuel nozzles and combustors. It was shown that the infra-red system allowed the
mapping of the whole thermal field at the turbine exit, much superior to single point measurements which can be
misleading.

Paper 8
Application of FTIR Spectroscopy to Measurement of Gas Turbine Engine Exhaust Emissions

Fourier Transform Infrared spectroscopy raises the spectre of real time multicomponent gas analysis with the
possibility of in-flight continuous monitoring of pollutant levels. This paper describes recent non-intrusive
single ended passive measurements of gas temperature and concentration in the exhaust plume of a Rolls-Royce
Avon engine, specifically in the 1m free space between the jet pipe nozzle and the detuner entrance. Emphasis
was placed on the remote siting of the spectrometer to avoid vibration, viewing down a 16cm aperture reflective
telescope. In this application, the system was shown to identify the spectral lines of CO and CO, and to
measure their intensities. Gas temperatures were calculated from saturated CO, band radiance; good agreement
with the thermocouples was achieved demonstrating the validity of the technique. Two distinct technology
changes, use of the telescope, and use of an Insb detector, had both contributed to improved measurements over
earlier variants. The future looks glowing for this technology in comparison with gas sampling, with IR
spectroscopy remotely monitoring a number of chemical compounds simultaneously.
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Paper 9
DIAL Measurements on a Gas Turbine Exhaust

This paper examines the application of the technique of DIAL (Differential Absorption of LIDAR (Laser
Induced Distance Ranging)) as a non-intrusive measurement of emissions from a gas turbine. A tuneable laser
source gives LIDAR both range and spectroscopic capabilities, with attenuation, in comparison with a reference
beam, giving the number of molecules of the target species. The objective of the test programme was to
establish the applicability of DIAL as a technique for plume emission measurement. The conclusion was that
useful measurements could indeed be made, being within 25 % of intrusive probe measurements. Future
objective: to try to understand plume chemistry.

Paper 10

UV Absorption Measurements of Nitric Oxide Compared to Probe Sampling Data for Measurements in a
Turbine Exhaust at Simulated Altitude Conditions

The investigators were interested in gaining an insight into exhaust emission variation as a function of combustor
parameters and altitude at standard day conditions. This paper details the NO-UV absorption techniques
available, comparing the results with probe sampled data.

Paper 12
Laser 2-D Focus Measurements on a Turbine Cascade with Leading Edge Film Cooling

The fluid mechanics for the flow around the leading edge of a turbine blade with film cooling ejection are very
complex. In this paper 2D and 3D Laser two Focus measurements were especially selected to probe the flow
volumes very close to the blade walls. The systems were applied to a three blade large scale cascade, and the
paper focuses mainly on the results obtained rather than the measurement technology. Impressive details of the
flow were presented.

Paper 13
Application of 3D-Laser Two Focus Velocimetry in Turbomachine Investigations

A transonic single stage compressor was commissioned with a view to enabling public access to L2F
measurements made in engine representative conditions. In this investigation a newly developed 3D-L2F
velocimeter was applied to this rig. A special feature was the design of seeding probes, placed upstream of the
measurement volume to increase particle count rates and thus to reduce experiment run time. Some secondary
flow vectors were presented.

Paper 14

Characterisation of Gas Turbine Combustion Chambers with Single Pulse CARS Thermometry

Three different combustion chambers were investigated using a mobile single pulse CARS (Coherent Anti-
Roman Spectroscopy) system. Specifically, mean temperature and describing statistics were obtained with an

accuracy of up to + 7%. Details of the physics of the flow in the three different combustors are discussed in the
light of the measurements made.
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Paper 15
CARS Diagnostics on Model Gas Turbine Combustor Rigs

This paper incorporates a general review of CARS technology, as currently used in Rolls-Royce, discusses its
limitations, and outlines future strategy. According to the paper, the technique is the only non-intrusive technique
to have provided temperature information with liquid fuelled combustion rigs. The drawbacks were also
discussed: the fact that it is a point-wise technique; and the time taken to extract temperatures from spectra. The
possibility of real-time processing using neural networks was raised. An impressive agreement between
measurement and CFD was demonstrated, though the measurements failed to match the predicted highest
temperatures.

Paper 16
Recent Developments in the Application of Laser Doppler Anemometry to Compressor Rigs

The paper discusses the application of LDA to a transonic fan rig, the choice of LDA rather than L2F being
driven by rig running costs. One of the objectives of the work was to engineer a system which could be applied
to arig in one day. A 5 axis computer controlled traverse system allowed, for example, the ability to input a
CFD grid for measurement positions The measurements presented, taken from the transonic fan, demonstrated
that the objectives had been met.

Paper 18
Optical Measurements of Surface Pressure and Temperature in Turbomachinery

Pressure sensitive paint has been employed in large scale wind tunnel experiments in the US for approximately
ten years. The technique uses molecular spectroscopy, in terms of monitoring the emitted radiation, when a
surface coated in the particular paint is illuminated with a UV light source. Intensity of radiation is related to
oxygen partial pressure. This paper demonstrates the use of both pressure and temperature sensitive paints in a
transonic compressor. Some problems were encountered with camera (detector) performance.

Paper 19
Rotor Blade Pressure Measurements in Rotating Machinery Using Pressure and Temperature Sensitive Paints

This presentation gave a very clear exposition of the background and application of pressure and temperature
sensitive paints. Time response performance was addressed, together with pressure/temperature sensitivity,
roughness effects, photodegradation, shear etc. The concept of using two fluorescent molecules in one binder
matrix was outlined. A transonic aerofoil application of the technique clearly showed shock positions, and
comparisons with pressure tap data was good. Results were clearly demonstrated from the Purdue Axial Fan
facility, and comparison with CFD was shown to be reasonable. Temperature dependence of pressure sensitive
paint was still seen to be an issue.

Paper 20
Use of Liquid Crystal Techniques to Measure Film Cooling Heat Transfer and Effectiveness
This paper outlines a transient experimental technique using double wideband liquid crystals applied to the

surface of a nozzle guide vane with film cooling. This technique was used to measure the heat transfer
coefficient and the cooling effectiveness at engine representative Mach and Reynolds numbers.
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Paper 21
Surface Temperature Measurement in Turbines

The paper discusses the importance of establishing the surface temperature of components in gas turbines, to
allow component life to be established accurately, and to valid the computational models. Three techniques are
reviewed: thermal paints; thin film thermocouple; and thermographic phosphors. In the case of the first
technique, emphasis was placed on digital and automated analysis. In the second, the advantages of surface
rather than embedded thermocouples were outlined. In the third, the potential for measurements to be made on
rotating blades was expounded.

Paper 22

Effective Spectral Emissivity Measurements of Superalloys and YSZ Thermal Barrier Coating at High
Temperatures Using a 1.6 micron Single Wavelength Pyrometer

The paper drew attention to the fact that single wavelength infra-red pyrometers were often used for measuring
the surface temperatures of gas turbine components non-intrusively, but that inferring surface temperature from
spectral radiance without knowing emissivity is problematic. The spectral effective emissivities of five materials
were presented.

Paper 23

Development and Application of Laser Induced Incandescence (LII) as a Diagnostic for Soot Particulate
Measurements

This paper addresses the use of a Nd:YAG laser as the pulsed light source for the diagnostic technique of Laser
Induced Incandescence. The experimental approach was described together with theoretical (numerical)
modelling of the expected signal variations with time and particle size. Preliminary experiments were conducted
in order to demonstrate the feasibility of ultimately applying LII to a gas turbine combustor, in a confined bluff-
body stabilised turbulent diffusion flame.

Paper 25
Development of Planar Laser Induced Fluorescence for Fuel: Application to Gas Turbine Combustion

The objective of this work was the provision of high resolution instantaneous two-dimensional images of liquid
and vapour fuel concentration in operating turbine combustors, using Planar Laser Induced Fluorescence, a
technique developed during the early 1990s. The technique is demonstrated in three measurement
configurations. The first was a simple gas-gas jet mixing experiment where acetone at 2% by volume was
introduced into a nitrogen jet. Impressive comparisons with accepted theory were made. The second was a
double annular conventional combustor where mineral oil was seeded with PPO and naphthalene. Individual
fuel injector performance was visible. In the third application, a lean pre-vapourised pre-mixed combustor,
imaging of both the liquid and vapour phases was performed, together with different boiling-point fractions. The
technique can now be applied to gas turbine combustors.

Paper 26
High Temperature Surface Measurements of Turbine Engine Components Using Thermographic Phosphors

A technique using rare earth thermographic phosphors applied to the surfaces of turbine components and
energised with radiation from a laser in order to ascertain surface temperature was described. The main
advantage of this LIF technique in comparison with pyrometry was seen to be insensitivity to reflected radiation
from other parts and from particles. Basically, the phosphor has a decay time which is a function of temperature.
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Paper 27
Optical Instrumentation for Temperature and Velocity Measurements in Rig Turbines

The need for robustness in developing an engineering utility approach to practical measurements of velocity, gas
and temperature in transonic compressor and turbine rigs was emphasized. Constraints which were faced
included optical access, contaminants, vibration, temperature and safety. PIV was selected for velocity
measurement and 0, LIF for temperature measurement. The conclusion of the PIV work was that it was practical
technique for transonic turbomachines, and good data was available for comparison with CFD. The 02 LIF
proved less successful in the transonic flow context, though measurements at low velocities were possible. The
author was categoric that previously published broadband PLIF work based around 0, emission for temperature
measurement in supersonic flows was totally erroneous in the 300-500 K range.

Paper 28
Application of Laser-Induced Fluorescence to Liquid-Propellant Rocket Engine Testing

This paper describes the use of LIF in rocket engine combustion exhausts to determine flow property
information. During the combustion of the fuel, atomic sodium is released, yielding an ideal tracer of the
disposition of the fuel in the flow, by providing an intensity signal when fluorescing on excitation from a laser.
As the frequency of the laser is adjusted, and data recorded, the shape of the spectral line at each spatial point in
the flow (as a function of frequency) is determined, together with the spectral shift. The shape yields
temperature, the shift velocity. A number of applications were given with the LIF technique providing good data.
Future work will concentrate on reducing the complexity to make a routinely useable system.

Paper 30

Meeting the Advanced Instrumentation Needs of the Integrated High Performance Turbine Engine Technology
and High Cycle Fatigue Programs

This paper encompassed a broad review of current research aimed at improving engine structure instrumentation
capabilities.

Paper 31
Optical Blade Vibration Measurement at M.T.U.

In this paper, success was demonstrated of an optical blade vibration measurement system, in terms of
comparisons made on surging compressors by this method and by conventional strain gauges. Future work will
improve reliability, move to automatic operation, increase the efficiency of analysis algorithms, and perform on-
line analysis.

Paper 32
Turbomachinery Blade Tip Measurement Techniques

The paper discussed two blade tip measurement techniques: blade tip clearance and blade tip timing. Tip
clearance measurement was achieved using FM Capacitance probes, and extensions of up to 7m between the
driving unit and the probe tip have eased installation problems. A review of tip-timing methods was presented. It
was stated that tip-timing had become an accepted vibration measurement technique, reducing significantly the
number of strain gauge measurement points.
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Paper 33
Vibrational Analysis of Engine Components Using Neural-Net Processing and Electronic Holography

There is a perceived need for a non-interference inspection procedure to detect structural damage in aero-engine
blades, particularly those subjected to high vibration stress amplitudes and frequencies. This paper discusses the
use of neural networks to map vibration characteristics obtained from two holograms into a map related to
bending strain distribution, which in itself is very sensitive to component damage.

Paper 34
Non-Intrusive Measurements of an Energetic Material Regression Rate

A range of solid propellant burning rate problems were studied using ultrasound techniques. The aim was to
produce an industrial NDT tool aimed at the solid propellant manufacturers. Pressure and temperature effects on
wave propagation had to be taken into account. Future work would look to improve the coupling between
thermo-ablative/erosive codes in dealing with issues of wave reflection.

Paper 35
Solid Rocket Propellant Behaviour during Static Firing Tests using Real Time X-ray Radioscopy

In an application similar to the previous paper, i.e. where there is a need to monitor the behaviour of solid rocket
propellant material during ignition and subsequent burning, propellant behaviour was monitored using real time
X-ray equipment. Examples of the system in use were given, and results compared twith computer simulation.

Paper 36
Developments in High Energy X-ray Radiography of Running Engines

X-ray radiography has been used for a number of years to investigate the movement of components and changes
in their dimensions in the industrial context of, for example, operating aero-engines. This paper describes the
development of an Electronic Radiography imaging system, allowing long sequences of high resolution images
to be obtained and component movement tracked to sub-pixel accuracy.

Paper 37
Measurement of Unsteady Wake-Boundary Layer Interaction using Hot Films

In this simulation of the interaction between wakes (as might be found in turbomachines) and boundary layers,
hot wire anemometry and glue on hot-film sensors were used to diagnose the flow-field. The fluctuating shear
stress was measured using the hot-film sensors, which consisted of a 0.1 x 0.9mm Nickel film deposited on a
0.05mm thick insulating foil. The experimental results conclusively showed that the mean skin friction in the
case of periodically disturbed boundary layers should not be estimated using steady flow skin friction
measurements.
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Paper 44
Optical Diagnostics for Cryogenic Liquid Propellants Combustion

The thrust of this investigation was aimed at understanding the physical processes occuring in the combustion of
liquid oxygen with gaseous hydrogen. A facility was constructed to study these processes, using the jet flame
issuing from a single co-axial injector. The optical methods used included high speed cinematography, light
emission from OH radicals, laser induced fluorescence of OH and O,, and elastic scattering from the liquid
oxygen jet.

Paper 45
A Quantitative 2D Density Measuring System Using UV Rayleigh Scattering in an Atmospheric Wind Tunnel

In this investigation, Rayleigh scattering was the physical process utilised in an optical system designed to
measure density. Measurements were carried out in an atmospheric wind tunnel turbine cascade, using a
geometry typical of transonic turbine blades. A laser working in the deep UV region of the spectrum enabled
higher Rayleigh scattering signals to be acquired than those working in the visible range. The emitted light was
imaged by an intensified CCD. Care has to be taken that Mie scattering from larger particles is neglected
correctly. Good results of density measurements with a Mach number of 1 at cascade exit were exhibited.

Paper 46

Particle Image Velocimetry Measurements from the Stator-Rotor Interaction Region of a High Pressure
Transonic Turbine Stage at the DERA Isentropic Light Piston Facility

The first PIV measurements to be made in a rotating transonic turbine facility were presented, and compared
with CFD predictions. The measurements were made in the stator passage and also in the difficult stator-rotor
gap. Digital cameras, together with fibre-optic and rigid optics light delivery systems were used. Polystyrene
particles of 0.45um diameter, suspended in water, were used to seed the flow, at a density of 2 particle-pairs per
cubic mm.

Paper 47
The Unsteady Structure of Simulated Turbine Film Cooling Flows from PIV

An ambitious, elaborate and productive experiment was described in which a two colour double-pulsed PIV
system was used to investigate turbine film-cooling flows with high free stream turbulence and simulated wake
passing. Very detailed conclusions were possible, with information on the structure of film cooling flows in
terms of, for example, jet spread, shear layer growth and shear layer frequency.

Paper 48

Using the Laser Light Sheet Technique in Combustion Research

Useful practical details in association with a laser based two-dimensional Mie scattering technique for
concentration measurements inside isothermal mixing fields were discussed. Issues addressed included light
sheet generation, unwanted reflection suppression, the optimum particle diameter and polarisation.

Paper 49

Application of two-colour Digital PIV for Turbomachinery Flows

This paper aims to evaluate the potential of digital two colour PIV for application in turbomachinery flows. A

simple unshrouded fan and a larger shrouded fan were the test vehicles. Valuable lessons were learnt on issues
such as seeding, optical access and synchronization of the digital camera with the blade position.



Paper 38
Measurements with Surface Mounted Hot-film Sensors on Boundary Layer Transition in Wake-disturbed Flow

In a classic investigation, boundary layer flows were investigated around a cylinder with undisturbed,
periodically disturbed, and steadily disturbed flows. Both surface mounted hot-films and hot-wire anemometry
were used to investigate the flow-field. The investigation focused on the use of hot-films to diagnose separation
and transition behaviour, demonstrating a most valuable diagnostic with both high spatial and temporal
resolutions. The investigators carried their work forward to an LP turbine application, where in detailed
interpretation of their results, they were able to identify for example the existence of an oscillating separation
bubble. Thus the work can be shown directly to feed into the design and development of state-of-the-art low
pressure turbine blading.

Paper 39

Evaluation of Thin-Film Heat Flux Sensors with High Frequency Response Characteristics

Paper not presented.

Paper 40

Time Resolved Measurements of Turbine Blade Flow Phenomena

A transonic blow-down turbine cascade facility capable of operation at engine Reynolds number, Mach number
and temperature ratios, for investigating time-dependent flow phenomena was described. Three sources of
unsteadiness in engines were modelled separately: shock movement, wakes and free-stream turbulence.
Upstream shocks were provided by a novel shock tube and shaper, capable of providing shocks at pre-set
timings and of pre-set strengths. Fast response pressure sensors and heat flux meters were used to monitor time-
varying phenomena. A video was shown which had been constructed from individual shadowgraphs, assembled
into an animation of the dynamic behaviour.

Paper 41

Overcoats for the Improved Performance of PdCr High Temperature Thin Film Gauges

The goal of this work was to improve the stability of PdCr thin film strain gauges under dynamic strain
conditions at elevated temperatures. This material is seen as the leading candidate material for high temperature
strain gauges. Ultimately, these improvements were demonstrated in the electrical response of these films at high
temperatures.

Paper 42

High Temperature - Thin Film Strain Gauges based on Alloys of Indium Tin Oxide

This paper describes the investigation of a semi-conductor oxide film (indium tin oxide) as the material for
active strain elements in high temperature thin film strain gauges (temperature up to 1050°C).

Paper 43
Use of Skin Friction Gauges in the French PREPHA programme

Withdrawn
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Paper 50

A novel and valiant attempt has been made to obtain 3-D velocity information in a seeded flow-field using an
optical/digital processing technique involving holography (holographic particle records). The extraction of the
velocity field information was based on the digital processing of the optical Fourier transformation of the
particle-field image. Synthetic particle field images were processed satisfactorily, but for real flows optical noise
and the size of the seeding material caused difficulties. In particular, the size of the particle diffraction-halo has
limited the number of “visible” fringes. Further work is required and underway.

Paper 51

Demonstration of PIV in a Transonic Compressor

This paper encompasses a review of existing PIV knowledge, discusses light sheet generation and delivery,
seeding issues, image acquisition and processing, and demonstrates current 2D capabilities in a single stage axial
compressor. High quality detailed results are given, and the need to move to 3D PIV is expressed.

Paper 52

Applications of Three Dimensional Doppler Global Velocimetry to Turbomachinery and Wind Tunnel Flows
The novel technique of DGV was discussed and applied to three investigations: the flow-field of a swirl spray
nozzle in a cylindrical casing; the wake region of a car; a model of the intake of a fighter aircraft. This is

potentially a very important technique for determining “whole field” velocity in that it may offer advantages over
PIV. A number of international teams are working on it.
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4. Conclusions and Recommendations
My conclusions are as follows:

1 There has been very significant progress made in advanced non-intrusive measurement techniques for
use in propulsion engines in the last ten years in terms of furtherance of knowledge.

2: There has been an impressive amount of guidance from the applications, and thus the research
programmes have a great degree of relevance to future R & D programmes in propulsion system
technology and the way in which this will interact with military planning.

3 This massive progress has been made possible by the high degree of enthusiasm and commitment of
the research community, who are clearly motivated by their work. Every means should be made of
maintaining this commitment.

4, All the work reported at this symposium is relevant to the stated goals.

5. There have been many real and significant successes reported of particular relevance to the ultimate
application. There were also some failures, and a degree of realism is required in understanding that
it is impossible to make progess without this aspect.

Consequently, I would recommend:

1. A continuation of the process of rendering the measurement techniques fit for routine application, by
for example concentrating on the robustness of the technology, such that application by the non-
specialist continues to expand.

2 A continuation of the development of new ideas, such as high bandwidth whole-field measurements to
determine turbulence structures for flow modellers.

3 Devotion of effort to ensure that new ideas are taken towards maturing technology.

4. To maintain a careful watching role over the eventual applications, to ensure that research and
development work continue to be entirely relevant to the needs of propulsion technology.

5 To ensure that the necessary feedback mechanism is in place, in terms of enabling the researchers to
be sure that they are working on relevant techology (targeting).

This symposium has provided a most valuable feedback forum to ensure not only that the engine manufacturers
and developers are aware of the state of development of the various advanced techniques, but also that the
technique researchers and developers themselves see where the priority areas lie in terms of the applications. I
can quite categorically state that no other suitable forum exists in such an apposite context. Therefore, I strongly
recommend that, in order for this healthy research and development area, which is so relevant to the extension of
propulsion capabilities, to continue to flourish, the highest priority should be given to ensuring that in the new
NATO RTO organisation, an equivalent forum is established with some urgency.
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1. SUMMARY

The beginning 2Ist century will provide as significantly
different world than what we experienced during the last half of
the 20th century. Politics, business and technology how they
relate, how they inter-react and how they depend on each other
is going through significant and irreversible transition.

The known fixed enemy of yesterday who was dealt with in
terms of mega-tons, Star Wars and global reach, has transitioned
into limited incursions, minimal collateral damage, and no
casualties. The world of commerce has changed from multiple
producers, large budgets, national competition and super
technology to the world of single producers, decreasing
budgets, international cooperation and time to market. Today a
company, a university or a government agency can be a
customer, colleague and competitor all at the same time.

The research and development community is being forced to
come out from under the shade of technology for technology
sake and into the bright light of an changing eco-political
environment. Not only does the researcher have to understand
this strange and sometime alien world but they have to make
these changes work for them to increase the technology base,
and ensure an environment that will attract the next generation
of scientists and engineers.

By having an action plan and realizing that these changes will
not be reversed but in fact will accelerate, strategies can be
developed that will incentivize the support of basic research and
provide quicker transition of technology to the market place.

2. INTRODUCTION

Research and development, and specifically basic research, has
changed fundamentally and irrevocably from the era following
World War II. The linear research model that progressed from
basic research to applied research, and then to development as
defined by Vannevar Bush, President Truman’s science
advisor(!) in 1945 is no longer valid. The political and
economic forces today are so much different than 10 years ago,
much less 50 years ago. Yet the call can be heard from many
circles that research moves in a strict stepwise fashion from
fundamental work to development. Bush wrote for Truman,
"Basic research is performed without thought of practical ends.”

Like most myths the linear model is appealingly simple. The
research process today is actually a complex feedback model.
This is in part driven by the time compression from basic
understanding to things in the market place. Now a lot of
research is done concurrently with the production to save
money and time.

The scientist, the engineer, the researcher has to understand this
changing world. Government, industry and universities are
changing the mix on who does basic research.

| —e— University
—@— Industry
—&— Government

Share of Basic Research
Performance

Figure 1. Who Does Basic Research

The research and development expenditures are also decreasing.
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R&D as % of GDP
n
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Figure 2. National R&D Expenditures

We can be frustrated by the changes in the government, industry
or academic policy; feel that we are victims; wonder where the
young bright talent has gone or why the lab is being closed. OR
we can understand the changes, make them work for us, make
the public aware and be an integral part of the business.

This paper will focus on our changing world and offer an action
plan for the future of research.

3. TODAY’S ENVIRONMENT

Research on all quarters is under attack. The national
legislature see the social needs overshadowing the national
security explanation that fueled the research process through the
Cold War. [t has been said that today science is somewhere
between the stepchild and the superstar. Researchers must now
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be able to relate their work to the list of social problems because
these have replaced the treats of the Cold War as a reason for
funding.

The business community is faced with intense competition for
the shrinking government markets for defense related
equipment. The commercial markets are challenged similarly
with “reduced time to market” pressures, costs of high
technology commodities such as computers, laboratory sensors
and materials and quality issue on products that are expected to
meet or exceed customer expectations.

Businesses are taking an integrated management approach to
maximize the return on investments in technology. Today this
means integrating different functional perspectives within the
company, integrating supplier and customer perspectives with
the internal technology perspective and integrating partner
companies’ business systems in the context of alliances.

The universities have been a haven for the researcher/teacher.
Drawing in the best and the brightest with the well published,
world recognized professors and supported by a state-of-the-art
laboratory. All this was supported by grants or contracts form
government, industry or endowment sources. Today all this has
changed. Industry in the U.S., in general, is not likely to
increase support of basic research without significant, yet to be
identified, incentives.  Successful companies will likely
continue and even increase funding of basic research efforts as
they find new ways to quickly integrate the new - and
potentially profitable - knowledge across all levels of their
organization. University-based research, at least in the U.S,, is
at most risk over the next five to ten years. Government support
for basic research continues to erode in real dollars. However
industrial support for directed basic research in universities
could very well increase as a low-risk way of generating new
knowledge.

The threats that NATO addresses today are very different than
they were for the first 40 years of its existence. Looking at the
AGAR mission statement and how the NATO community has
changed in faces and geography. The admission for the central
European countries that were once part of the Warsaw Pact has
added new dimensions and opportunities for NATO. The
“common defense posture” has changed from nuclear deterrence
and large army engagements, to local conflicts, with ill-defined
combatants and rapid response requirements.

The military requirements have to be articulated and absorbed
by the research community to ensure they meet NATO and
national objectives. New platforms incorporating stealth, that
are unmanned and have a multi-role will be demanded.

The consolidation of aerospace and defense business continues
globally at an increasing rate. You can be dealing with a
company that in the same day is a competitor, customer and
colleague. (Aviation Week article)

4. WHAT’S IMPORTANT
The words you hear from industry today are “Cost - Quality -
Schedule.” Proprietary technology is less of a differentiator.

Being able to commercialize the technology is the compelling
driver. The reason is this: as the more competitive companies
demonstrate they can meet these challenges, the performance
bar is raised yet again.

A survey by Ladish Co., Inc.(2) shows that competitiveness is
the single most important objective of 108 European and U.S.
acrospace industry executives that purchase more than $3
billion of finished materials annually.
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Figure 3. Most Important Company Objective

How they plan to achieve these results is even more revealing.
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Figure 4. Preferred Strategy for Sustaining a Competitive
Company

Many companies are adopting lean production strategies. The
preferred strategy by 76% of the respondents is redesigning
their business processes for greater operational efficiency. The
goal is to reduce cycle time. Nearly as many (73%) indicated
their companies are pursuing a program of continuous
improvements.

The research has to understand these changes and take
advantage of the strategic direction changes to ensure their
technologies can be commercialized rather than treat
commercialization as a purely intuitive, creative process.



If you look at leaders vs. laggards in commercialization you see
leading companies:(3)

=  Commercialize two or three times the number of new
products and processes as do their competitors of comparable
size.

= Incorporate two to three times as many technologies in their
products.

® Bring their product to market in less than half the time.
= Compete in twice as many products and geographic markets.

The good companies view commercialization as a highly-
disciplined system.

Part of the discipline is the introduction of the Integrated
Product Development (IPD) process. This process can take
different forms and fits but the function remains an integrated,
cohesive process that changes from a technical focus to a
business focus. :

Figure 5. The Enterprise Model
The visions are realized through:
= Focusing on process

= Common objectives

= Continued evolution

To bring new products to market quicker the lead time has to be
reduced.
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Figure 6. Reduced Product Introduction Lead-Time

The focus is on process. The focus is on teams. The focus is on
communication. If you as a researcher, scientist or engineer do
not understand, are unwilling to join or fail to contribute to the
new process your project, your influence and your career will
disappear.

5. ACTION PLAN

5.1 Understand Your Enterprise

Listen to what your leadership is saying. What are the most
enterprise objectives? Is there a strategic plan with defined
goals? How is the organization structured and where do you fit
in?  Understand the language, understand the financial
accounting. Plan how to take advantage of the change and
influence the change. Be part of the decision making process.

5.2 Explain to the Public

Scientists and engineers must make it part of their mission to
explain their work to the public. The speed and accessibility of
the public to electronic communication is doubling every 18
months. Web site, cable television, national newspapers all
drive public opinion. Effort is needed to interest more students
in science careers, educate voter and justify research and
development funding to government, industry and academia
policy makers. Principle engineers and scientists should be
trained to explain their research out of the parochial confines of
the scientific community.

We also have to listen and respond to the social and community
needs. By being part of the community and an advocate of
technology benefits for public good the scientists and engineers
can help shape the direction of funding, policy and politics.

5.3 Be Part of the Team

Integrated Product Development, customer focus, technology
readiness are all terms used today in describing industry and
government initiatives. Know the language that’s being used
today. Enterprise models, productivity initiatives, process
improvements, Kaizen events, process improvements are all the
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current buzz words that should “involve™ the research
community.

Most industrial, scientific and defense communities are
developing “road maps”(4) to implement policies and strategies
being established for the YR 2000 and beyond. Be sure you are
part of the team that is establishing and implementing these road

maps.

Represent yourself as part of the team. Present your ideas,
concerns and solutions in context of the team mission. Be able
to debate the issues without the appearance of being self-
serving.

5.4 Keep an Eye on Trends

Where will the technology I know be applied five, ten or twenty
years from now?? We should ask this question of ourselves
every time we read the newspaper or watch the evening news.
How we answer that question can have profound effects on
what we will be doing; how we ensure the success of our
careers; what business we will be in and where we call home.

Who would have thought 15 years ago that the U.S. nuclear
power industry would be considered by many today as a “fading
industry.” Or that today’s P.C. would have as much computing
power as the large 1980 mainframe.

New platforms are coming about. The “pilotless” airplane,
stronger, agile, cheaper and more deadly than today’s fighter
may engage the enemy in future wars. As an example, NASA
has established the “Three Pillars of Success”(3). Be aware of
the goals of these programs. How do you fit in? Or how do
you compete? Technology selection is more critical today than
in the past. The cost of a false solution or delay in execution
can doom an otherwise worthy initiative.

5.5 Maintain Focus

Social needs have overshadowed the national security
explanation that fueled the research process through the Cold
War. Funding for weapons system has turned into funding for
the environment. University-based research, in the U.S. at least,
is most at risk over the next five to ten years with the shift from
government funding to industrial support. Know who has the
deep pockets and what their agendas are. Then design how you
can ensure their success. Concentrate on the “vital few.” The
vital few are the technology investments that provide the
breakthrough, the enabling or the cost reduction required for the
enterprise. The project value should be assessed on the strategic
fit, technical feasibility and financial impact. Focus on the vital
few. These will have the most impact and will be valued most
by the organization.

5.6 Maintain Flexibility
The rule of survival in a changing environment is “flexibility.”

The alibi of “we’ve never done it that way” or “that’s not my
job” will rapidly make you a person on the outside looking in
and exploring alternate career paths. The attitude that has to be
demonstrated is “how can I contribute,” not “why are they
doing this to me.” The changes our world is going through are
not pre-ordained or being made through divine guidance. They
are being driven by the market and the politics of the world.

The changes are being executed by people like you and I. There
will be mistakes, false starts and redirections. Frustrations will
be plentiful and tempers will be frayed. The key success will be
understanding, patience, a sense of urgency, and a dose of
humor. Flexibility will provide the leadership trait that will
encourage the people working with you, support the people that
employ you and ensure you remain part of the decision making
process.

6. CONCLUSION

We are entering the most exciting time of our lives -- the future.
Not only is it a new century but a new millennium. The science
we have yet to discover is all around us: A cheap, clean and
recyclable form of energy; materials that have a strength-to-
weight and manufacturability greater than anything we have
today; food that is abundant, nutritious and tastes good; freedom
from disease, pestilence and want. All of these are noble goals.
And all of these will be discovered in the next century. We
each have an opportunity to share in their discoveries. We
cannot tie our hands by being fixed in paradigms that no longer
are valid. The research and development community are where
the solutions will come from. Be part of the decision making
process!!!
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ABSTRACT

This paper describes recent progress in the analysis of the nature of turbulent premixed flames stabilised behind an
axisymmetric baffle, which are of fundamental interest in the development of new and cleaner propulsion combustion
systems. The work includes the use of laser-based diagnostics for velocity and temperature measurements, which are
extended to the analysis of turbulence statistics, including the energy spectrum and typical length scales in a reacting
shear layer. The results provided experimental evidence of the extension of the flamelet regime beyond the Klimov-
Wiliams criterion. Arguments based on the shape of the weighted joint probability distributions of axial velocity and
temperature fluctuations show that the counter-gradient nature of heat flux is derived from large departures from the
local mean values.

The influence of swirl in strongly sheared disc-stabilised flames is analysed and the results obtained show that swirl
attenuates the rate of turbulent heat transfer due to the decrease of the temperature gradients across the reacting zone,
but does not alter the existence of a large zone of flame characterised by non-gradient scalar fluxes.

1. INTRODUCTION

In the past many attempts have been performed to extend the knowledge on laminar flames and non-reacting fluid
mechanics, to turbulent combustion, but turbulent mixing in flames is altered by the accompanying heat release and can,
as consequence, be qualitatively different from that occurring in non-reacting flows. Examples include counter-gradient
diffusion, e.g. Libby and Bray (1981), Bray et al. (1985), in either confined non-premixed swirling flames, Takagi et al.
(1985), or in unconfined premixed flames, Heitor et al. (1987), Ferrao and Heitor (1995).

Although turbulent flames are characteristic of most of the practical burning devices, their physical structure cannot be
regarded as completely understood at the present. As pointed out by Borghi (1985), the detailed study of the fine scale
fluctuating structure of turbulent flames is very difficult to investigate experimentally and, consequently, theoretical
studies based on physical assumptions suffer from lack of validation. This is the main motivation of the work reported
in this paper.

In previous papers we have discussed the occurrence of non-gradient scalar fluxes in turbulent recirculating premixed
flames stabilised downstream of baffles, which appear to be particularly influenced by the magnitude of the mean
pressure gradients associated with the streamline curvature and are associated with the acceleration of gases across the
flame front, Heitor et al (1987), Ferrfo and Heitor (1995), Duarte et al. (1996). Most of the analysis which has been
presented in flames with practical interest (eg. Takagi et al., 1985, Takagi and Okamoto, 1987, Fernandes et al. 1994)
may be considered to represent reacting regimes statistically equivalent to distributed reaction zones and/or well-stirred
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flames, but the extent to which the time-resolved nature of the flames affect their propagation remains to be understood.
Also, the experimental evidence of the transition between the various combustion regimes remains to be shown, for
flames of practical relevance.

As noted by Poinsot et al. (1996), the time-averaged integral scales are unable to represent the multiscale nature of the
interaction process between the combustion process and the turbulent flow field. In fact, the turbulent flow features a
complex combination of vortices with scales ranging from the integral scale to the Kolmogorov scale. Each of these
may be characterised by a length scale and a velocity fluctuation. To describe turbulence/combustion interactions, one
has to take into account the existence of these various scales in the flow and, accordingly, build a spectral diagram for
each point of the integral combustion diagram. The experimental validation of the combustion regimes and the related
difference on the flame structure requires in-flame measurement of length scales and the associated turbulent intensities,
which is the main motivation of the present paper. The work includes the analysis of counter gradient diffusion of
turbulent heat flux, as reported by Ferrao and Heitor (1995), and correlates its concurrence in practical flames with the
shape of weighted joint probability density functions of axial velocity and temperature fluctuations, as described by
Hardalupas et al. (1996). The ultimate objective is to provide new insight into the nature of turbulent premixed flames
and to provide new data for model development. The practical implication in the context of combustion devices is that
the retardation of mixing, which is associated with the occurrence of counter-gradient heat flux, may be technically
desirable.

It is important to make clear that in our previous works the occurrence of counter-gradient heat flux has been identified
from the analysis of the terms in the conservation equations of the scalar fluxes, which clearly identify the reacting shear
layer as the zone where the interaction between the mean pressure gradients and density fluctuations are important (e.g.,
Ferrao and Heitor, 1995).

This paper shows that even in the regions of the reacting shear layer where there is no evidence of counter-gradient
diffusion, the underlying driving mechanism remains important and, therefore, the so-called second moment closures
must be used to calculate the flame. To achieve this objective, the method of analysis is that previously used by Cheng
and Ng (1985) and, more recently, by Hardalupas et al. (1996) making use of quadrant analysis.

The next section describes the experimental method and gives details of the extension to which laser-based techniques
can be used in premixed flames diagnostics. The third and fourth sections present and discuss sample results obtained
for non-swirling flames and swirling flames respectively, and the last section provides the main conclusions of the work.

2. THE EXPERIMENTAL METHOD

The laser Doppler velocimeter was based on the green light (514.5 nm) of the laser and was operated in the dual-beam,
forward scatter mode with sensitivity to the flow direction provided by a rotating diffraction grating. The calculated
dimensions of the measuring volume at e”* were 606 um and 44 pm. The Rayleigh scattering system was operated from
the blue line (488 nm) of the same laser source, which was vertically polarised and made to pass through a 5: 1 beam
expander. The light converged in a beam waist of 50 pm diameter, and was collected at 90° from the laser beam
direction, through a slit of 1 mm. The collected light was filtered by a 1 nm interference filter and passed through a
polariser in order to increase the signal-to-noise ratio. A calibration procedure was implemented in order to compensate
for number density dependence on the chemical composition. The uncertainty on the average temperature was
quantified as 4%.

The signal was amplified and low pass filtered at 10KHz before digitalisation. The temporal resolution of the system
depends on the integration time associated with this filter, which is quantified to be 50pus. This value, associated with
the typical flow velocities, give rise to path lengths of about 1mm and, therefore, smaller than the integral length scales
in the reaction shear layer. The resolution of the system was confirmed by the measured temperature distributions,
which include instantaneous values close to either adiabatic or room temperature, confirming that the system is capable
of resolving the temperature fluctuations associated with the premixed flames analysed in this work.

The details associated with the accuracy of the experimental method used, and in particular of the laser Rayleigh
scattering, has been discussed by Caldas et al. (1997) and is not reported here.
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For the measurements of spatial velocity correlations, the laser light source was operated in multiline and the LRS
optical system was replaced by a second dual-beam laser velocimeter mounted on a positioning system which allows the
displacement of the control volume of this system relative to that described before, figure 1 b). This second LDV was
based on the green light (514.5 nm) of the laser and operated in backscatter mode, with sensitivity to the flow direction
provided by a bragg cell. Two interference filters of 1 nm bandwith were used in each optical collection systems, in
order to avoid optical interference between the two systems.

a) b)
LDV/LRS LDV/LDV

POLARIZER
RAYLEIGH

INTERFERENCE

FREQUENCY
COUNTER

Fig. 1 — Schematic diagram of the instrumentation used: a) Combined LDV/Rayleigh scattering system; b) Velocity
correlations measurement.

Two frequency counters (DANTEC, model 55L96) were used to process the Doppler signals and a maximum
coincidence time of 1us was used to decide upon the simultaneity of the measurements. Each measurement was based in
a population of N=6144 valid simultaneous velocity time series.

Correlation measurements at small separations can be expected to be influenced by the spatial resolution of the system.
However, this does not noticeably affect the determination of the integral length scales, which are the purpose of the
present work. The consequence of the limited spatial resolution is that the velocity correlation measured for nominally
zero separation is never equal to unity. In practice, this is mainly because the measuring values are bigger than the
smaller scales of the flow.

The experimental procedure included the measurement of the axial velocity fluctuations with the two LDV systems,
respectively u; and u,, at each measuring location, r which was followed by successive displacement, {, of the
backscatter system up to a maximum distance of 17 mm. This procedure allowed the measurement of the lateral velocity
correlation coefficient, g(r, {), for a location r, defined as:

I T O+

N-D T @) T2 e+ )

g(r,0)=

were u”’|, represents the turbulent velocity fluctuations of v, .

For the results reported here, the velocity correlations obtained were divided by the value measured at zero separation,
which was generally about 0.7.
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3. CHARACTERISATION OF THE NON-SWIRLING FLAMES

The experiments reported in this section were conducted in unconfined non-swirling premixed flames of air and
propane, stabilised on a disk with D=56 mm in diameter, which is located at the exit section of a contraction with 80mm
in diameter.

The annular bulk velocity is in the range 10 < Uy(m/s) <42, resulting in a Reynolds number, based on a disk diameter,
up to 1.5x10°. The equivalence ratio was varied between 0.53 and 1, although most of the results characterised in this
paper correspond to lean flames, with ¢ = 0.55. Table 1 characterises the three mean experimental conditions used,
which are identified as flame A, B and C.

Table 1 - Characterisation of the experimental conditions.

Flame | U, (m/s) Re o Si I
(cm/s) | (mm)

A 10 35700 0.64 12 0.6

20 71 400 0.64 12 0.6

C 42 150 000 0.64 12 0.6

The analysis and discussion of the experimental results presented in this section is divided in three parts. The first
characterises the main features of the typical flame studied and the measurements of the lateral velocity correlation
coefficient and the evaluation of the integral scales along the flame. The values obtained are used to define the
combustion regime representative of the flame, which is compared to theoretical considerations. The last section
summarises the main mechanisms inherent to the turbulent transport of kinetic energy and heat fluxes in the flames
considered.

3.1 — Experimental Characterisation of the Flame Studied

The most salient features of the mean flow characteristics can be inferred from the measured velocity vectors and
isocontours of mean temperature represented in figure 2, for flame C. The results are similar to those found in other
baffle-stabilised recirculating flames, in that they exhibit a recirculation region extending up to Lg/D= 2.23, where the
fluid has a large and fairly uniform mean temperature, surrounded by an annular region of highly sheared fluid where
gradients of mean temperature are large. The length of the recirculation zone decreases as the Reynolds number is
decreased, with the rear stagnation point located at Lg/D=1.8 for Re=0.7X105 (Flame B).

r/D
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Fig. 2 - Distribution of mean velocity vectors and isotherms along a vertical plane of symmetry for flame C.
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Fig. 3 - Instantaneous flame (B) visualisation during a 9 ns Nd-yag laser pulse.

The isotherms are highly curved for the three conditions studied and reveal non-planar flames oblique to the oncoming
reactants. For these conditions, the analysis of the photography of figure 3 shows that reaction occurs along a thin shear
layer located between the locus of maximum axial velocity and the locus of the mean separation streamline, which is
curved along its length. This curvature varies with the Reynolds number considered and imposes mean velocity effects
on the turbulence field in a way which depends on the level of interaction between the gradients of mean pressure typical
of the present flames and the associated density fluctuations.

Analysis has shown that along the reacting shear layer turbulence is mainly generated by the interaction between shear
strain and shear stress, giving rise to a strongly anisotropic turbulent field with comparatively large axial velocity
fluctuations. As the stagnation region is approached, the cross-stream turbulent components increase as a result of the
increased importance of the interaction between normal strains and normal stresses in the conservation of turbulent
kinetic energy as in other recirculating flows with free stagnation points.

The detailed velocity and scalar characteristics obtained along the present flames are presented elsewhere. Here,
attention is focused on the zone which characterises the maximum width of the recirculation zone of the flames
considered and Figure 4 shows the temporal distributions of Eulerian time correlations for characteristic points across
the reacting shear layer for the flames studied.

1

-« Flame A
0.8 + -
——Flame B
0.6 & —+—Flame C
0.4 +
02+

B i
W‘
0.2 + —+—+ ———t—————

0 0.0005 0.001 0.0015 0.002
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Fig. 4 - Analysis of the flame characteristics as a function of the reynolds number, for x/I, = 0.5: Eulerian time
correlations: flame A at r/d = 0.63; flame B at r/d = 0.61; flame C at r/d = 0.64.

Although the radial distributions of time-averaged temperature for the three conditions studied here are qualitatively
similar, the analysis above suggests that the temporal structure of the flames is different and the related experimental
evidence is provided by the probability-density functions of temperature of Figure 5. While Flame A is characterised by
near bimodal temperature distributions across the reacting shear layer with significant probability for intermediate
products, the distributions obtained for Flame C exhibit typically the near-Gaussian form characteristic of the distributed
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reaction combustion regime. It is clear that the absolute values of the probability distributions are influenced by the shot
noise characteristics of the photomultiplier used for the Rayleigh scattering measurements, but the qualitative trends
shown in Figure 5 are not affected by experimental accuracy.

a) FLAME A b) FLAME B c) FLAME C

]
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c c c

Fig. 5 - Radial distribution of the probability density function of temperature fluctuations, across the reacting shear
layer.

The integral length scale of turbulence is, to a certain extent, a measure of the longest connection, or correlation
distance, between the velocities at two points of the flow field. It is reasonable to expect, as pointed out by Hinze
(1975), that the degree of correlation will decrease as the distance between the two measuring points, { , is increased and
that, beyond some finite distance, L, this correlation will be practically zero. Thus, the integral length scale of
turbulence, 1, is defined by:

1=Tg(§)d§=jg(c)dc
0 0

The measurements of the lateral velocity correlation coefficient were performed in several radial positions located at two
characteristic axial locations of the flame B, namely at the rear stagnation point, and at the location of maximum width
of the recirculation zone. Some results obtained for g({) at different points for each location are represented in figure 6.

The shape of g({) is qualitatively similar for all the conditions studied. but it can be clearly concluded that there are
considerable differences in the values of the integral length scale of turbulence. The lateral velocity correlation
coefficient rapidly decreases to zero in the points located at the reacting shear layer, as represented in Fig. 6, while
within the recirculation zone the correlation do not reach zero within the measuring distance.

The results can be used to obtain of the length scales and the turbulence intensity characteristic of each location
measured, and in particular, the reacting shear layer is characterised by length scales of about 3 mm, which is compatible
with the result obtained by using the Eulerian time correlations..
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Fig. 6 - Lateral velocity correlation coefficient for the axial location of, X/D=1.2

3.2 - Premixed Combustion Regimes Characterisation

The burning conditions associated with Flame A are characteristic of a regime where the flame fronts become thick and
bigger than the Kolmogorov length scale. Following Poinsot et al (1991) the construction of the turbulent combustion
diagram is straightforward, as in figure 7.

u'/Sp
> Experimental evidence of
1000 the transition between
combustion regimes
Distributed reaction '
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1 T T T
1 10 100 1000 10000
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Fig. 7 - Diagram for turbulent premixed combustion (points as defined in the text).

The position in the reacting shear layer of flame A where a bimodal temperature distribution was identified (i.e., x/D =
1.0, t/D = 0.64; #1 in figure 7) is characterised by turbulent scales which act on the flame front in two different ways.
First, eddies whose sizes are between the Kolmogorov scale and a “cut-off” scale will be inefficient and will not affect
the flame front. Second, vortices larger than the “cut-off” scale will be able to affect the flame front, to wrinkle it or to
form pockets but be unable to induce local quenching. Point #1 corresponds therefore to the extended flamelet regime
of Poinsot et al (1991).

The other locations identified in figure 7 (namely, #2 for flame B at x/D = 0.71 and /D = 0.61; and #3 for flame C at
x/D = 1.27 and 1/D = (.68) are associated with scales that are capable of locally quenching the flame front. These scales
are larger and faster than the Kolmogorov scale and correspond to the distributed reaction regime of turbulent
combustion. It should be noted that the near-Gaussian distributions of Figure 5 associated with flame locations #2 and
#3 exhibit values between ambient (¢ = 0) and adiabatic (¢ = 1) temperatures and, therefore, are not expected to be
influenced by lack of temporal resolutions of the Rayleigh system.

Figure 8 shows measured values of turbulent axial heat fluxes, which are restricted to the thin zone along the shear
layer where the radial gradients of mean temperature are larger. These quantities represent the exchange rate of
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reactants responsible for the phenomena of flame stabilisation and previous results have shown that the turbulent heat
transfer is essentially directed along the isotherms, rather than normal to them, as would be expected from gradient-
transport models of he kind used in non-reacting flows. It should be noted that the radial fluxes are always positive, as
expected in a recirculating flame. The flame is then established by the heat transfer between the hot products and the
cold reactants with the sign of the radial heat flux in qualitative agreement with gradient-transport models. Similar
behaviour has been observed in other turbulent premixed flames (Heitor et al., 1987) and has also been predicted
analytically (Bray et al., 1985), and is expected to be due to the interaction between the gradients of mean pressure
typical of the present flow and the large density fluctuations that occur in the flames.
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Fig. 8 - Radial profile of temperature and turbulent heat flux characteristics:
a) For flame A at x/D = 1.0. b) For flame B, at x’D =0.71.

The analysis above explains the process of "counter-gradient" heat transport in terms of the preferential deceleration of
the products of combustion, relatively to the cold reactants (see Almeida et al, 1995, for further details). This can be
easily observed through the joint probability distribution of velocity and temperature fluctuations and here the analysis
follows the methodology of Cheng and Ng (1985) and Hardalupas et al. (1996), making use of weighted probability
distributions. The corresponding plots should be analysed based on the relative importance of the entries in the four
quadrants of figure 9, with quadrants 1 and 3 dominating the case of gradient diffusion. The entries in quadrants 2 and 4
arise when velocity fluctuations, which are respectively smaller and larger than the local mean, are associated with
values of temperature fluctuations which are greater and smaller, respectively, than the mean value.

a)
c)
“Counter- “gradient” -1.0
gradient” heat flux heat flux c' i .2 0
> u’ -3.0
-4.0
“gradient”
heat flux “Counter-gradient” i L -5.0
heat flux -5.0 0.0 5.0 -6.0
u' (m/s) 7.0

Fig. 9 - Analysis of joint pdf of velocity and temperature fluctuations for flame A at x/D = 1.0 and /D = 0.64 ( Physical
significance of the nature of the turbulent heat fluxes, as derived from the joint velocity temperature correlations)
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A typical example is shown in figure 9, which clearly show that the "counter-gradient” quadrants are bigger and,
consequently, the absolute value of the heat flux is dominated by the source terms which drive counter diffusion. A
similar observation has been made by Hardalupas et al. (1996) for non-premixed flames and confirms that it is
unreasonable to expect that calculations based on effective viscosity hypothesis are accurate to represent recirculating
flames. The present results bring new experimental evidence of the magnitude of turbulence/combustion interactions in
strongly sheared premixed flames and permits insight into the scale of the fluctuations of temperature and velocnty,
which gives rise to counter-gradient diffusion of heat.

4 . THE INFLUENCE OF SWIRL IN TURBULENT HEAT TRANSFER

The experiments were conducted in the same burner, were swirl was imparted to the premixed reactants by a set of
curved blades, located upstream of the contraction and resulting in a rotating flow at the exit duct characterised by a
swirl number, S, of:

The most salient features of the mean flow characteristics of the two flames studied can be inferred from the mean
velocity vectors represented in figure 10. The single recirculation zone of the unswirled flame is to be contrasted to that
of the swirling flame, which is shorter, wider and annular in shape because it includes an inner annular vortex with
positive mean axial velocities along the centreline.
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Fig 10 - Mean velocity vectors along a vertical plane o_xf symmetry.

The inner recirculation zone is associated with positive mean axial velocities along the centreline up to the first
stagnation point and rotates in the opposite sense to the outer recirculation zone. This nature of the swirling flame is
characterised by a comparatively large inclination of the mean velocity vector at the burner exit which, together with the
aspects mentioned before, represents the direct consequence of the centrifugal forces associated with the swirl motion.

The results of figure 11 show that the turbulent heat transfer r ate for the two flames considered is restricted to the
reacting shear layers, with absolute values of u"c" considerably higher than those of v'c". As a consequence, a large
component of the vectors of turbulent heat transfer is directed along the isotherms rather than normal to these, as would
be expected from gradient-transport models of the kind used in non-reacting flows.

"o
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R
r/D

Fig. 11 - Isocontours of mean progress reaction variable, together with the turbulent heat flux vectors.

These quantities represent the exchange rate of reactants responsible for the phenomenon of flame stabilisation and the
new feature provided by these results is that swirl decrease their magnitude due to the attenuation of the mean
temperature gradients across the reacting shear layer.

The results for the non-swirling flame have been explained before in terms of the interaction between gradients of
mean pressure and density fluctuations, which are important in the process of turbulent transport typical of reacting
flows. The present results provide new evidence that this interaction is affected by the degree of swirl imposed on the
flows. In general, the results confirm that predictions of these kind of flames must be based on second moment, rather
than on effective viscosity, turbulence model closures so as to capture the effects of the mean pressure gradients on heat
fluxes.

5. CONCLUSIONS

- Simultaneous measurements of time-resolved velocity and temperature have been obtained by laser-Doppler
velocimetry and laser-Raylegh scattering in the near wake of premixed recirculating flames of propane and air. The
experiments encompass the determination of the turbulent length scales for different flow conditions associated with
different combustion regimes and Reynolds numbers.

The results bring new insight into the fluctuations that occur in these flames, which are expressed in terms of the shape
of the weighted joint probability distributions of axial velocity and temperature fluctuations. These observations are
related to the streamline curvature and are shown to occur even for a flame structure characterised by near-Gaussian
probability distributions of the temperature fluctuations. In addition, the characterisation of the local length scales and
turbulence intensities provide experimental evidence of the extension of the flamelet regime beyond the Klimov-
Wiliams criterion.
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Paper 1
Author P. Ferrao et al.

Q: Hassa

Has the author measured the ratio between turbulent length scale and Rayleigh measuring volume? Is he
concerned about gradients of the flow in the direction of the beam?

A: The turbulent length scales measured are of the order of 3mm, and the spatial resolution of the LRS system is
of 50 microns. Also the temporal resolution of the system is quantified as 50 microseconds, a value which is to
be compared with the measured time scales of about 1000 microseconds.

In the reaction shear layer, the gradients of velocity are not aligned with the direction of the beam. Therefore, a
spatial resolution of 1mm in this direction does not constitute a concern for the measurements presented.
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The Simultaneous Measurements of Velocity, Pressure, Temperature and

Heat Release in an Oscillating Flame

E.C. Fernandes and M.V. Heitor

Instituto Superior Técnico
Mechanical Engineering Department
Av. Rovisco Pais, 1096 Lisboa Codex

Portugal

ABSTRACT

Optical and probe techniques are used for the analysis of the coupling mechanisms between pressure,
velocity and heat release fluctuations typical of pulsed flames, through the combination of laser
velocimetry, digitally-compensated thermocouples, chemiluminiscent emissions of free radicals in the
flames, and the pressure oscillations is the upstream flows. The results quantify the periodic nature of the
mixing process and characterize the momentum and heat flux fluctuations along a cycle of oscillation.

INTRODUCTION

Combustion oscillations may occur in a variety of reacting systems, and their evidence is well
documented in laboratory arrangements typical of afterburners (Heitor et al, 1984), gas turbine
combustion chambers (Keller, 1995), pulse combustors (Keller et al, 1987) and dump combustors
(Samaniego et al, 1993), as well as in the pratical situations typical of utility boilers (Eisinger, 1991). They
are typically characterized by large amplitude pressure oscillations coupled with a fluctuating component
of the heat release, according to the Rayleigh criterium (see Fernandes and Heitor, 1996), with the
coupling mechanisms including changes in turbulent mixing rate, flames area variation, periodic air/gas
supply, hydrodynamic instabilities and vortex shedding (Fernandes and Heitor, 1996). Since a serious
structural damage may occur due to the presence of large amplitude pressure oscillations, together with
the enhanced heat transfer to the walls (Perry and Culick, 1974), attempts have been made to passively
control the instabilities (e.g. Schadow and Gutmark, 1992), although more recently the advantage of
more powerfull microprocessors in speed processing were used to cancel actively the oscillations (see
McManus et al, 1993). ' '

Another important aspect linked with the ocurrence of combustions oscillations, to which attention has
recently been given, is the attractive features recognised in the search of fuel savings, increased
productivity and reduced emissions (Zinn, 1996, Charon et al, 1993) and an increase of the flame
stabilization range (Gutmark et al, 1990). In order to understand the phenomena, for both control and
energy savings, several experimental techniques have been used to characterize the oscillations, with
emphasts given to sound pressure level together with global light emission from the flame (see for
example Lang and Vortmeyer, 1987) and planar imaging (see for example Schadow and Gutmark, 1992).
Also, laser Doppler velocimetry has been used (Keller et al, 1987; Lovett and Turns, 1993; Fernandes and
Heitor, 1996) in order to obtain time resolved information on the characteristics of the oscillating
flowfields. In spite of the efforts patented in the published works, there is a need of reliable data in order

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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to understand the coupling mechanisms between pressure, velocity and heat release fluctuations, in order
to take a full advantage of the influence resulting from the enhanced interaction between fluid mechanics
and chemistry in oscillating flames.

To help achieving these objectives, the present work is focused on the study of a pulsed turbulent
premixed flame, stabilized in the wake of a bluff-body, which is located at the end of a long pipe and in
the vicinity of an acoustic antinode velocity. The next paragraphs analyse the experimental setup and the
data acquisition system and present sample results obtained in the flame front for typical flow conditions.

2. EXPERIMENTAL APPARATUS AND PROCEDURES

2.1. Flow Configuration

The apparatus consists of a cylindrical duct of stainless-steel with a variable length, an a diameter of
186mm, which was placed on the top of a cubic plenum of 3m’, figure 1. The tube was designed to work
with two acoustically-opened ends with a length varying from .25mm to 3m in steps of .25mm, allowing
the fundamental resonance frequency to range between 50Hz and 1kHz. The burner holder can be
moved continuously inside the duct, in order to search for the optimum driving location for heat
addition (e.g. Fernandes and Heitor, 1996), and several flame stabilisers can be assembled on the top of it.
However, for most of the results described here, the pipe length was kept constant and equal to 0.52m
and the flame holder was positioned 10mm downstream of the pipe exit. The resulting flame is open to
the atmosphere, but offers the advantage of easy access to the techniques described below.

The primary air was injected with a velocity of 3.4 m/s (Re = 20000) through the plenum, where it was
seeded with powdered aluminum oxide (nominal diameter below 1.0um before agglomeration) making
use of a purpose-built cyclone generator. The burner consists of a conical bluff-body with a base diameter
of @ = 103 mm and heigth=250 mm. The pre-mixture is injected through a slot of .5 mm around the
border of the base, as shown in figure 2, with an equivalence ratio @ =6 and a velocity of 15m/s.

2.2.  Experimental techniques

Figure 1 shows schematically the various experimental techniques used throughout this work. The
radiated sound intensity from the flame was measured with a free-field condenser microphone (B&K
4130) and with a pre-amplifier (B&K 2130) with a flat response over a frequency band of 20Hz to 10kHz.
The pressure fluctuations along the duct were measured with a semi-infinite probe with a flat response
up to tkHz.

The light emitted from the flame was used as a signature of the rate of change of heat release (Keller and
Saito, 1987) in terms of the chemiluminiscence emission due to the radiative decay of electronically
excited radicals existing in the reaction zone, such as <OH*>, <CH*> and <C2*> (Gaydon and
Wolfhard, 1979). The light from the flame was monitored from the <C2*> emissions, by collecting
light along a cilindrical line-of-sight of 2mm in diameter, with a 20mm lens diameter with a focal
distance of 50mm. The radiation emission was then guided through a fiber optic cable to the entrance slit
of photomultiplier (EMI-9658 A), interfaced with an interference filter for 514.5nm with a bandwith of
4nm. Uncertainties in the ensembled time resolved measurements of light emission are estimated to be
less than 2% (Yanta and Smith, 1978) due to a relatively high number of points used for calculating mean
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quantities, in the order of 3000/phase. Due to the integrated nature of the results along a line-of-sight, a
mathematical procedure was implemented based on the Abel’s transformation (Tourin, 1968) to obtain
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Fig. 1. Schematic drawing of experimental apparatus with identification of the instrumentation used.

Mixture injection annular slot

C,H, + air

Fig. 2. Schematic diagram of flame holder.

the radial profile of radical emission coefficients (e.g. Beyler and Gouldin 1981). The error associated
with the Abel’s transformation depends on the type of derivative and integral methods implemented, but
are less than 5%, according to calculations performed by Correia et al (1997).

Time-resolved velocity information was obtained with a laser-Doppler velocimeter which comprised an
Argon-lon laser operated at a wavelength of 514.5 nm and a power of around 1W. A fiber optic
(DANTEC) was used to guide the beam to an optical unit arranged with a two beam system with
sensitivity to the flow direction provided by light-frequency shifting from a Bragg cell at 40MHz, a 310
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mm focal length transmission lens, and forward-scattered light collected by a 310 mm focal length lens at
a magnification of 1.0. The half-angle between the beams was 5.53° and the calculated dimensions of the

measuring volume at the e2 intensity locations were 2.3 and 0.219 mm. The output of the
photomultiplier was mixed with a signal derived from the driving frequency of the Bragg cell and the
resulting signal processed by a commercial frequency counter (DANTEC 55296) interfaced with a 16-bit
DSP board. Measurements were obtained with the laser beams in the horizontal and vertical planes and
by traversing the control volume along the horizontal and vertical directions to allow the determination
of the axial, U, and radial, V, time-resolved velocities, respectively.

Although various weighting methods have been proposed to correct for velocity bias effects (e.g. Durst
et al, 1981), no corrections were applied to the measurements reported here. The systematic errors that
- could have arisen were minimised by using high data acquisition rates in relation to the fundamental
velocity fluctuation rate, as suggested for example by Erdman and Tropea (1981). This could be easily
achieved because the rate of naturally-occurring particles was sufficiently high for the flow conditions
considered here. Spectral analysis of LDV signals was carried out by resamplig the time series after a
linear interpolation with minimum interval time given by the mean data rate.

Temperature measurements were obtained making use of digitally-compensated fine-wires
thermocouples, with 38um in diameter, made of Pt/Pt-13%Rh. The related errors are quantified elsewere
(see for example Ferrio and Heitor, 1997) and shown not to be higher than 60K for the time averaged
values at the maximum temperature obtained in open flame, and up to 15% for the variance of the
temperature fluctuations. - '

The paragraphs above described the different experimental techniques used throughout this work. We
now describe briefly the procedures used to acquire the various signals simultaneously. The Doppler
frequency and both scalars, namely pressure and temperature, where acquired simultaneously and post-
processed making use of a microprocessor, Texas Instruments-TMSC320C40. The scalars where digitized
with a sample-and-hold analog converter at a rate of 40kHz/channel and stored in a circular memory
buffer. The acquisition starts only when the pressure signal is going from positive-to-negative, which is
given by a pressure reference detector. The buffer access, to collect data simultaneously with the
occurrence of a burst, was made through an active pointer, sensitive to velocity data ready signals. The
complete system can go up to 12.5kHz of data ready signals, the delay of the board to the data ready
signal is less than 100ns and the window resolution between velocity and scalars is less than 1/40kHz.
The thermocouple output signal was digitally compensated (e.g Ferrio and Heitor 1992, Durio et al
,1992) from they thermal inertia, following the procedure outlined by Heitor et al (1985). The largest
random error incurred in the values of temperature-velocity correlations, as higher as 15%, are due to the
spatial separation of the measurements locations of the temperature and velocity because of the
thermocouple junction must lie outside the mesuring control volume of the laser anemometer.

The complete measuring system was mounted in a three-dimensional traversing unit, allowing an
accuracy of the measuring control volume within +0.25mm.

23 Data analysis

Time resolved measurements of velocity, temperature, pressure and reaction rate data obtained under
periodic oscillations were statistically analysed following the decomposition proposed by Hussain and
Reynolds (1970), for a generic variable :



V() =Y+ F(t) + (1)

where y(t) is the instantaneous value, Y is the long time average mean, J(t) is the statistical contribution
of the organized wave, and Y(t) is the instantaneous value of turbulent fluctuations. An ensemble average
over a large number of cycles yields (Hussain and Reynolds ,1970 and Tierderman et al 1988):

<Y> () =7+ ()
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The ensemble average, or phase average, is then the average at any point in space, of the values of ¥(t)
that are realized at a particular phase interval in the cycle of the periodic oscillations. The phase interval
was chosen to be 18°, to minimize the influences of the phase averaging window size on the
determination of turbulence quantities in unsteady turbulent flows, as discussed by Zhang et al (1997).

3. RESULTS AND DISCUSSION

Figure 3 shows a photographic image of “pulsed” and “steady” flames, which were obtained by a small
change of less than 0.5% in the equivalence ratio around @=6. The evolution from steady to unsteady
regime is accompanied by a sharp increase in the sound pressure levels, from around 80 dB (steady
flame), to values in excess of 110 dB. For the unsteady condition, the spectrum of the pressure
fluctuations in any location of the pipe wall is associated with the excitation of a predominant frequency
at 275 Hz, which is associated with a longitudinal standing half-wave. This cyclic process is, according to
the Rayleigh criterium, sustained by the temporal and spatial phase relationship that exists between
flame energy release and pressure oscillations. The question which does arises when turbulent flames are
the main source of energy is due to the presence of a velocity turbulent flowfield, which will be -
considered below.

“Steady” “Unsteady”

Measuring Area

air
C;Hg + air

Figure 3 - Photographic image of a “steady” and pulsed flames, together with the identification of the the
measuring area and the schematic of the flame bholder
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The analysis consider “rough” combustion conditions for @ = 6, Ujx =15m/s and Uplenim =3.4m/s,
corresponding to an overall equivalence ratio at the pipe exit of @7 =0.1. All data obtained under
oscillating conditions were acquired using the instantaneous pressure signal as a temporal reference. The

instantaneous pressure fluctuations corresponds to signals measured at middle of the pipe, where the
amplitude of the pressure fluctuations 1s maximum.

Figure 4 shows signatures of chemical reaction, obtained after Abel’s transformations, for the pulsed
flame, as a time sequence for one period of oscillation, together with a schematic draw of the burner
with their relative mean velocities. The results show that the large scale structure typical of resonance
conditions, which develops along the reacting shear layer sourrounding the flow field, exhibits a periodic
evolution in time. Generically, the reaction zone can be divided in two main regions, namely the inner
flame, for r/R<1.1, which is aligned with the mixture injection slot and the outer flame, for
/R >1.15,which appears to be periodically ignited.
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Figure 4 - Time-resolved spatial distribution of phase average < Cx*>

The analysis shows that the inner flame structure is similar to a bluff-body stabilized flame (see for
example Ferrdo and Heitor, 1997) and works as a flame ignitor of the outher flame, (see image #6 of
figure 4). After ignition, the outer flame moves radially outwards, up to r/R=1.3, as the signature of
<C2*> emission increase in strength. Subsequently, the reaction zone moves vertically upwards
towards the stagnation point, with an estimated velocity of 10 m/s. To improve understanding of this



¥y T 7 ¥ T T € & ¥ = T - ¥

T w-T ¥ W ¥

T W WY W wwew' 'y Ty VY TYEEY TV Y N T T

2-7

process, the influence of such periodic reacting structure in the velocity and temperature field is analysed
below along a radial profile at z/R=0.6.

Figure 5a and 5b shows mean values of axial, U, and radial ,V, velocity components together with their
respective fluctuations, under resonance conditions. The radial distribution of axial component U, with a
strong negative value at the centreline and a positive high value across the reacting shear layer, together
with the radial velocity profile presented, are typical of recirculation zones downstream of bluff-bodies
(e.g. Fernandes et al, 1994). The correspondent profiles of the r.m.s. of the velocity fluctuations, of both
axial and radial component, are also similar to the works reported before for reacting shears layer, with
peak values at regions where the radial gradients of mean values are high, with absolute values of the
turbulent intensities as high as 60%. '
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Figure 5 - Time averaged analysis of flow properties at 2/R =0.58 for the pulsed flame
a) Axial velocity component
b) Radial velocity component
¢ JTemperature
d)Velocity-temperature correlations: u’t’ and v't’

The radial profiles of mean and fluctuating temperature, and the time averaged emission of <C2*>
radicals, figure 5c, confirm the existence of two regions bounded at r/R=1.1, with maximum
temperature values of the order of 1700K and diffrent reacting strengths. While the inner flame zone is
subjected to a very strong temperature radial gradient and local temperatures in excess of 1700K, the
outer zone is in the vicinity of a region with a local maximum temperature of T=1700K, and minimum
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Trms. Both flame regions are dominated by the transfer of turbulent heat fluxes along the axial
direction.

The extent to which the periodic oscillations affect the temperature and velocity flow field
characteristics, and condition their temporal evolution, is discussed based on the instantaneous radial
profiles presented in figures 6 and 7 for time instants of t/T=0, 0.25,0.5 and 0.75. The results show that
the axial velocity profiles are affected by periodic oscillations for r/R >0.9, where changes are quantified
to be in excess of 50%, close to the velocity peak. The associated radial velocity profile, presented in
figure 6b, also reveals the same type of sensitivity between r/R=0.77 and r/R=1.74, and here the
absolute variations are quantified to reach 2m/s when mean radial velocity is near zero. Also, the radial
profile of the velocity turbulent fluctuations, for both axial and radial components, see figure 6¢c and 6d,
are strongly influenced by the presence of periodic oscillations with variations of the order of 100%.
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Figure 6 - Instantaneous radial profiles of velocity flow properties at z/R =0.58 for t/T=0, 0.25,0.5,0.75
a)Phase average axial velocity component <U>
b) Phase average radial velocity component < V>
¢) Phase average r.m.s. of axial velocity < Urms>

d) Phase average r.m.s. of radial velocity < Vrms>



29

In this case the most affected region is again for r/R > 1, for which the radial profile shape are not kept
constant. In fact instantaneously suppression large fluctuations may occur, as observed in figure 6d when
comparing radial profiles obtained at t/T=0 and t/T=0.75. Also, the analysis shows that the influence of
periodic oscillations seems to be limited to the reacting shear layer, for r/R > 1.

Figure 7 presents the temporal evolution of <C2*>, <T> <Trms> and velocity-temperature
correlations, for the region 0.9<r/R< 1.5, and clearly shows that reaction “starts” at the inner part of
the flame, close to r/R=0.9 and at t/T=0.5, and evolves to the location r/R=1.3 where the radical
emission of <C2*> reaches maximum values for t/T=0.25. On the other hand, the instantaneous
ensemble average temperature profiles, figure 7b, show a rather compex nature, in that they suggest two
typical high temperature regions, for r/R <1.04 and at r/R=1.2. Both maxima temperature are of about
1800K while the lowest temperature measured is of the order of 800K. The rms of temperature
fluctuations, figure 7c, shows values in the range of 200K to 500K, in a way which is consistent with the
findings of figure 7b in the sense that the maximum temperature fluctuations, at each time instant,
occurs close to the regions where the instantaneous mean temperature exhibit a higher radial gradient. In
addition, if <C2*> map are superimposed on the mean temperatue map, it is found that the
instantaneous distribution of heat release from the flame is located in zones of large radial gradient of
mean temperature, which coincides with the regions where temperature fluctuations are large. The
vectors of turbulent heat flux, figure 7c, are high in these regions and normal to the instantaneous flame
front, although they exhibit a direction along the isotherms in the vicinity of the flame stabilize, as well
as further downstream. This vectors represent the exchange rate of reactants responsible for the
phenomenon of flame stabilization and the presents results quantify for the first time there temporal
evolution along a cycle of flame oscillations. Previous results in the literarture for steady state
recirculating flames (e.g. Fernandes et al, 1994, Hardalupas et al, 1996, Duarte et al, 1997) have shown the
occurrence of zones of non- and counter-gradient diffusion of heat which has been explained in terms of
interaction between gradients of mean pressure and density fluctuations. The present results provide new
evidence of this interaction in oscillating flames, which is associated with periodic fluctuations in flame
curvature. In general, the results quantify the periodic ignition of large scale reaction zones, which drive
the combustion induced oscillations reported in this paper.
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Figure 7 - Temporal evolution of temperature characteristics and velocity-temperature correlations at z/R =0.58

a) Phase average < C2*>
b) Phase average temperature < T>
¢) Phase average r.m.s. of temperature fluctuations < Trms>
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CONCLUSIONS

The experimental analysis of a naturally-pulsed premixed turbulent flame is reported making use of
optical and probe diagnostics and including the time-resolved correlations of velocity, temperature,
pressure and light emission signals. The results were obtained in the flame stabilized in a wake of bulff-
body located on a velocity acoustic antinode, and show that the instanteous flame structure, based on the
analysis of electronically-excited decay of C2 radicals, is composed by two, inner and outer, main
regions. The inner flame, behaves as a typical bluff-body stabilized flame, although the influence of a
strong unsteady flowfield results in appreciable spatial and temporal deformations. The inner flame acts
as a periodic ignitor source of the second reactive structure present, which is considered here as an outer
flame. This outer flame front emerges radially at an axial location of about 0.6R, followed by a vertical
movement towards the rear stagnation point. This process is accompanied by large fluctuations in the
axial and radial velocity components of the flow, with the two flame regions separated by the zone of
maximum axial velocity. The time-resolved analysis show that both ensembled average flame fronts
occupy sucessively regions where temperature exibhit high radial gradients, and large temperature
fluctuations. In general the results quantify the time resolved process of turbulent mixing along a full
pressure cycle in a pulsed flame and suggest that the cycle-resolved nature of the momentum flux may be
represented, at least qualitatively, by gradient hypotesis. On the other hand, the nature of the cycle-
resolved (i.e. phase averaging) turbulent heat flux shows zones of either gradient and non-gradient
characteristics, which apperars to be influenced by the temporal evolution of the streamline curvature
along a cycle of flame oscillations.
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Laser Two-Focus Flow Field Investigation
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"LTrébinjac and I.Claudin
Laboratoire de Mécanique des Fluides et d'Acoustique
UMR CNRS 5509 /ECL /UCB Lyon I
Ecole Centrale de Lyon, BP 163, 69131 Ecully Cedex, France

1. SUMMARY

The results of measurements carried out in a
transonic centrifugal compressor with splitter vanes are
presented and discussed. The laser two-focus
anemometry technique is described, including the
seeding control which is a crucial issue in a high
temperature level environment. Whereas a potentiel
flow structure exists up to the high meridional curvature
region, the throughflow pattern is largely distorted in
the radial part of the impeller. Noticeable differences in
flow pattern between both channels are found,
particularly through the low momentum fluid zone
locations. A qualitative study of the vortical
mechanisms ascribes them to the tip clearance effects.

2. INTRODUCTION

Advances in high-pressure centrifugal compressor
design and analysis require a better understanding of the
flow field, especially within the blade passages.
Knowledge of the various interactions of secondary
flows and the tip leakage flows are particularly
important to ensure that numerical methods lead to
realistic predictions of the flow structure.

In experimental studies whose objectives are
improved understanding of flow physics, measurements
can be classified through the scale of the experimental
facilities. The investigations conducted by Hathaway et
al. (1993) and Chriss et al. (1994) at the NASA-Lewis
Research Center in a low-speed, large-scale facility are
typical of those aimed at providing details of the flow.
The results precisely document the development of the
low-momentum fluid into the mainstream of the
impeller passages. Moreover, the large size of the
impeller enables measurements of all three velocity
components with a spatial resolution allowing the
assessment of the accuracy of computational fluid
dynamic flow field predictions. The investigations
conducted in high-speed facilities allow a study of
strong interactions of secondary flows generated in
particular by the Coriolis force. But the considerable
difficulty in obtaining flow data in such complex
narrow flow channels, characterized by long, twisted 3D
passages with high curvature and a low aspect ratio,
explains the scarcity of published results. Although the
three-dimensional nature of subsonic centrifugal
compressor flow-field has been studied (Eckardt, 1976;
Senoo, 1979; Elder, 1987; Krain, 1988), there are fewer
investigations concerning the inter-blade flow-field of
supersonic centrifugal compressor rotors.

A research program seeking to obtain laser two-
focus anemometry measurements within a transonic
high-pressure unshrouded centrifugal impeller has been
undertaken, The first phase of this program deals with
the mapping of the inter-blade flow-field. A description
is made of the flow pattern experimentally obtained and
a phenomenological study of vortical mechanisms is
proposed.

The second phase of this program will be to use the
experimental data to calibrate numerical simulations. A
comparative analysis of the calculated results will allow
the assessment of the accuracy of the various models
used in CFD codes.

3. FACILITY AND INSTRUMENTATION

3.1 The investigated compressor

The test compressor is a single-stage centrifugal
compressor designed and built by Turbomeca and is
composed of a backswept splittered unshrouded
impeller coupled with a vaned diffuser. Some facility
parameters are given in Table 1.

overall pressure ratio 9
specific speed 0.52
specific diameter 4.1
flow coefficient 0.26
head coefficient 0.77

Table 1 : Facility parameters

3.2 Instrumentation
A laser two-focus anemometer designed in the
LMFA laboratory according the work of Schodl (1977)
is used. Details of the system are described by
Vouillarmet (1986) and Trébinjac and Vouillarmet
(1988). This system operates with a laser light source
(SP 4W argon-ion laser) which is coupled to the optical
system via a polarization maintaining single-mode
optical fiber.(Fig.1) The optics assembly has the
following main characteristics :
- distance between the two spots, s = 0.5 mm
- incident beam angle, vj = + 5°
- reflected light angle, vy =+ 10°
The whole optical system is mounted on a traverse
table that fixes the axial, radial and circumferential
positions of the measurement point. It is connected to
photomultipliers via two multimode optical fibers. The
processing of the electrical signals is performed by a
dual-counter interfaced to a DEC computer and made

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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up of two parts : a rapid counter whose resolution is 10
nanoseconds (denoted primary part) and a one

microsecond resolution counter (denoted secondary

part). The signals delivered by the receiving assembly
(preamplifiers and filters) are sent to the primary part of
this dual-counter.

single-mode
optical fiber

Fig.1 : Schematic arrangement of the L2F system

The synchronizer system, used for measurements
within rotating passages, has two-functions. First, the
laser beam is strobed using a Pockel cell driven by an
electric signal from a synchronized wave-shaper. This is
to keep the light reflections from the rotating blades
from saturating the photodetectors. The square wave
signal, triggered by the pulses from an inductive
transducer, has adjustable delay and duration. Secondly,
the azimuthal position of every datum is determined
using the secondary part of the dual-counter. This
counting-system is reset by the wave-shaped signal (for
each blade pass) and latched by the start signal from the
photodetector.

The timing and transit time words are transferred to
the computer and processed using data analysis
software.

The software procedure manages the classification
of the data in terms of their circumferential position in

the rotating frame and offers considerable versatility.
The blade pitch (between two resets of the counting
system) is divided into a variable number of intervals
whose widths can be chosen independently from each
other. This allows the adjustment of the spatial
resolution to the nature of the flow while taking into
account the non-measurable zones (due to shadow and
light reflection effects). Further details of such a blade
pitch partition are described by Trébinjac et al. (1995).
Furthermore, the number of validated data to be
acquired is chosen independently for each azimuthal
interval, allowing the maintaining of adequate accuracy
even in weakly seeded zones.

A discrete azimuthal position value corresponding
to the middle of each interval is assigned to the whole
data collected in this interval.

3.3  Data reduction procedure

- At each azimuthal position, the mean absolute angle,
the mean absolute velocity, the angular and modulus
standard deviations are calculated. The biasing
correction suggested by Mac Laughlin and Tiederman is
applied.

The measured velocity component is tangent to the

shroud meridional direction at each measurement
station, In order to visualize the throughflow field, the
values of the statistic parameters are corrected by taking
into account the angle £ between the meridional
streamline and the perpendicular to the measurement
station.
However, the meridional streamline is experimentally
unknown. The value of & is estimated from an
axisymetric geometric meridional stream direction. This
leads to : :

tan @, = Cos& X tan .,

vi=v2, ( 14052 0t s X tan? é)

Moreover, the velocity is corrected to standard day
conditions. Then, the mean relative parameters (W, B)
and standard deviations (0f3, ) are calculated. The
local relative Mach number is determined from the
knowledge of the upstream flow field by assuming the
conservation of the kinetic moment up to the leading
edge of the rotor and the conservation of the relative
total enthalpy from the leading edge up to the local
point.

34  Seeding technique
The basic criteria for the choice of seed material are
generally the ability of a particle of diameter d to track

flow fluctuations, proportional to d2, and the amount of

light scattered from it, proportional to d4. But if
measurements are performed in a high pressure
compressor, another criterion becomes quasi-
dominating : that is the local static temperature whose
rise typically decreases the amount of light scattered
from hot particles.

Solid seed particles do not degrade to around
2000°C and allow for LA measurements in
configurations such as combustion chambers, but their
use in the present case was proscribed because of a
possible infiltration through the bearing. The



polystyrene latex spheres (PSL), that are now in current
use, were ill-adapted because near 125°C they melt and
adhere to the surfaces. Oils remain whose responses to
the rise in temperature change according to the
considered type as shown in Fig. 2. The acquisition
frequency for paraffin, bearing oil and rhodorsil, whose
burning points are respectively around 175, 200 and
300°C, is plotted versus static temperature under
experimental conditions (laser power, photomultipliers
supplying, detection threshold) analogous to those
encountered during the current investigation. It must be
noted here that, even if the detectability of the rhodorsil
oil is one of the best, its viscosity (500mm2/s) is ten

times higher than that of the paraffin. This makes it
rather difficult to atomize.
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Fig.2: Acduisition frequency with paraffin, bearing oil
and rhodorsil seedings

With regard to the generation of seed, the current
mass flowrate prevents any global seeding. Thus, the
seed injection within the compressor must be achieved
through a smoke probe located far enough upstream of
the measurement point to avoid the probe wake
interference. At the injection location, the static pressure
was lower than the atmospheric pressure and thus, the
pressure level has to be adjusted within the generator. If
not, a seed jet was created whose kinetic energy was
high enough to modify the aerodynamics at the
measured point.

To sum up, the flow was seeded with oil particles
injected through a chamfered smoke probe located 2m
upstream of the impelier. Different types of oil were
chosen according to the measurement locations (i.e.
according to the local temperature). However, despite
these changes, the mean data rate from the inlet to the
exit typically varied from 1kHz down to 100Hz. The
real size of the particles was not known; only its range
can be estimated (0.5 - 1.5 microns).

4. MEASUREMENTS
4.1  Optical access and measurement locations
Separate laser flat windows provide optical access to

the impeller in two main regions : the axial zone
(inducer) and the radial zone. Because of mechanical

33

constraints, no window can take place in the high
meridional curvature region. For the measurements near
the shroud which are the most sensitive to the
perturbations due to the discontinuity between the flat
glass and the curved shroud, a specific setting is used.
The flat glass is set back to preserve the air-tightness
and replaced by a perforated metal piece in continuity
with the shoud.

A meridional sketch (Fig.3) of the centrifugal
compressor shows the spanwise and streamwise
locations where laser anemometer data have been
acquired. Each measurement station is perpendicular to
the shroud.

¢ e & B 8 ¢ s sesm
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.
.
.

|

T
inlet station

Fig.3 : Meridional sketch of the compressor

The nondimensional shroud meridional distances
(m/myg) of the stations which are presented below are
listed in Table 2, where m/mg = 0 is located at the
leading edge of the impeller and m/mg = 1 at the trailing
edge.

station
inlet

mimg
-0.05
0.215
0.361
0.408
0.637
0.750
0.806

=[] [l =] (@] -]

Table 2 : nondimensional shroud meridional distances
of the measurement stations.

42 Measurement uncertainties

An estimate of the uncertainties in the presented

results has been made. It includes the uncertainties
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inherent in the measurement technique (statistical
process, resolution of the electronic counter...) and the
errors connected with the experimental configuration
(axial thrust, thermal dilatation...), without all error
sources being taken into account (among others, those
due to the seed material drag...). Throughout most of the
impeller passage, the absolute velocity uncertainty
levels are estimated to be +- 1.5% and the uncertainty of
the relative flow angles is less than +- 1.7 deg. Finally,
the uncertainty of the axial and radial locations of any
measurement point is estimated to be +- 0.2 mm.

5. RESULTS

5.1  Presentation of the results

Most of the results shown hereafter are presented
through iso-values maps plotted from the hub to the
shroud and from the suction side of the main blade to
the pressure side of the adjacent main blade. From
station C, the maps show two distinct zones because of
the presence of the splitters. The left part of each figure
concerns the flow from the suction side of the main
blade to the pressure side of the splitter (passage A) and
the right part concerns the flow from the suction side of
the splitter to the pressure side of the adjacent main
blade (passage B).

Zones of lack of data are visible in each map. Near
the blade surfaces, these zero-data zones arise from the
shadow effects due to the blade twist and from the light
reflections from the blade surfaces which lead to
regions in which no data acquisition is possible either
(Trebinjac et al.,1995). Near the shroud, if using the
specific setting presented above, data should be
reachable everywhere. But in fact, the glass window,
even when it was set back, became very dirty probably
because of a leakage of bearing oil. This also explains
why few data are available in the inducer below 60
percent span.

5.2  The entrance region

At the inlet station (m/mg = - 0.05) and below
around 65 percent span, the flow is subsonic and the
pitchwise Mach number as well as the absolute angle
distributions are quasi-uniform. Above, the flow is
supersonic and both distributions reveal oscillations in
the circumferential direction resulting from the crossing
of the characteristics emanating from the rotor leading
edge. A study of this supersonic entrance region is
proposed through the calculation of the "unique
incidence condition”, assuming a two dimensional
cascade flow (Levine, 1957). The unique incidence
calculation, which is valid for started supersonic
cascade with sharp blades, is extended to include the
effects of detached shock waves in case of blunt leading
edge (Bolcs, 1983). The shock detachment leads to a
shift in the location of the limiting characteristic (the
last captured Mach line), which results in an increase in
inlet flow angle. The total pressure losses due to the
detached bow shock are taken into account through the
density calculation in the continuity equation along the
limiting characteristic. The inlet flow angle, Bcal,
calculated in this way is compared to the experimental
angle, Pexp. for a section at 92.5 percent span. The

procedure requires the knowledge of the inlet Mach
number, which is the one along the neutral
characteristic. Assuming that the neutral characteristic
corresponds to a zero absolute flow angle (no pre-
rotation), this leads to M = 1.13 (Fig.4). The prediction
of the detachment distance d leads thus to a
nondimensional value d/mg = - 0.03, which is consistent
with the experiment because the flow was supersonic in
all the measurement azimuthal intervals at the inlet
station (m/mg = - 0.05). The calculation of the inlet flow
angle leads then to Bexp - Bcal = 0.3°. The agreement
between the calculation procedure and the experiment is
very good all the more the difference value is within the
measurements errors. The assumption of a simple wave
inlet bidimensional flow field is therefore validated.

Relative Mach number Absolute flow angle

1.17 T T T T 2

136 ~o

1.15¢ // \o\, 1
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% blade pitch

Fig.4 : Pitchwise distributions of relative Mach number
and absolute flow angle
at 92.5 % span and m/ms = - 0.05

Finally, it is interesting to note that the
measurements performed without synchronisation in the
inlet station lead to the same inlet values as above. In
other words, this means that the mean values weighted
by the mass flow are those being along the neutral
characteristic. '

5.3 The axial flow field

The contour map of the relative Mach number from
m/mg = - 0.093 to m/mg = 0.321, at 70 percent blade
height, is presented in Fig.5, where the origin of the
abscissa corresponds to the blade suction side. A
description of the shock pattern is made from the sonic
line location. It is quasi-linear from 85% of the blade
pitch at m/mg = 0 to 15% at m/mg = 0.167. A pocket of
high Mach number values is observable in the half pitch
near the suction side resulting from the divergent
characteristics emanating from the convex suction
surface. From these results, as from other results not
shown here, the experimental shock pattern is plotted in
the (m, 6) plane at 70 percent span (Fig.6). It can be
noted here that a first calibration of numerical results
should consist of making the calculated and
experimental sonic lines meet exactly.
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Fig. 5 : Contour map of the relative Mach number
from m/mg = - 0.093 to m/mg = 0.321
at 70 percent blade height

inlet station
|

Fig.6 : Experimental sonic line in the (m, 0) plane
at 70 % span

The contour maps of the experimental meridional
velocity normalized by the inlet rotor tip speed (Vm/Ut)
at stations B, C and D are presented in Fig.7. A negative
gradient is observable from the suction side to the
pressure side and from shroud to hub. That is in
accordance with an inviscid nature of the flow, as
expected. At station D, although the flow still seems to
be dominated by inviscid properties, a decrease in
meridional velocity appears near the shroud. The
velocity fluctuations reach 15% in that zone, while they
do not exceed 8% up this station.

5.4  The radial flow field

Fig.8, 9 and 10 show the experimental normalized
meridional velocity contours at station E together with
the velocity and angular fluctuations. Low meridional
velocity zones are visible around midway between the
blade passages in passage A and somewhat near the
suction side in passage B. These low momentum fluid
regions are associated with very high velocity and
angular fluctuations that reach 20% and 12°
respectively. Such a flow structure remains when
moving downstream in the impeller as shown in Fig.11
and 12 at stations G and H respectively.
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From the high meridional curvature region, the
throughflow pattern is largely distorted. The cause is
thought to be in the vortex flows, as discussed below.

6. PHENOMENOLOGICAL STUDY OF
VORTICAL MECANISMS

The meridional curvature of the impeller induces
secondary flows due to the blade surface boundary
layers, leading to a motion of the fluid from hub to
shroud along the blade surfaces (denoted as PVM in
Fig.13). When moving downstream in the impeller, the
Coriolis passage vortex (PVC) gains in importance
because the hub and shroud binormals have significant
axial components, driving low energy fluid from the
pressure to the suction side along the hub and the
shroud. Finally, the blade-to-blade curvature generates
secondary flows due to the hub and shroud boundary
layers. The sign of this vortex (denoted as PVB)
depends on the sign of the streamline curvature Kgp. In
the case of backswept ending blades such as the present
impeller, the passage vortices from blade-to-blade
curvature and from Coriolis forces are contra-rotary.

shroud

T PVB W
PVC

=1 YR

(—))

SS hub ps
e

Fig.13 : Combination of passage vortices

Their relative strength (PVB vs PVC) can be quantified
through the inverse of the Rossby number
1 K

=—~# £ An evaluation of this ratio at stations
Ros W,

E, G and H leads to 0.3, 0.12 and 0.08 respectively, i.e.
the vortex due to the blade-to-blade curvature is too
weak to conterbalance the vortex due to Coriolis forces.
Therefore, from station E, the resulting motion
indisputably drives low energy fluid from the pressure
towards the suction surface. Thus, the interaction
between the vortices from meridional curvature (PVM)
and from Coriolis forces (PVC) leads to an
accumulation of low velocity towards the suction
surface / shroud corner, currently called the "wake"
region. Such a low velocity zone seems to be through
experiments in passage B. In order to understand the
flow structure in passage A, the tip clearance effects
have to be added. Indeed, for unshrouded impellers, the
tip clearance flow acts in a direction opposite to the
vortex due to Coriolis forces, PVC. If the tip clearance
effects are strong enough, they can drive the low
momentum fluid region somewhere towards the shroud
/ pressure side comer.
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Fig:14 : Secondary flow structure depending on the
intensity of the tip clearance effects

It is obvious that the leakage mass flow is much greater
through the principal blade tip than through the splitter
blade tip, but it tends towards the same level at the
trailing edge. The resulting secondary flows structure
depending on the intensity of the tip clearance effects
can then be sketched as in Fig.14 : the low momentum
fluid zone is located in the suction side / shroud corner
in passage B whereas it is located somewhere in the
midchannel in passage A, as suggested by the
experimental results.

To pursue the quantification of the relative strength
of the different vortices contributing to the formation
and the transport of the wake, detailed data of boundary
layers are required. Due to the considerable difficulty of
obtaining these data experimentally within such an
impeller, a solution is to rely on detailed numerical
simulations solving the three dimensional viscous flow
if the computed results are reliable enough. The
expected reliability is obtained by calibrating the
numerical simulations with the obtained experimental
results. That is the second phase of this research
program.

7. CONCLUDING REMARKS

L2F measurements have been performed within a
high-speed high-pressure centrifugal splittered impeller.
Although the unfavourable experimental conditions
(small passage size, strong meridional curvature,
complex aerodynamics, very high temperature)
dramatically restrict the inter-blade zones that are really
investigated, the results proved the ability of our laser
anemometry system to provide measurements within
such a complex configuration. Further developments of
the measurement technique are in progress, notably
including the seeding control. Indeed, the use of solid
material should allow the performance of measurements
up to the rotor exit and the diffuser.

The presented results are in very good agreement
with analytical results in the entrance region. They
reveal a potential flow structure up to the high
meridional curvature region, and then a largely distorted
throughflow pattern. A qualitative description of the
contributions of the various secondary vortices is
proposed. It tends to show the strong tnfluence of the tip
clearance effects on the low momentum fluid zone
location. That is confirmed by the experimental results,
as evidenced by the clear differences in the flow pattern
between both passages A and B. Finally, the present
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results make up a data bank in order to validate
numerical simulations that are the only way to obtain a
detailed understanding of such a complex flow.
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Paper 3
Author: L. Trebinjac

Q: J. Edmonds

Have you considered how to wash the L2F windows?

A: Une serie de petits orifices a ete amenagee tout autour du verre de visee, afin d'injecter du solvent qui,
convecte par I'ecoulement, assure le nettoyage de la vitre. Maltheureusement, vues les hautes temperatures,

rencontrees dans la presente investigation, le solvent (toluene) s'evapore presque des la sortie des orifices et le
nettoyage s'est donc revele inoperant.
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3-D LDA MEASUREMENTS IN AN ANNULAR CASCADE FOR STUDYING TIP
CLEARANCE EFFECTS

A. Doukelis, K. Mathioudakis, M. Founti*, and K. Papailiou

National Technical University of Athens
Lab. of Thermal Turbomachines
*Thermal Eng. Section, Lab. of Steam Generators and Thermal Plants
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ABSTRACT

Literature survey indicates the lack of detailed 3-D flowficld data for high-speed flows inside turbomachines, especially in
the region of the tip clearance gap, and points out the difficulties in conducting this kind of measurements. Such information
is nevertheless essential in order to validate CFD codes, which give the possibility of understanding the flow and finally
producing better designs of efficient turbomachinery components. This paper aims at presenting a 3-D LDA measurement
technique, as applied for the measurement of the flowficld in an annular cascade used to study tip clearance effects. First
the measurement system layout, signal processing and data acquisition and processing is presented in detail, together with
an evaluation of the measuring accuracy and the measuring capabilities of the system in simple flows. Next the annular
cascade configuration is described, together with a detailed account of all the aspects of execution of the measurements and
the provisions taken in this study. Finally sample measurements results, demonstrating the kind of information provided, are

presented.

1. INTRODUCTION

The possibility of measuring the three-dimensional
flowficld in the vicinity of the blade tip clearance is of great
importance in the ficld of turbomachinery. In this region a tip
clearance jet is created due to the pressure difference between
the pressure and suction side of the blade. The flowfield is
dominated by the effect of the consequent roll-up of the jet
close to the suction side to form the tip clearance vortex and
its interaction with the flow in the bladc passage. The
understanding of these phenomena is essential, since a large
portion of the losses generated inside the passage is duc to the
presence of the tip ¢learance gap. Since 1954 when Rains [1]
conducted the first extensive study of the phenomena
associated with the tip clearance gap in an axial water pump
and attcmpted to model the flow, many researchers have
conducted experimental and theoretical studies of the tip
clearance flow. Yet, the available experimental data, both for
compressors and turbines, is mostly confined to low-specd
flows, where the flow can be regarded as incompressible.
This data, although providing a good tool for the understand-
ing of the nature of the tip clearance flow and the
development and validation of Computational Fluid Dynamics
(CFD) codes cannot provide a gencral tool for the casc of
industrial turbomachines, where near-to-Mach conditions can
be encountered. The compressibility factor modifics the mass
flux through the tip clearance gap, and this mechanism has to

be taken into account for the development of CFD codes
capable of accurately predicting the flowfield propertics at the
tip clearance region of the blades. Therefore, tip clearance
measurcments for high-speed compressors and rotors are
important for the design and construction of more advanced
turbomachine components.

Traditionally hot-wires, pitot-tubes, pressurc tappings and
flow visualization techniques have been applied in the study of
the flowficld inside turbomachines. For example, Howard ct
al [2] conducted measurcments with cobra and wedge pitot-
probes inside a four-stage low-speed axial compressor for two
different tip-clearance gap values for the rotor and one for the
stator of cach stage. Storer and Cumpsty [3] investigated the
velocity through the clearance and the pressure distributions
around the clearance using blade and wall pressure tappings
and a miniature flattened Pitot probe. Lakshminarayana et al
[4] used stationary and rotating hot wires in the tip region of
a rotor in a single stage compressor. Several investigations
have also been conducted at the inlet and exit region of
isolated compressor and turbine rotors and stators or
multistage engines.

Intrusive measuring techniques, such as the above
described, have a major disadvantage: since the tip clearance
gap is gencrally small, the effcct of the insertion of protruding
bodies with diamcters of the same order of magnitude as that
of the gap can be quite substantial. This problem can be
overcome with the use of non-intrusive measuring techniques,

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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such as Laser Doppler anemometry. The use of two and

three-component LDA systems is increasing in the field of '

turbomachinery applications, since they provide additional
interesting aspects, such as the small size of the optical probes
and of the control volume, resulting in good spatial and
temporal resolution. Three-component (3-D) LDA systems
can be thus applied to perform measurements in high-speed
flows, including tip-clearance effects.

Many researchers have conducted measurements in
turbomachinery configurations using LDA. Chesnakas and
Dancey [5] studied the flow field in a low-speed axial flow
compressor using a three-color, three-component LDA,
backscatter collecting optics, counter signal processors,
frequency shift from O to 10 MHz and a 6.4 mm thick
uncoated plexiglass window. A six-jet aerosol seeder was
used to seed the flow with two micron mean diameter sugar
particles. The seed was introduced locally into the flow
upstream of the compressor bellmouth. No measurements
were conducted close to the hub or tip, and there is no
mention to the problem of window contamination. The three
beam pairs were produced by a single laser source and
focused into one common measuring volume. The system
(laser source and optics) was mounted on a single optical
table attached to a mechanical traversing mechanism, making
the whole assembly quite bulky. Murugan et al [6] studicd the
flowficld in the exit region of a radial inflow turbinc at low
speeds using a 3-D LDA quitc similar to the one mentioned
above, two micron mean diameter propylene glycol particles
as seeding and a 1.3 mm thick Lexan window. The flow was
sceded with a six-jet TSI atomizer connected to the bottom of
the settling chamber. The study included tip clearance flow
investigation. Lakshminarayana and Murthy [7] conducted
one-component LDA measurements of the axial and tangential
velocity components in order to investigate the annulus wall
boundary layer development in a low speed compressor rotor
using an atomised spray of mincral oil as seeding, injected
into the flow upstrcam of the rotor. The nearest radial station
where measurcments were conducted was 5 mm from the
wall. They uscd a single channel dual-beam laser ancmometer
with on-axis backscatter light collection, mounted on a three-
axis traverse table and a counter type signal processor. No
window contamination has been reported. Strazisar [8]
employed a single channel fringe anemometer and a 3 mm
thick glass window to conduct measurements of flow
periodicity and shock structure in a transonic fan rotor with
a design tip relative Mach No. of 1.38. Liquid sced particles
of 1-1.4 mm mecan diameter were injected into the flow
through a 6 mm diamcter tube located upstream of the rotor.
Kenncth Suder [9] used a two-color fringe type lascr
anemomecter  system  in order to conduct dctailed
measurements of the tangential and axial velocity component
of the flow upstrcam, within,and downstream a transonic
axial compressor rotor with an inlet relative tip Mach number
of 1.48. The rescarcher used 0.8 mean diameter polystyrene
particles as seeding and an one-inch thick alumina silica
window, contoured to conform to the rotor flowpath. The
ncarest radial station where measurements were conductcd
was 4 mm from the wall. Hobson and Dober [10] conducted
three-component measurements upstream and downstrcam a
linear cascade of controlled-diffusion stator blades inside a
low speed cascade tunnel, using a three-color three-

component fibre-optics LDA, backscatter collecting optics and
counter signal processors. The two fibre-optic probes were
mounted on an automated three axis traverse table. The flow
was seeded with 0.9 mm mean diameter olive oil particles
injected with an oil-mist generator upstream of the inlet guide
vanes. The measurements nearest to the endwall were
conducted 6.4 mm from the wall.

The above short review demonstrates the potentials of
LDA techniques in turbomachinery configurations, as well as
the lack of detailed flowfield measurements at high speed
turbomachinery flows. It can be observed that for the high-
speed flows studied, either the measurements inside the blade

_passage did not give an extensive coverage of the 3-D

flowfield, or they were simply confined at the inlet and outlet
of a blade row. This can be attributed to the fact that the
specific problems encountered in conducting 3-D measure-
ments inside a turbomachine with LDA are not negligible. For
example, the flare conditions created when a solid surface is
approached by the laser beams make near-wall measurements
extremely difficult, because of the deterioration of the quality
of the signal. Other problems include the adequate seeding of
the entire flowfield under consideration and the fouling of the
window due to contamination caused by the seeding. In order
to produce detailed 3:D measurements inside high speed

. turbomachinery configurations, these problems have to be

solved. The current study is an attempt to contribute in this
field, by presenting a detailed account of a 3-D LDA
measurcment approach applied for the measurement of the
flowficld in an annular cascade with the use of a specially
designed three-component LDA.

The 3-D Laser Doppler anemometer and the signal
processors that were used in the current study were specially
selected in order to provide the ability of conducting three-
component high speed measurcments inside confined flows.
The anemometcer consists of two independent systems, a single
component and a two component system, employing two
indcpendent laser sources, fibre optics and two small diameter
back-scattered light optical probes providing high spatial
resolution. This feature is unique, since other 3-D Laser-
Doppler ancmometers employ only one laser source producing
the three beam-pairs. The two systems can be operated
independently, providing large flexibility. In addition, the
system is very compact in size and can be easily transported
as a whole. The light-weight and small size of the two fibre-
linked optical probes enables casc of traversing and of alignm-
ent. Threc FFT signal processors have been sclected for the
signal processing, in order to provide a large bandwidth,
enabling high speed measurements, and a high sensitivity for
low SNR conditions, a situation encountered when
approaching solid surfaces.

This work will present the adopted 3-D LDA measurement
approach, as applicd for the measurement of the flowficld in
a high-speed annular cascade used to study tip clearance
effects. First a detailed description of the 3-D LDA, data
acquisition and processing will be presented, followed by an
evaluation of the measuring capabilities of the system in
simple flows. Next an account on several aspects of the
measurcment approach in the annular cascade facility will be
described. Finally, sample measurement results, demonstrating
the kind of information provided, will be presented.



2. THE THREE COMPONENT LDA SYSTEM

The layout of the 3-D Laser-Doppler anemometer is shown
schematically in Fig.1. It consists of two independent
systems: an one component (1-D) and a two-component (2-D)

system, both employing fibre optics and small diameter -

optical probes for the transmission and collection of the
scattered light from the three measuring volumes. The 2-D
probe transmits two orthogonal beam-pairs, and measures two
orthogonal velocity components. The 1-D probe transmits a
third pair of laser beams, it can be positioned at any angle
with respect to the 2-D probe and measures a component
inclined with respect to the plane of the components measured
by the 2-D probe, from which the third velocity component
is derived. The two, optical probes are housed on a small-base
probe carriage allowing fine 3-D linear and rotational
adjustment of the probe relative positions. The three
measuring volumes are focused on the same point by
adjusting the back reflections of the six beams, after reflection
on a small highly polished sphere. The 3-D LDA systcm has
been constructed by INVENT GmbH, Germany [11] and it
has been selected for turbomachinery applications because of
its robustness, easy handling and case of traversing. The
probe system has a small physical size and offers a wide
range of focusing lens focal lengths and small dimensions of
the resulting measuring control volume (mcv) that allows
measurcments in the vicinity of walls. The smallest size of the
volumes that can be achieved using the minimum focal length
of the focusing lens is 0.17 mm in length and 22 ym in
diameter.  The relative size of the three volumes is
approximately the same for a pair of focusing lens with the
same, or almost the same, focal length, enabling the proper
alignment of the thrce volumes. The three-component LDA
system is presented in detail in the following paragraphs.

2.1 The two component system

It consists of the following:

1. A 5W Argon-lon laser (COHERENT GmbH,
INNOV A 90-5) with control module and power supply is used
as the light source for the 2-D optical system.

2. An Optical Transmission Unit (O.T.U.) [11], mounted
on a rigid base plate. In the O.T.U. the incoming lascr beam,
conlaining multiple wavclengths, is split in two pairs of
shiftcd and unshifted beams (blue beams of 488 nm wave-
length and green beams of 514.5 nm wavelength), which arc
focused on four fibres, ending at the 2-D probe. Also, the
separated light signals from the receiving fibre of the probe
head are fed to two photomultiplicr tubes, located in the
O.T.U. The entirc optical system is nigidly mounted on a
sandwich type bread-board, and is equipped with a metal
cover to avoid dirtying.

3. An LDA Supply Unit comprising one variable Bragg-
cell driver, providing maximum frequency shift of 40 MHz,
and a double downmixer allowing net shift frequencics
between 100 KHz and 10 MHz, at each channel.

4. Two photomultiplier Power Supplies (the two
photomultiplicrs are incorporated in the O.T.U.).

5. A 36 mm diameter, two component fibre-optic
backscatter probe with six interchangeable front lenses (f=80,
120, 140, 160, 200, 250 mm). In order to create the two
orthogonal beam sets the 2-D probe uses the 488 nm (bluc)

Dataiil A

2-0 Probe

Probe no lder

Figure 1. Layout of the 3-D LDA

and 514.5 nm (green) beams from the laser, with an average
output power per unfocused beam of about 40 mW and 80
mW respectively.

2.2 The one component system

The Diode laser Fibre-optic Lascr Doppler Ancmometer
(DFLDA) [12] comprises a Basc Optical Unit (B.O.U.), a
power control unit and a fibre-optic back-scatter probe, as
follows:

1. The B.O.U. includes a 100 mW single-stripe,
monomode, lascr diode, an optical isolator, choice of double
or single Bragg cells. fibre-optic couplers and an Avalanche
Photo-Diode (APD). The laser diode emits light at 860 nm
which is not visible, it is temperature regulated and the beam
is corrccted for astigmatism and for achieving a circular beam
profile.

2. The power control unit includes all the electronic parts
nccessary to run the DFLDA system, namely the main power
supply, thc APD power supply, the Bragg-cell driver and the
laser diode power supply. The unit includes a signal downmi-
xer for operation with a single Bragg-cell. providing net
frequency shifis between 100 kHz and 10 MHz. The
frequency shift of the Bragg cell is 60 MHz, which is
appropriate for measurements in high speed flows.

3. The fibre-optic backscatter probe is 30 mm in diameter
and can be operated with five interchangeable front focusing
lenses (f=60, 120, 150, 200, 250 mm), providing diménsions
of the measuring volume similar to that of the 2-D probe. The
average output power per unfocused beam is about 12 mW.
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2.3 Signal processing and data acquisition

The processing of the Doppler signals delivered from the
three beam-pairs is performed with three Frequency Domain
Processors (Macrodyne Inc., U.S.A., Model 3107) [13],
performing an FFT on each channel.

The FDP 3107 can measure frequencies up to 120 MHz
with variable sampling rates of 300, 150, 75, and 37.5 MHz
with a minimum sensitivity of SmV full-scale. A selectable
frequency domain validation technique, plus a percentage
validation are utilized in each processing range. Maximum
data throughput of Doppler frequency is sustained at a rate of
approximately 3300 records/sec, for a digitization length of
32 words (Record Length - RCL). In order to increase the
accuracy of frequency estimation a specific frequency
estimator technique of high accuracy is utilized, providing an
error of the order of £0.1% of Nyquist frequency with full-
scale noiseless sinusoidal input.

The three signals, corresponding to the three velocity
components are fed to the three FDP’s. The two signals,
originating from the 2-D optical system, are either fed
directly to two FDP’s or via the double downmixer. Each
signal can be appropriately filtered via a high and a low band-
pass filter. The signal fed to the FDP is continuously digitized
with a high-speed analog-to-digital converter whose output
passes through a high-speed shift register. This register, user-
selectable from 32 to 4096 words, is monitored to determine
when the energy content exceeds a selected threshold
indicating the presence of a signal burst. When a burst has
been captured, the contents of the shift register are transferred
to an in-line digital signal processor chip for transforming to
the frequency domain using FFT techniques. The
experimenter can select from one of two means of frequency
domain validation to be used for each of the ranges:
secondary peak to primary peak ratio and the ratio of Doppler
signal energy to total encrgy. Peak Signal validation
determines the ratio of the primary peak height with the next
highest peak and compares the result with a user sclected
value (Peak Ratio Technique). If the determined value is less
than the selected value, the spectrum is considered to be of a
validated signal and the frequency of the primary peak is
determined using an Energy Profile Estimator technique. A
second user-selectable validation technique (Energy Ratio)
calculates the energy contained within the primary peak and
compares it with the energy in the Total Energy Spectrum of
the selected Processing Range. If the ratio excecds the
sclected value, the measurement is considered valid and the
frequency of the primary peak is determined and produced as
a digital output sent to a computer via a GPIB interface and
a data acquisition board.

A personal computer is uscd for the processing of the data
(frequencics) acquired from the 3 FDP’s, via an IEEE data
acquisition board. The acquisition board has a sofiware
programmable built-in coincidence detector giving the ability
to acquire two or three-component measurcments inside a
predefined coincidence window, enabling thus the acquisition
of time corrclated events. This fact is crucial when it 1s
desired to calculate shear stresses, since for a large number
of events any sct of random velocity components will give a
value of shear stress equal to zero. In addition, the calculation
of the mean velocity and rms of the non-orthogonal velocity
component using uncorrelated events leads to an increased
error, depending on the angle between the 1-D and 2-D
probes, as was highlighted by Orloff and Snyder [14]. The
coincidence window used depends on the expected time-scale
of interest of the flow under consideration.

Data processing is performed using the custom-made
Laser Velocimetry Software by ZECH-Electronics Co. and
INVENT GmbH [15]. The software is capable of performing
the simultaneous analysis of one, two, or three component
velocity measurements. Mean and rms velocities and shear
stresses are calculated for each measuring location, based on
the collected data of measured frequencies. Data can also be
acquired in raw form, accumulated and processed in a later
time.

2.4 Evaluation of flowfield properties

The 2-D probe measures directly two orthogonal velocity
components whereas the 1-D probe measures a component
inclined with respect to the plane of the components measured
by the 2-D probe, from which the third velocity component is
derived. Since the positioning of the probe carriage may be
such that the 2-D probe does not measure the desirable
orthogonal components (e.g. axial and peripheral) it may be
also necessary to transform these two velocity components. In
this case, assume that the chosen coordinate system is X,X,X,
and that the corresponding velocity components, which have
to be calculated, are U,, U,, U, (Figure 2). In Figure 2 axis
X, coincides with the axis of the 2-D probe, a case which is
common for measurements inside turbomachines. The
measured velocity components in the probe-fixed system of
coordinates are S,, S,, S,. Using the three orientation angles
@, o, a, and the angle between the two probes ¢ ("pie”
angle) the measured velocities (S1, S,, S,) can be transformed
to the velocities U,, U, and U, using the following equations:
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Since equations (1)-(3) are in linear form the calculation
of the mean velocities is correct even if the measurements of
the components §,, S,, S, are not correlated in time. This is
not the case for the calculation of the turbulent stresses, since
the corresponding equations are not linear any more.
Therefore in the current study, the placement of the probe
system is done in such a way that it measures directly two
velocity components (e.g U,, U,). The corresponding normal
stresses are also measured directly and a transformation is
needed only for the third component.

As mentioned previously, the measurement of shear
stresses imposes the acquisition of the velocity components
using a coincidence window. If the desired coincidence
window is smail, as is the case in high-speed flows, long
measuring times would be necessary to conduct coincident
measurements. In addition the small size of the volumes used
in the current study is a fact that makes coincident
measurements lengthier in time, since the increased spatial
resolution is counterbalanced by a decreased temporal
resolution and, even a small misalignment of the three
volumes would make the situation even worse.

2.5 Evaluation of the measuring capabilities
of the 3-D LDA

A very important aspect of any measuring system is the
accuracy of the measured quantities. The statistical error of
the measured quantitics by LDA depends on the sample size
used for the derivation of these quantities. The sample size
uscd in the current study was 3000. Using thc equations
provided by Yanta [16] yields an error of +£2.5% for the
normal and shear stresses and +1% for the mean velocities
for a value of 30% turbulence intensity, a value which was
rarcly exceeded in the current study. If the measurements are
not corrclated in time (use of coincidence window) then,
according to Orloff and Snyder [14], the statistical error of
the indirectly measured component, which is derived by the
non-orthogonal velocity component, is multiplied by a factor
depending on the angle created by the two probes. For the
current study this angle ("pic angle "} was approximatcly 30
deg. This yields an error of +2.6% for the indirectly
measurcd velocity component, for the case of uncorrelated
measurements, whercas the statistical error for the directly
measured components remains unaffected (+1%). Another
important source of error comes from the alignment of the
probe carriage with respect to a given facility. The inaccuracy
of angle measurement, which is of the order of +0.3 deg.
both for the angles created between the probe carriage and the
facility and the angle between the two probes, yiclds a
systematic error to the measurement of the three velocity
componcnts. This systematic error is of the order of +0.3
deg. for the measurement of the flow angles (yaw and pitch
angle).

In order to assess the measuring capabilitics of the system
a scries of 3-D measurements have been performed in a small
free-fet with a 20 mm nozzle exit diameter, (A. Doukelis ¢t
al [17]). The working fluid was air. The maximum centre-line
axial mean velocity was about 85 m/sec with a low turbulence
intensity (about 1% at the nozzle exit), corresponding to a
Reynolds number of 1.63-10°. The flow was seeded with 0.3
um average diameter TiO, particles, which were injected in
the flow from an RGB-1000 particle disperser [18].

Extensive measurements were conducted in the jet
configuration [17]. Some representative results arc presented
here. Figure 3 shows the measured axial, radial and circum-
ferential turbulence intensity profiles, at X/D = 15.5. The
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Figure 3: Measured turbulence intensity profiles versus
Y/X

axial turbulence intensitics are consistently larger than the
mecasured values for the other two components. The above
behaviour is expected on physical grounds (Tennekes and
Lumley [19}) and has been observed in the earlier studies of
Wygnanski and Fiedler [20] and Hussein et al. [21].

eance WYCNANSKI-FIEDLER AT X/D=40
THEORY FOR SELF PRESERVATION

ccecoo CURRENT STUDY - X/D=15.5

Figure 4: Comparison of axial mean velocity profiles

Figure 4 presents a comparison of the measured axial non-
dimensionalized mean velocity profiles at X/D =20 with free-
jet theory and measurements conducted by Wygnanski-Fiedler
{20] at X/D=40. The agrecement in the region of the jet
centerline is very good, whereas in the outer region larger
discrepancics are observed, duc to the fact that the
measurements were conducted at a position where self-
preservation is not yet attained (X/D>70 according to
Wygnanski-Fiedler {20]). Mcasurements were also conducted
inside and at the exit.of a circular tube of 20 mm internal
diameter and wall thickness of 2 mm. These measurements
were conducted with a 3-channel coincidence interval of 100
us, in order to measure the shear stress distributions. Figure
3 presents the measured shear stress profiles at the exit of the
tube, which show the expected trend: the uw  and VW
stresses are approximately zero whereas the uv shear stress
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component is non-zero with a distribution as expected for an
axisymmetric jet.
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Figure 5: Shear stress profiles versus Y at X/D=3

3. ANNULAR CASCADE CONFIGURATION -
EXECUTION OF MEASUREMENTS

A description of the annular cascade facility, together
with an account of several aspects of the measurement
approach followed in the current study is presented next.

3.1 Annular cascade facility

The layout of the annular cascade facility is shown in
figure 6, whereas figure 7 presents a detailed drawing of the
test section. The design and construction of this facility has
been reported in detail by Mathioudakis et al [22]. The
airstrcam enters the facility via a smoothly contracting
bellmouth into a scroll. The scroll delivers the air flow with
a swirl into a beat duct which gives to the annular space. The
test section, on which the test cascade is mounted follows.
The test cascade has 19 straight blades, with a chord of 100
mm, 0.8 aspect ratio and maximum thickness to chord ratio
4.58%. The geometrical inlet and outlet angles are 60.1 deg.
and 44.6 deg. respectively, whereas the stagger angle of the
blades at midspan is 51.4 deg. There are two sets of blades,
with a tip clcarance of 2% and 4% chord respectively. The
hub wall at the test section region can be rotated by a
controlled speed electric motor. The nominal rotational speed
of the hub during the measurements was 6540 rpm, whereas
the maximum local Mach number in the annular spacc was of
the order of 0.62. After the exit of the test cascade the flow
is entering a second cascade, whose purpose is to rccover the
swirl and bring the flow to the axial direction. A set of
connccting ducts brings the flow to the inlet of the axial
compressor, which is used to drive the facility.

3.2 Optical access

Measurements with the 3-D LDA system have been
performed in several axial planes covering the whole blade
passage from leading edge to trailing edge. Optical access to
the blade passage has been ensured by two transparent curved
glass windows of 1 mm thickness. specially manufactured in
order to conform to the outcr flowpath contour. The
placement of these windows with respect to the blade passage
is shown in figurc 8. together with a drawing of the top view

of one of the windows. The dimensioning of the windows has
been chosen in order to allow the maximum possible coverage
axially, in function of the structural restrictions imposed by
the need to have a sufficiently rigid fixing of the adjacent
blades.
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Figure 6: Layout of the annular cascade facility

Figure 7: Layout of the annular cascade facility
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Figure 8: Layout of the two windows for coverage of

the blade passage

A problem encountered when beams pass through
transparent curved windows is the refraction of the laser



beams at the interface boundaries. Beam refraction affects:

a) the position of intersection of each beam-pair (i.e of each
measuring volume - M.V.),

b) the shape of each of the M.V’s and, consequently, the
fringe spacing,

¢) the orientation of each M. V. and hence of the
corresponding velocity component.

d) the relative position in space of the three M.V’s. In the
general case the three M.V’s may not cross any more
after successive refractions. This fact may have serious
implication to the correct evaluation of the rms velocity
of the components not measured directly and of shear
stress values, as was previously discussed.

It was therefore necessary to estimate the influence of
refraction on the curved windows used for this study. The
effects of beam refraction in a 3-D LDA for turbomachinery
geometries has been studied in detail by Doukelis et al [23].
It was deduced that for the current case, where window
thickness is quite small, refraction effects are gencrally kept
minimal. The change in fringe spacing is less than 0.3%,
whercas the directional change of a measured component is
less than 0.1 deg. Therefore, the required corrections are of
a small order of magnitude.

3.3 Flowfield seeding

An important factor of LDA measurements is the
adequate seeding of the flow under investigation with light-
scattering particles. The experimenter has to choose between
global or localized injection of seeding in the test facility and,
in the second case, determine the optim&m position of seeding
injection in order to achieve a number of particles leading to
acceptablc data rates at the measuring location. Sincc seeding
of the whole flowficld requires a very expensive seeder and
enormous amounts of seeding most experimenters chose local
injection of the seeding. This was also our choicc for the
current study. A TSI Modcl 9306 Six-Jet Atomizer {24] was
choscn as the sceding gencrator, because it met with all the
requirements  set with  regard to the size range of
particles/droplets and the flow rates. It offers a broad range
of control over both the particle number concentration and
over the total particle output. The mean diameter of the
particles produced by the atomizer is approximately 0.6 um,
whereas the size distribution is quite narrow. Using the
equations for the frequency response of a particle moving
through a fluid, it was proved that particles of this size can
follow closely the fluid motion ¢ven at high speeds.

Especially in the backscatter mode, where the intensity of
the light reaching the recciving oplics is onc order of
magnitude lower than in the forward-scatter mode, the quality
of the seeding becomes a crucial factor for the measurements.
After having tested several seeding mediums a 1:9 solution of
paraffine oil and benzine was finally chosen, since it led to
the optimum data rates observed and it gave a very good
signal quality (high SNR).

According to Raj and Lakshminarayana {25] in flows of
high degree of swirl, such as the one in consideration, the
dccay rate of the tangential velocity defect is much faster than
the other components, giving rise to appreciable curvature in
the wake centerline. Therefore, if a tube is inscrted in the
flowfield for the injection of sceding, the position of injection
has to lic at a distance far cnough from the mcasuring
location so that.the wake induced by the probe has decayed
substantially and it produces a negligible disturbance on the
flowficld propertics. _

Measurements with a 5-hole probe at the cascade
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indicated that, even for the more remote position of seeding
injection upstream of the measuring location, which is almost
50 cm from the measuring locations, the insertion of a seeding
probe inside the annulus causes serious disturbances of the
initial flowfield properties. Therefore, the only solution was
the injection of the seeding at the inlet of the facility
(bellmouth) using the one-inch hose of the 6-jet atomizer. The
appropriate injection position of the seeding from the
bellmouth was determined by assuming that the seeding
particles follow very closely the streamlines of the flow and
that each position on a diameter of the bellmouth can be
correlated to a position of the circumference of the annulus at
the measuring location (360°). A seeding injection position was
first estimated and then the optimum position was determined
experimentally, by moving the hose in small steps and by
recording the obtained seeding rate. The position that was
finally experimentally selected lay very close to the one
calculated, at midspan. Small changes of injection positions
were found necessary, in order to get maximum data rates for
the measurements near the hub or the tip at the test section.
This fact was expected, since the flow angle varies across the
annulus height. A single position cannot give the best results
from the point of view of seeding density at the measuring
location.

3.4 Window fouling

Window fouling is another problem that has to be
addressed when using a fluid as seeding medium. Window

"contamination has been less severe when the seeding was

injected from the inlet of the facility. Although, the mixture
of paraffine oil and gasoline resulted in a milder window
contamination than other fluids tested, the problem still
existed. The contaminating fluid seems to come from the
upstrecam dircction, where it has been deposited on the tip
wall. It appears in the form of oil streaks, starting from the
upstream c¢dge through the window. Within less than §
minutes of operation of the facility at nominal conditions with
the sceding activated, the streaks appear on the window
causing fast deterioration of the signal quality (low SNR). In
order to climinate the problems caused by fouling of the
windows special provisions were taken at the design of the
windows. The windows were designed so that oil flowing on
the upstrcam outer wall is prcvented from reaching the
window, by a thin slot which is kept in a slightly smaller
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Figure 9: Conliguration for the elimination of window
fouling
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pressure than the flow. This is ensured by connection to a
point near the hub, where the smaller static pressure of the
swirling flow occurs. On the other hand, a series of holes at
the upstream edge of the window is used to inject a solvent
which cleans the window when it has been contaminated. The
fluid that was used for cleaning the window was methanol.
The injection is done on-line during the execution of the
experiments, with a remotely controlled electropneumatic
arrangement. Figure 9 is a drawing of one of the two
windows used for the LDA measurements, where the
arrangements for the elimination of window fouling are
shown. A fairly gratifying observation that was made during
the current study should be pointed out: as the flow speed
increases, the problem of window contamination becomes less
intense. Qil formation on the window is more severe at lower
rotational speeds. At higher rotational speeds the high velocity
of the flow partially washes away the paraffine oil from the
window,

3.5 Traversing mechanismn of laser probes assembly

The two LDA-probe assembly is mounted on a remotely
controlled carriage which enables radial traversing of the
cascade. This, in its turn, is mounted on a manually operated
two-axis mechanical traversing mechanism, which enables to
move the assembly to a given axial position, whereas the
circumferential position is set so as the axis of the 2-D probe
coincides with the radial direction. The displacement accuracy
of the traversing mechanism is £0.05 mm for all three axes.
With this arrangement the 2-D probe measures dircctly the
axial and circumferential component of the flow, whereas the
radial component is indirectly measured. Diffcrent
circumferential positions with respect to the blades can be set
by rotating the cascade, while the probes are at a fixed axial
and circumferential position. The accuracy in the angular
positioning of the cascadeis +0.1 deg. for a full rotation. At
cach axial location of interest the system is locked, and only
the radial traversing is enabled. Thus, by rotating the cascade
at different circumferential positions and conducting radial
traverscs, a measuring plane can be covered completely. The
oricntation of the Laser probes assembly on a plane
perpendicular to the annulus axis is shown in fligure 10.
Oricntation (a) is used for measurements near the pressure
surface and (b) near the suction surface of the blades. since
the topography of the laser probes does not cnable full
coverage of the plane with one orientation. The coverage of
the passage in the blade-to-blade plane at the hub using the

Figure 10: Oricntations of the probe assembly for coverage
of the passage

two orientations is shown by the hatched areas in Figure 10.
There exists an overlapping measuring region close to the
midpitch even at the hub, a fact which enables crosschecking
of the proper alignment of the system with respect to the
facility. It should be noted that, when positioning the control
volume near the hub, the incident beams come too close to the
window edges, restricting the possibility to measure very near
the hub wall. This can be overcome by ‘tilting the probes
assembly by a few degrees.

4. CASCADE FLOW MEASUREMENT RESULTS

Detailed velocity measurements at different axial locations
were conducted during this study for two different values of
the tip clearance gap. A sample of these measurements,
conducted at 33.5% chord from the leading edge of the blades
and for a tip clearance gap value of 4 mm (4% chord), will be
presented here. It proved extremely difficult to measure at
locations closer than 3 mm to the hub, since the SNR
deteriorated rapidly as the hub was approached, leading to a
very bad signal quality and unacceptably low data rates. The
same applies for the region close the window (above 90%
span). The proximity of the beams to the window produces
very high noise which makes near-window measurements
difficult. For all the laser measurements conducted inside the
passage a sample size of 3000 was used. The statistical errors
associated with this sample size were presented in detail
previously, as well as the systematic angular and positioning
errors.

Figure 11 shows the magnitude distributions of the
measured velocity components, whereas Figure 12 shows the
measured local turbulence intensities of the axial and
peripheral velocity components of the flow. No correction for
velocity gradient effects has been applied to the measured
velocity components presented in these figures. The gradicnts
observed are mainly from the pressure to the suction side of

.the blades, while in the vicinity of the hub a viscous layer

with strong radial gradients is developing, with a region of
very low velocities in the centre of the passage. These areas
also appcar in the turbulence distributions of the axial and
peripheral velocity components as areas of high tusbulence, a
fact that can be attributed to the encrgy dissipation inside the
viscous layer. The radial velocity distribution indicates the
influence of the tip leakage flow which is alrcady quite strong
at this axial location. High values of radial flow arc observed
inside the core of the leakage flow, a fact which is consistent
with measurcments conducted by other rescarchers and can be
attributed to the presence of the tip leakage vortex.

Figurc 13 presents the vector plot of the measured
velocity inside the passage, whercas figure 14 presents the
vector plot of the velocity defect, that is the difference
betwcen the measured velocity and the calculated
circumferentially averaged velocity inside the passage. The
initiation of the tip clcarance leakage is best displayed here.
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(a): Measured axial velocity at 33.5% chord (a): Measured axial turbulence intensity at 33.5% chord

(b):Measured peripheral turbulence infensity at 33.5 % chord

Figure 12: Measured turbulence intensity distributions at
(b): Measured peripheral velocity at 33.5% chord 33.5% chord

(¢): Measured radial velocity at 33.5% chord

Figure 11: Measured velocity components distributions at Figure 13: Vector plot of velocity at 33.5% chord
33.5% chord
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Figure 14: Vector plot of velocity defect

Measurements at different axial locations inside the
passage were also conducted with a specially designed long-
stem 5-hole probe, in order to obtain pressure distributions.
since LDA measurements do not provide this kind of
information. In addition. these measurements have offered
the ability to compare the {lowfield quantities obtained by
laser measurements inside the passage with those obtained
by pneumatic measurements. which is a well-known and
accepted  measuring  technique in  turbomachinery
applications.

I'igures 15-17 present a comparison between laser and 5-
hole probe measurements of the measured total velocity, yaw
angle and pitch of the flow mside the passage at 33.5%
chord. The comparison of the measured flow angles 1s good,
whereas for the total velocity there is a difference of the
order of 3%. Since this difference seems to be systematic it
is highly probable that it is due to slightly different
atmospheric conditions.

According to the calibration report of the probe [26] the
expected errors of the measured quantities arc: £0.5 deg. for
the yaw angle. +1.3 deg. for the pitch angle. and £1% for the
total velocity. Yet there are several additional factors
reducing the measuring accuracy of the probe. The great
length of the stem introduced inside the flow is probably
creating a disturbance of the flowfield propertics. On the
other hand, the position of the sensing head is sensitive to
small placement errors. Aerodynamic force may result in
slight bending of the head, leading to a measuring position
different from the one anticipated from the positioning data.
This may be the reason for which the velocity contours,
Figure 15, have exactly the same form but are slightly shifted
with respect to each other. Therefore the results obtained by
laser measurements can be regarded as more trustworthy and
any discrepancies observed between laser and five-hole
probe measurements are probably due to the errors
mentioned above.

f -: 5-Hole Probe

| --: Laser

Figure 15: Comparison of measured mean velocity at 33 5%
chord by laser and long-stem probe

-:5-hole probe

| --:Laser

Figure 16: Comparison of measured yaw angle at 33.5%
chord by laser and long-stem probe

[ -:5-hole probe

| --:Laser

Figure 17: Comparison of measured pitch angle at 33.5%
chord by laser and long-stem probe



3. CONCLUSIONS

The 3-D LDA measurementtechnique has been described,
as applied for the measurement of the flowfield in a high-
speed annular cascade used to study tip clearance effects. The
system layout, data acquisition and signal processing have
been presented in detail. A full description of the annular
cascade facility and all the aspects of execution of the
measurements have been given, together with representative
measurements, demonstrating the ability of LDA to measure
accurately the three mean velocity components and the
corresponding turbulence intensities inside the passage and in
the tip-clearance of the annular cascade facility. Overall, the
mean velocities measured with LDA agreed within expected
accuracy limits with pneumatic measurements conducted in
the same facility. '
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Q: Can you please comment on problems you could identify in'connection with the appearance of back ground
flare?

A: Background flare restricts the ability to measure close to the hub wall. In our case the hub wall was coated
by anti-reflective paint and the minimum distance we could measure was 3mm from the hub wall, when the 2-D
probe was introduced radially into the passage. It was found that closer to the wall points could be approached,
by including the probe axis with respect to the vertical to the end-wall.

Q : Benson
Have you tried different seed materials ?
A: During the initial testing phase on the free jet, we used. solid particles with very good results. All

measurements on the annular cascade facility have, however, been performed using oil seeding, because of the
risk of damage to the bearings if solid powder was used.
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Investigation of the spray dynamics of aeroengine fuel injectors under atmospheric
and simulated pressure conditions

T. Behrendt, C. Hassa
DLR, Institut fiir Antriebstechnik
Postfach 90 60 58
D-51170 Kéln

SUMMARY

The two phase flow in the nearfield of an airblast
atomizer in a cylindrical confinement was investigated
with a three component (3D) dual mode PDA. An
algorithm for the calculation of the mass flux in a
strongly swirling spray was derived. The algorithm
makes use of all three velocity components. The im-
proved performance relative to a 2D-algorithm is
shown for an atmospheric spray. The error of the inte-
grated mass flux is about +/-15% at a distance of more
than 10mm behind the nozzle exit.

The investigations were made in an attempt to get first
information on the two phase flow under real pressure
condition where the dense spray starts to modify the
flow pattern and hence the fuel distribution. Similarity
rules were derived for scaling the combustor idle
condition with respect to the particle number concen-
tration in the spray. The measurements were made

- under atmospheric and simulated pressure condition.

The measured spray properties agreed well with the
expected results calculated from the similarity rules.
Several effects of the spray on the gasphase were
identified under simulated pressure. A reduced turbu-
lence of the gasphase, a decreased dispersion of the
spray and a degradation of the effective swirl number
were identified as dense spray effects. These pheno-
mena are likely to occur under real pressure as well.
Other effects identified were results of the particle
inertia.

For the correct interpretation of the results it was
necessary to estimate the degree to which the particle
behaviour is influenced by its inertia under simulated
and real pressure. Together with this evaluation the
simulation of real engine condition with respect to the
particle number concentration was successful within
certain limits.

1. INTRODUCTION

One possibility of improving the performance of air-
craft engines is to increase the pressure-ratio. This
normally entails a higher temperature rise in the com-
bustion chamber [1}. The rise of the pressure ratio
enlarges the range of the operation conditions in terms

Germany

of the overall combustor fuel air ratio. The primary
zones of common combustors can operate only in a
specific range of fuel-air-ratios. At high load soot
production and NOx-emissions due to the high tempe-
rature increase. At low power settings the equivalence
ratio reaches the lean stability limit. To overcome
these limits the recent development leads to staged
combustors [2] with an overall lean fuel-air-ratio in
the main zone. But if the fuel distribution produced by
the main burners is not homogeneous enough, local
stoichiometric or rich zones will be generated, which
are big enough to start excessive NOx and eventually
soot production [3]. For the development of fuel
nozzles.satisfying the needs of staged combustion, it is
therefore necessary to get reliable information about
the fuel placement and homogeneity within the com-
bustor primary zone.

Investigations under real engine conditions involve
high costs and diagnostic risks. The need for the re-
duction of the development cost leads to simplified
test procedures wherever possible [4]. In the case of
the cold fuel spray, expensive tests under high pressu-
re can be avoided to a certain degree. The possibilities
and limitations of testing under atmospheric pressure
are discussed in the following paragraphs with respect
to the aim of the characterisation of the two phase

" flow in the burner nearfield. The success of the ap-

proach is then highlighted with results from a specific
airblast atomizer nozzle. But before that, the discussi-
on starts with the description of the specific experi-
mental rig and the set-up and modification of the
principal diagnostic technique, the dual mode Phase
Doppler Anemometer (PDA).

2. EXPERIMENT
2.1 Airblast atomizer with combustor primary zone

The airblast atomizer with the combustor primary zone
is shown in figure 1.

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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Figure 1: Airblast atomizer in combustor primary zone
(not to scale)

The prefilming atomizer is equipped with an inner
axial swirler and an outer radial swirler and is located
in a plenum chamber. A pressure swirl atomizer is
used to deposit the fuel on the prefilming lip. The
plenum is placed in a tubular confinement to achieve
the necessary flowfield similarity to the atomizer
nearfield of a combustor primary zgne. The nozzle
exit diameter is 26 mm and the liner diameter is
94 mm, producing a typical ratio of nozzle exit to
combustor dome velocity. Additional air emerges
~ through holes in the plenum upstream of the nozzle
and is directed along the inner wall to simulate the
airflow of the heatshield. The amount of this airflow is
about 40% of the atomizer airflow. The laser beams of
the PDA and the scattered light are directed through
small holes in the confinement to avoid loss of signal
to noise ratio caused by kerosene spread on the win-
dows. On the outer side of the confinement purging
airstreams are located at these holes to block the moti-
on of any large droplets flying through the holes. Test
measurements with an atomizer with a spray cone
angle of more than 120° revealed the effectiveness of
the purging air together with the simulated heatshield
airflow in the liner. The measured flowfield was not
significantly influenced by the holes. The detailed
description of the test facility is given in {5].

2.2 Diagnostics

-A three component dual mode Phase Doppler Ane-
mometer (PDA) is used for the investigations. The
PDA has proved to be capable of measuring the two
phase flow at atmospheric conditions with good accu-
racy [6). The specific instrument used was a dual PDA
built by DANTEC [7]. The dual mode concept is an
extension of the conventional (standard) PDA with the
capability of rejecting incorrect size measurements
caused by effects, which are probable to occur if the
particle diameter is not small against the diameter of
the measuring volume [8]. The measured massflux
distribution, as the primary measured quantity to judge
the fuel placement of the nozzle, is very sensitive to
erroneous size measurements of large particles becau-
se of the third power dependency of the diameter. On

the other hand a small measuring volume is necessary
to avoid the presence of more than one particle in the
measuring volume at a time, a condition, which spoils
the measurement. '

The dual mode concept is realised by the implementa-
tion of a second pair of detectors (planar PDA) to
measure the phase difference of the scattered light
from a second pair of beams. Since these detectors lie
in a different scattering plane, the phase difference
shows a different response to the above mentioned
effects. With an adequate validation algorithm incor-
rect size measurements can be recognised and re-
jected.

For measuring kerosene droplets with this method
Mie-calculations of the scattered light had to be made
to find the best possible optical set-up for transmitting
and receiving optics. The only PDA delivers valid
measurements, if one scattering mode is dominating.
The scattered light of particles smaller than 30 pm was
calculated with the Mie-theory [9]. On particles larger
than 30 um the laws of geometrical optics were
applied. For the calculation the scattering angle, the
wavelength of the beams and the beam expansion of
the receiving optics were varied. The results were
evaluated with respect to the linearity of the phase
diameter relation of the standard PDA and the oscilla-
tion of the phase diameter relation of the planar PDA.
Table 1 contains the parameters of the configuration
with the best results.

scattering mode 1st order
refraction
scattering angle 40°
beam separation 24 mm
wavelength standard PDA 488 nm
wavelength planar PDA 514.5 nm
beam expansion receiving optics 1.98

Table 1: Set-up of the dual mode PDA

Unfortunately the receiver cannot be positioned at an
scattering angle of 69° to make use of the Brewster
condition for suppression of reflected light. Further-
more the diameter phase relation for Brewster’s angle
is quite insensitive against changes of the refractive
index. The refractive index of kerosene decreases due
to the heat-up of the droplets in a combusting spray
[10]. Moreover the resulting length of the measuring
volume would be smaller. However at scattering an-
gles above 50° the ratio between the phase factors of
the planar and the standard PDA gets too large. The
phase difference of the planar PDA is used to resolve
the 2m-ambiguity of the standard PDA to enlarge the
measuring range, see figure 2.
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Figure 2: Relation between the calculated phase diffe-
rences of the standard and the planar PDA
for the selected configuration

If the ratio between the phase factors becomes too
large, the 2m-ambiguity cannot be resolved because of
the oscillations of the planar phase diameter relation at
small particles, see figure 3. As the phase differences
are measured with a certain error caused by the finite
accuracy of the signal processor, the relation in figure
3 represents the ,,best case”. This deviation may cause
the misinterpretation of a particle with a standard
phase difference of 13° as a particle with a standard
phase difference of 373°, causing an error in the par-
ticle diameter of about 60um.
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Figure 3: Relation between the calculated phase diffe-

rences of the standard and the planar PDA .

for a scattering angle of 68.8°

The PDA was powered by an Argon Ion laser running
at approximately 1.5W. The light was sent to the
transmitting probes by optical monomode fibres. The
focal length of the transmitting and receiving optics
was 310 mm. The properties of the resulting measu-
ring volume are listed in table 2. The length of the
measuring volume is limited by the projection of a slit
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aperture in the receiving probe, giving a length of
195um.

u v w
fringe spacing [um] 6.31 | 6.65 | 3.89
Gaussian beam diameter [pm] 72 76 140

Table 2: Properties of measuring volume

The resulting. arrangement of the probes is shown in
figure 4.
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2. Transmitter w

measuring volume 476.5nm

Figure 4: Optical set-up of the PDA

2.3 Calculation of mass flux

The mass flux f, into a specific direction x can be
calculated from the measured PDA-data by a summa-
tion of the mass flow referenced to the effective de-
tection A, area over all particles.

_ PR~ d] *sign(u)
S = om )) A,

(1
i et,i

The light intensity in the measuring volume has a
Gaussian distribution. Therefore the size of the de-
tection volume is different for each particle diameter.
The size of the effective detection area is a function of
the projected slit width, the particle diameter and the
particle trajectory. The relation between particle dia-
meter and measuring volume diameter has to be
calculated from the measured data. The measuring
volume diameter is calculated from the spatial burst
lengths under the assumption of axial-symmetric in-
tensity distribution in the measuring volume. The
software of the PDA contains an algorithm to compute
the massflux distribution [7], which is based on the
approach presented in [11]. The performance of the
software was cross-checked with a patternator and
other PDA instruments in [12]. The measurements
were made 100 mm downstream of a pressure swirl
atomizer and an airblast atomizer. The agreement of
the measured data between the patternator and the
calculated data from the PDA was good, especially for
the pressure swirl atomizer. Nevertheless the used
algorithm has two disadvantages:

e Only two velocity components are used for the
calculations. The strong three-dimensional cha-
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racter of the swirling flowfield in the combustor
primary zone has a significant influence on the
calculation.

o It is difficult to calculate the massflux in a certain
direction accurately if the axes of the measuring
volume are not aligned to the desired direction.

This lead to the development of a different algorithm
for the mass flux measurement in strongly swirling
flows with a 3-D PDA, which makes use of all three
velocity components to calculate the diameter of the
detection volume. It is based on the approach propo-
sed in [13]. The shape of the measuring volume is
approximated to a cylinder as shown in figure 4. The
droplet trajectory in the vertical X-Y plane through the
measuring volume has an angle o=arctan(v/u), see
figure 5. It passes the volume with a distance ¢ to the
optical axis of the 1st transmitter.

Particle

A z Optical axis of
1st transmitter
-
v
X
/
e -

u
/
Laser beam ™ /v

7
7

Figure 5: Particle trajectory through measuring volu-
me

In figure 6 the measuring volume is shown in the plane
defined by the optical axis of the 1st transmitter and a

random particle trajectory. The angle B=arctan(w/vel)

with vel = vu? +v? describes the particle trajectory
through the parallelogram. The measuring volume is
cut into parallelograms by these particle trajectories,
see figure 6. The angle 7 of the parallelogram depends
on the angle a. For a two-dimensional flow in the y-z-
plane with u=0 the angle ¥ equals the scattering angle,
see figure 4. For the three-dimensional flow the angle
v is the projection of the scattering angle of the y-z-
plane into the z-o-plane. The height b of the paralle-

logram is a function of the location ¢ in the detection
volume where the slice is cut.

ﬂ“ N
/ .
/ / / /
7 7 /
/ / /
/ /o /P /
/ / / /
/ h / Iz / Iy /

Figure 6: Measuring volume in the plane of particle
trajectory and optical axis of 1st transmitter

For particles flying through the parallelogram in the
section I, the true burst length is measured. In the
sections /; the burst length is limited by the slit in the
receiving optics. Here on the average only one half of
the true burst length will be measured. The smallest
measured burst length is defined by the minimum
residence time of the particle in the measuring volurne.
This minimum residence time is needed by the
electronics to detect the particle. The smallest burst
length has to be taken into account in defining /,, if it
is not negligibly small against the diameter of the
measuring volume. The values of b, [; and [, depend
on the location ¢ in the measuring volume. An equation
can be derived for the relation between the mean mea-
sured burst length and the height b of the parallelo-
gram. Integrating over all parallelograms by means of
integrating over ¢ from 0 to d,,./2 will lead to an ex-
pression of the diameter d,,, of the measuring volume
as a function of the mean measured burst length. The-
se calculations have to be applied on every size class.

Poor statistics may cause calculations of wrong diame-
ters dn... TO suppress these errors, the calculated dia-
meters d., are fitted to the particle diameters d, with
the following formula using a least squares approach:

di.=A*Ind, +B )

It is based on the assumption that the scattered light

intensity is proportional to the square of the particle
diameter [7],[14].

For the calculation of the massflux or concentration a
reference area or effective detection area must be
defined normal to the desired direction of the flux.
The size of this reference area depends on the angle
between the particle trajectory and the direction of the

flux to be calculated as well as on the size of the de- -

tection volume. Figure 7 shows how the reference area
normal to the x-axis is approximated for a two dimen-
sional particle trajectory.
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Figure 7: Approximation of effective detection area
for two dimensional particle trajectory

This approximation becomes invalid, if the size of the
elliptical area cut through the measuring volume by
the projected slit is too large to be neglected, see figu-
re 4 and 8. This gets important if the off-axis angle of
the PDA is small (20°...40°) and if the angle o of the
particle trajectory is small. The calculation of the
reference area becomes even more difficult, if the
particle has a three dimensional trajectory. To over-
come this problem the surfaces of the measuring vo-
lume and the particle trajectory are treated as vectors,
see figure 8.

Figure 8: Surfaces of measuring volume

The length [ of the measuring volume is corrected with
the particle diameter similar to a proposal in [14]. The
size of the effective detection area is calculated in two
steps: First the cross sectional area A’ of the detection
volume normal to the unit vector of the particle trajec-
-
tory e is calculated:
X' e 4

=eAte Aa 3)

Next the effective detection area A,,, can be calculated

with the unit vectors of the particle trajectory and the
_>

desired flux direction e fux -
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This approach has the advantage that the effective
detection area is calculated correctly for any particle
trajectory and for any desired flux direction.

In dense sprays, especially near the atomizer, the pro-
bability of the presence of two or more particles in the
measuring volume normally leading to the rejection of
the particles can cause large errors in the flux measu-
rement. In {15] the relation between this probability
and the number density [16] and mean residence time
of the particles based on Poisson statistics is presen-
ted. A correction of the mass flux is applied according
to the calculated rejection probability.

Measurements were made to evaluate the performance
of this new algorithm. The spray of the atomizer was
investigated without a confinement for the validation.
In that case it is possible to balance the PDA-
measured mass flow with the real mass flow, because
no kerosene is spread on the wall of the confinement.
The mass flow is calculated by integrating the measu-
red mass flux over the radius in each measuring plane.
The kerosene flow was 1.2g/s giving an AFR of 20.
The pressure drop across the atomizer was 2.3%.
Figure 9 shows a plot of the mass flux in axial directi-
on and table 3 contains the error between the measu-
red and the real value.
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Figure 9: Measured mass flux

Measuring plane Error
5 mm -37%
7.5 mm -20%
10 mm -17%
15 mm -1.7%
20 mm -3.3%
30 mm’ +14.5%
50 mm -9.4%

Table 3: Errors between measured mass flow and real
mass flow '
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The error of +/-15% at minimum distance of 10mm
behind the nozzle exit must be seen as a good value,
even for a non-swirling flow, see [12]. Nevertheless it
must be underlined, that this is only an integrated
error. The larger deviations in the planes closer than
10mm to the nozzie are caused mainly by non-
spherical particles which are rejected by the PDA. The
acceleration causes large particles to become ellipti-
cal. The Bond-number, eq. (5), is a measure for non-
sphericity of a droplet due to the acceleration a.

_ d**a*p,

o

Bo &)

In [17] value of 0.4 for the Bond-number is given as a
threshold for non-sphericity. The Bond-numbers of the
larger droplets were much higher than 0.4 in this spray
region.

The influence of the third velocity component on the
accuracy of the mass flux calculation is shown in figu-
re 10. Comparative calculations between the presented
3D-algorithm and the algorithm of the PDA-supplier
DANTEC were conducted with the same data set. The
measurements were made 15mm behind the nozzle
exit. The integrated error of the 3D-algorithm in this
plane is listed in table 3. The PDA was set up in a way
that the third velocity component, which is not used by
the DANTEC-algorithm, is the component with the
lowest magnitude, thus giving the minimum error for
the 2D-DANTEC-algorithm. In this case it was the
radial velocity of the swirling spray.
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Figure 10: Comparison between results of 3D-
algorithm and DANTEC-algorithm

The third velocity component is about 5 to 10 times
smaller than the amount of the other two velocities.
Even though the third velocity has a significant influ-
ence on the calculation of the mass flux. The mass flux
computed by the DANTEC-algorithm is up to 25% too
low.

2.4 Simulation of pressure conditions
The simulation of the pressure conditions is an attempt

to get an idea of the behaviour of the dense two phase
flow under real engine conditions. Such simulations

are to reproduce a specific aspect of the spray, e.g. the
atomization or the resulting spray density while ne-
glecting other aspects, like fuel placement or dispersi-
on. The assumptions made in the derivation of the
similarity laws naturally limit the validity of the simu-
lation. If e.g. the atomization is scaled with respect to
the similarity rules of a specific atomization mecha-
nism, the simulation will break down, if a different
atomization mechanism is dominating, when changing
to the pressure condition. In consequence the simulati-
on cannot replace the investigations under real pressu-
re conditions. But it can offer quick information about
the probable consequences of modifications in the
atomizer design. One can get information on the be-
haviour of the dense spray from parameter variations
in an early stage of the development of the fuel nozzle.
Furthermore it has the advantage, that investigations
can be made under atmospheric conditions, where the
costs are low. Moreover, optical access might be dif-
ficult or even impossible in a realistic combustor, then
making this approach the only way to investigate the
two phase flow in the atomizer nearfield.

In the literature different approaches exist on scaling
the real engine conditions or investigating the inter-
action between a dense spray and the gas-phase, which
shall be briefly reported here.

Wang et al. {18] used a three times the size model of a
practical fuel nozzle. As the mass flow increases with
the square of the scaling factor and the loading of the
atomization lip increases with the first power of the
scale, the local spray density near the lip is increased
by the scaling factor 3. The air fuel ratio was 15.4 and
the pressure drop was set to 7.5%. The observed inter-
action between gas-phase and spray was small. This is
probably caused by the high air fuel ratio and by the
comparatively small particle concentrations of water
sprays. As the surface tension of water is three times
larger than that of kerosene water sprays have larger
and fewer particles.

The investigations of McVey et al. [19] were made to
provide information of the flowfield behind the injec-
tor under real engine conditions. The air pressure drop
was selected to achieve the same velocity as in the
engine operating condition. The injectant flow was
scaled to preserve the momentum ratio between air
and injectant. Water was used for the experiments.
The measured data were used for the evaluation of
computational results. The drop sizes were measured,
but the authors did not comment on the validity of the
simulation with respect to atomization quality. On the
other hand the particle drag was mentioned as a major
effect in the two-phase flow. If prompt atomization as
described by Lefebvre [20] is the dominating ato-
mization process, the scaling of the air velocity would
reproduce the atomization provided the original fuel is
used.

In a recent investigation [21] it was attempted to simu-
late the pre-evaporation of the spray at idle condition.
Air assist atomization was used to compensate the



poor atomization under atmospheric pressure. The air
assist pressure had to be determined experimentally by
comparing the droplet diameters with a reference
spray under real engine condition. The scaling of the
air flow was accomplished by preserving the air-fuel-
ratio for the evaporated fuel and the fuel mass con-
tained in small particles at the specific air temperature
of the simulation. The fuel flow results from the con-
stancy of the air fuel ratio. This leads to a thin spray,
where consequently no dense spray effects can be
observed. The use of water as the injectant must bias
the evaporation rate, due to the lower boiling point in
comparison to kerosene.

The scaling of the engine conditions presented in this
contribution is aimed to reproduce the interaction
between the dense spray and the gas phase. To achieve
the high spray density the pressure drop across the
atomizer is increased, the air fuel ratio (AFR) is redu-
ced and the original JET-A1 fuel is used.

The considerations behind this scaling are described in
the following section. Experiments reported in [22]
revealed that the dominating atomization regime for
this type of atomizer is the wavy sheet break-up. A
correlation from [20] for the Sauter mean diameter
(SMD) in dependence of air and liquid properties is
used. Its most significant quantity is the dynamic pres-
sure of the atomizing air.

1+—]—
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As kerosene is injected in the simulation the liquid
properties can be omitted. The resulting number con-
centration conc can be estimated from the following
equation.

3
CONC o< (L) * : *—1— (8)
SMD AFR ua

With these equations the scaled operation conditions
of the atomizer can be calculated. Only one characte-
ristic of the spray - mean diameter or number concen-
tration - can be correctly simulated at one time. The
engine conditions corresponding to the simulation are
listed in table 4. In this example the fuel nozzle is
operated in the real combustor at the following opera-
ting point:

o Ap/p=3%

e AFR=125
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QO P in simulation SMD Concentration
Ap/p = 10% P =3.3bar P = 6bar
AFR =6 T = 560K

Table 4: Real engine conditions corresponding to
simulation

According to the correlation, the air temperature has
no influence on the Sauter mean diameter. This ex-
ample shows how a number concentration similar to
the concentration at real idle condition can be produ-
ced. The mean diameter of the droplets is larger, but
here a compromise must be made. The deviation in the
mean diameter is not too big because of the square
root dependency of the pressure on the atomization
quality, see eq. (6).

The Stokes-number Stk is an important criterion for
the description of particle dispersion [17]. If the Sto-
kes-number is small (Stk<<1) the particles will follow
the flowfield very quickly. If the Stokes-number is
large (Stk>>1) the particle trajectory will be domina-
ted by its inertia and its initial conditions. The Stokes-
number is defined:

Trel
Stk = 9
7 %)

S

The particle relaxation time T, is the time in which
the relative velocity between the particle and the gas-
phase is decreased to 37% of its initial value.

_4pr 47
Ipacy, *Re *y,

(10)

rel

The particle drag coefficient cp, is taken from [23].

_ 24 0.687
CD—ReP(1+0.15*R€P ) an
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Rep:l__“‘_”|.__ (12)
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The term Ty is a characteristic time for the mean flo-
wfield. Here the reciprocal value of the spatial change
of the gas velocity is used:

I, = i[ (13)
AU
The velocity of the measured particles with a diameter
smaller than 1pm is treated as the gas velocity. Hence
the characteristic time T can be calculated from the
PDA-data.

Since the ratio of the liquid and gas density enters the
particle relaxation time of eq. (13), inertia effects will
be bigger in the simulation than in the reality. For the
understanding of the particle dispersion under simula-
ted pressure condition it is therefore necessary to
evaluate the similarity of the Stokes-numbers between
the simulated and the real engine condition, to have a
chance to separate the effects of the spray density from
those of the particle inertia.



3. RESULTS

All experiments were made under atmospheric pressu-
re and ambient temperature. The atomizer was opera-
ted in the confinement at two different conditions,
which are listed in table 5:

o fuel lean, atmospheric

o simulated pressure

simulated atmospheric
pressure
pressure drop Ap/p 9% 2.3%
AFR 6.5 25
fuel flow 7.5g/s 1.0g/s

Table 5: Operating conditions

The Sauter mean diameter (SMD) for both test cases is
shown in figure 11 and 12 respectively. The strong
radial separation of the droplets caused by the particle
inertia under simulated pressure can be seen clearly.
The integral mass flux weighted SMD of the whole
spray is 40.77um for the atmospheric condition and
21.75pm for simulated pressure. The ratio of both
diameters agrees very well with eq. (6), especially
with respect to the error range for simulated pressure
described in the following paragraphs. An explanation
of the comparatively high SMD near the centreline of
the spray under simulated pressure is given in the next
paragraphs.
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Figure 11: Sauter mean diameter for atmospheric
condition
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Figure 12: Sauter mean diameter for simulated pressu-
re condition

The measured mass flux in axial direction for the
atmospheric and the simulated pressure condition is
shown in figure 13 and 14 respectively.

Radius r [mm]
0 10 20 30 40 50
01,;.'.1..rr-|-......:..,..1.,..

30

Distance x [mm]

w
12

e
o

Fe
@

o
o

Figure 13: Axial mass flux, atmospheric condition
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Figure 14: Axial mass flux, simulated pressure condi-
tion



The difference in the amount of the mass flux between
both operating conditions is well reproduced by the
PDA-data. The integrated errors of the kerosene mass
flow for simulated pressure condition are listed in
table 6:

Measuring plane Error
7mm -54%
10mm -45%
20mm -29%
30mm -25%
50mm -17%

Table 6: Integrated errors between measured and real
mass flow under simulated pressure

In this dense spray the errors are higher than under
atmospheric conditions but still have moderate values.
This is even more noticeable considering that the
spray density is similar to the spray at actual idle
condition in the combustor. So this dual PDA has
proven its capability of making measurements under
pressure conditions with reasonable accuracy. Al-
though the particle number concentration is about one
order of magnitude higher than for the atmospheric
case the value of the errors only doubled. The error
values of the mass flux can be seen as the upper limit,
as this is one of the spray properties which is most
error sensitive and most difficult to measure. In the
measuring planes close to the nozzle the outer recircu-
lation was not taken into account in the mass flow
balance. The same calculation algorithm as for the
atmospheric condition was used with no further modi-
fications. The error sources are non-spherical particles
near the nozzle exit and the extremely high spray
density in this region. The spray density has two ef-
fects:

s The particle concentration in the measuring volu-
me is too high to be corrected by the correction al-
gorithm based on the Poisson statistic. Additional-
ly the arrival time statistic may possibly not follow
the Poisson statistic.

s The high spray density ,,in front of* the measuring
volume leads to a distortion of the beam intersecti-
on causing a lower signal-to-noise ratio.

In the atmospheric case (figure 13) the dispersion of
the particles can be identified by the broadening of the
mass flux distribution with increasing distance to the
nozzle exit (7mm<=x<=30mm). Under simulated
pressure conditions (figure 14) the kerosene near the
nozzle exit (x=7mm, r=14mm) is driven slightly
further outwards. Further downstream the angle of the
spray cone has decreased. In figure 15 and 16 the axial
and radial velocities of the particles with d<=1pm are
shown. The particles with d<=lpm are assumed to
follow the gas flow without any slip.
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Figure 15: Axial and radial gas velocities, atmospheric
condition
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Figure 16: Axial and radial gas velocities under simu-
lated pressure

The iso-lines of the axial massflux follow approxi-
mately the streamlines in both cases. So the different
spreading of the spray is not caused by different rela-
tive motion of the particles; the spreading of the whole
two-phase-flow has changed. The reason for this
change will be given later

The second peak of the mass flux in figure 14 in the
centre of the spray cone (r=0mm, 7mm<=x<=15mm)
can be explained by processes inside the fuel nozzle.
The given explanation also holds for the higher SMD
described above. The axial momentum of the air is
large enough to redirect a fraction of the spray from
the pressure swirl atomizer. These droplets are not
placed on the prefilming lip but fly directly through
the nozzle exit into the combustion chamber near the
axis of symmetry. This phenomenon is likely to occur
under real pressure conditions as well, because there
the momentum of the atomizing air is even larger due
to the higher air density.
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Another possible explanation of the second peak and
the reason for the changed spray cone angle can be
found in the figures 17 and 18. The axial and tangen-
tial gas velocities of both operating conditions at the
axial position x=20mm are plotted. For ease of com-
parison the velocities are normalized with the ratio of
the characteristic velocities corresponding to the pres-
sure drops.
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Figure 17: Normalized axial gas velocities at x=20mm
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Figure 18: Normalized tangential gas velocities at
x=20mm

The axial gas velocities of both test cases are very
similar except of the centre region of the spray. In
contrast the tangential gas velocities differ strongly.
The peak of the tangential velocity is much smaller
and is shifted outwards for the highly loaded two pha-
se flow. The different behaviour of the tangential
velocity results in a degradation of the swirl. It seems
as if preferably the tangential momentum is exchanged
between the gas phase and the particles. Here an effect
of the dense spray can clearly be identified. This phe-
nomenon has been reported in [24] as well, but still
there has been found no explanation for this. Together
with the droplets emerging the fuel nozzle at the centre
line the reduced swirl leads to a weakening of the
inner recirculation, see figure 15, 16.

Profiles of the axial mass fluxes at the location
x=30mm are shown for both operating conditions in
figure 19. The mass fluxes are normalized with the
ratio of the integrated measured mass flows in this
plane.
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Figure 19: Normalized axial mass flux at x=30mm

The main difference can be found in the width of the
distribution. The full width at half-maximum for at-
mospheric condition is 23mm and 13.5 mm for the
dense spray. Unfortunately this phenomenon could not
be found closer to the nozzle exit. Here the dispersion
of the spray characterised by the broadening of the
mass flux distribution is interfered by the mass flux of
the particles leaving the nozzle near the centre line,
see figure 14.

The low dispersion described above results in an en-
richment of the local fuel concentration under simula-
ted pressure condition. The volumetric fuel concentra-
tion for both test cases is shown in figures 20 and 21.
Again the volume concentration is normalized by the
integrated measured mass flow in each measuring
plane. The larger fuel concentration in the simulated
pressure condition is evident.
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Figure 20: Normalized volumetric fuel concentration,
atmospheric condition
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Figure 21: Normalized volumetric fuel concentration,
simulated pressure condition

This reduced dispersion of the dense spray can be
explained by the turbulence of the gas phase. The
phenomenon can be classified as a dense spray effect.
The high particle concentration damps the turbulence
of the continuous phase leading to a suppression of the
particle dispersion. The reduced turbulence of the
gasphase under simulated pressure condition at
x=20mm can be seen in figure 22. The turbulence
grade Tu is defined by the ratio of the local radial
turbulence energy to the axial kinetic energy, see eq.
(14):

_ (rms radial vel.(r))’

Tu (14)
2 % Ap R*T

P
This quantity describes the turbulent dispersion per-

pendicular to the main flow direction.
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Figure 22: Turbulence grade of radial velocity of the
gasphase at x=20mm

The reduced turbulence in the dense spray has been
reported by other authors as well [18], [19], [24]. It is
likely to appear under real pressure condition too. The
increased fuel concentration probably leads to higher
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flame temperatures and higher soot production in the
combusting case. From this point of view the simulati-
on of pressure conditions can give first information of
the spray properties under real engine condition in an
early stage of the development of fuel nozzles.

For the interpretation of the measurements made under
simulated pressure condition it is necessary to evaluate
the similarity of the stokes-number between simulated
and real engine condition. A measure for the similarity
is the global ratio of the stokes-number for both cases.
This ratio can be estimated from the equations given
in the previous section. Assuming similarity of the
single-phase gas flow for both conditions the cha-
racteristic time T; only depends on the velocity corre-
sponding to the pressure drop. The Reynolds-numbers
of the single-phase gas flow for simulated and real idle
condition are 222800 and 288700 respectively. The
different atomizing quality under real idle condition
has to be taken into account. The estimated global
ratio between the Stokes-numbers is:

k.
Stk k=44 (9

real

As the Stokes-numbers of the particles under simula-
ted pressure condition are about 4 times larger than
under real engine condition, the behaviour of the par-
ticles is more dominated by their inertia and initial
conditions. This means, that the phenomena observed
under simulated pressure, which are caused by
~Stokes-effects”, are exaggerated to a certain degree.
These phenomena represent the upper limit of what
can be expected under real pressure.

4. CONCLUSIONS

A new algorithm, which makes use of all three veloci-
ty components, for the calculation of the mass flux
was derived. A comparison with a 2D-algorithm revea-
led the improved performance. The error of the inte-
grated mass flux is about +/-15% in measuring planes
more than 10mm behind the nozzle exit. Even in a
spray with a density similar to real engine idle conditi-
ons the used PDA was capable to measure the mass
flux with moderate errors.

The simulation of real engine conditions is possible
within certain limitations. One can get first informati-
on on the behaviour of the spray under pressure. Simi-
larity rules were derived with respect to the particle
number concentration. By increasing the pressure
drop, reducing the air-fuel-ratio and by using original
JET-A1 kerosene a number concentration similar to
real idle condition was achieved. For the understan-
ding of the results it is essential to distinguish between
effects caused by the particle inertia (,,Stokes-effects")
and effects caused by the spray density. The dense
spray effects, which are likely to occur under real
engine condition too, are reproduced by the simulati-
on. An local enrichment of the spray due to the redu-
ced dispersion can be identified, which may influence
the NOx-emissions and soot production under real
engine condition. The modifications caused by Stokes-
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effects are exaggerated in the simulation. Furthermore
one has to keep in mind, that in the real engine the
spray combusts. The modifications induced by the
combustion are not covered by this simulation.

Another application of this simulation is the code
validation for numerical models. The results of the
simulation can be used in the development of a nume-
rical model for the calculation of dense sprays. After
validation with this ,,cold" dense spray, the model can
be implemented in a program for the simulation of the
reacting flowfield in a combustion chamber.

Currently efforts are made at the DLR to combine
PDA and kerosene LIF to overcome the limitations of
the PDA in the atomizer nearfield.
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A_uthors: T. Behrendt, A. Hassa

Q: Weigand

Referring to Table 3 in your paper :what causes the increase of error in mass-flux measurements when the
distance of the measurement place is increased beyond 30mm? Can the kind of thresholding you have given as

* the reason also explain the positive deviation of + 14.5%?

A: The increase in error beyond 30mm is caused by the criterion of at which radial location the measurements
were stopped. Due to the large area of the ring corresponding to the large radial position even a low massflux
has a slight influence on the integrated massflow.
The calculation algorithm is based on a few assumptions. If these assumptions are not fulfilled completely, the
calculations can have a positive deviation as well.
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1. SUMMARY

In order to improve the accuracy of numerical
simulations applied to the new generation of high-
loaded, high-speed turbomachines, a thorough
. understanding of the 3D phenomena is needed. For that
purpose, the use of 3D experimental techniques, like
3D-L2F anemometry initiated by Schodl, is now
absolutely necessary. This paper deals with a statistical
method for processing the data. The point is that, during
the acquisition procedure, marginal and conditionnal
probability density fonctions (p.d.f.) are obtained, but
they are already integrated quantities. Hence, it
becomes impossible to derive analytical relations
between the p.d.f. and the 3D first and second order
momenta. However, an issue can be found using an
isotropic tubulence hypothesis. This method has been,
first of all, tested in an axisymmetrical free jet.
Futhermore, an experimental investigation of the three-
dimensional flow field within the tip area of a high-
loaded, low-speed axial compressor was performed.

2. INTRODUCTION

Due to the increasing demand for improved
performances and efficiency of the rotating machines,
there is a growing need for methods to study and
analyse the detailed flow behaviour. In this context,
experimental systems allowing accurate measurement
of the three-dimensional flow field in the rotating
environment are needed.

The 2D-L2F technique, improved for fifteen years at
Ecole Centrale de Lyon, was first developed and
extended by Schodl [1] for three-dimensional
measurements in turbomachinery. Schodl along with his
co-authors are the only ones, at the present time, who
have carried out measurements with the 3D-L2F device.
First of all, they have made a critical test around a
sphere located in the potential core of an
axisymmetrical jet to check the system performances
[2], and they have presented some results at the exit of a
propfan test rig [3]. In all these works, three
components of the mean velocity vector and only two
standard deviations have been presented but the way
they were calculated has not been described.

In this paper, a statistical calculation method for one
and second order momenta with the 3D-L2F
anemometer is presented. The results of a critical test
carried out in an axisymmetrical free jet are used to
understand the method limitations, and to validate the
statistical analysis. In order to show that this three-
dimensional anemometer, associated with the previous

data processing technique, is efficient for
turbomachinery applications, the flow field within a
high-loaded, low-speed compressor is investigated in
the tip area which allows to intercept the leakage
vortex.

3. THREE-DIMENSIONAL LASER TWO FOCUS
SYSTEM

3. 1. Measurement principle

The 3D-system is basically composed of two 2D-
L2F devices which are symmetrically located, with a
slant v of 7.5 deg, on both sides of the rotation axis of
the whole system. Each 2D-L2F system allows the
measurement of the velocity vector projections -
modulus u; and direction ¢ - in its own focal plane. Let
us recall that, in fact, this measurement is only possible
if the velocity vector lies within the plane of the two
laser beams axes. In the case of figure 1, where the
velocity vector is located in the symmetry plane of the
3D-system, one could see that it is neither in the first
nor in the second single 2D device beams plane.
Therefore, the velocity vector cannot be measured with
any of the devices at that orientation. This situation ever
exists, except if the velocity vector has no 3D
component, i.e. if it lies in a plane perpendicular to the
system axis (named reference plane). On the other hand,
a small turning of the whole system of ®; will bring the
velocity vector in the beams plane of the first system
and a counter rotation of @; in the beam plane of the
second one. If we call o the velocity vector angle
defined in the reference plane, two different angles oy
and a9 could be obtained in orientating, one after
another, the two systems. This means that they could
never be measured simultaneously. Because of the 3D-
system symmetry, ®2 =-®) and we get the same
modulus u (= u; = uy) with the two 2D-devices. Thus,
we have the following relations :

o =0+d, )]
o =0+P, =a—-@, 2)
Or: a=(o+0a,)/2 3)
O, =-D, ==(0; - 0,)/2 @)

From these measured values (u, aj, @3), it is
possible to derive, from the geometrical situation, the
three spherical components (V, a, B) of the total
velocity :

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.



o= (o +0y)/2 )
sin®
B= arctan( any ) ©)
12
u tan2 @
V= cos®cosfP —u[ * sin2 y ] O

It should be noted that if B is equal to zero, then
both of the devices detect the same angle o) =03.

_’y,'7

Figure 1: 3D-L2F device

3. 2. Uncertainties on the estimation of the third
component

The laser anemometers (LDA or L2F) allowing the
direct measurement of the three orthogonal velocity
components in a Cartesian set are rarely encountered.
The three orthogonal-component LDA measuring
system used by Chesnakas and Simpson {4] to analyse
the flow field behind a prolate spheroid, could be
considered as an exception. Other LDA systems
commonly used are non-orthogonal ones, which means
that the optical axis of the third device is not
perpendicular to the other two ones. Orloff and Snyder
[5] have shown that systematic errors occur in the
converting process to restore the cartesian components
of the velocity vector, especially on the on-axis
component, due to the fact that the third measured
velocity component is coupled with the two other ones.
Consequently, it would be advisable that the coupling
angle should not stay below 30 deg. On the other hand,
one must take into account the optical access restraints
encountered in turbomachinery. The sight windows are
rather narrow to ensure wall continuity and to minimize
glass distorsions. Therefore, a compromise must be
found, which leads, for most of the actual devices, to a
15 deg angle. The same kind of geometrical limitations
occurs with the 3D-L2F anemometry technique.

Uncertainties on the measurement of ¢; and a9
(Aa; and Aap) induce uncertainties on the
determination of o and B. This could be estimated by a
first order Taylor development of formulae 5 and 6 :

Aa= (Aa;+Aay)/2 (8)

AB= tany cos ®

Tmryrsmre Caréez O

It can be shown that the higher 7 is, the smaller the
uncertainties are, but they also depend on B values
themselves. For our case, where a value of 15 deg was

chosen for the angle 2y, assuming Aoy=A0g, the
magnitude of Ao equal the one of Ao whereas the one
of AB is 5.7 to 7.6 times Aoj (for B varying from 30 to
0 deg). This shows that small uncertainties on the o
and o mean values induce very large errors on the
one. Similar values have been found by Stauter [6] for a
LDA device with a coupling angle of 16 deg.

4, STATISTICAL ANALYSIS
4. 1. Two-dimensional-L2F data processing

The 3D-L2F technique is based on the 2D-L2F
procedure, so that it is interesting to call up briefly the
two-dimensional data processing used in
turbomachinery applications. Because the investigated
compressors require high power rotating facilities
driving, which leads to high cost experimentation, the
acquisition procedure, used more often than not,
requires two steps.

Firstly, a marginal angular probability density function
(p.d.f.) Pg(o) is reached. This p.d.f. allows the
calculation of the mean value velocity vector direction :

=] aPy(a)do (10)
With the associate standard deviation :
0% =[(a-®)2 Py (0)da (11)

Secondly, in orientating the probe volume parallel to
the mean velocity direction @, a conditional p.d.f. of
the velocity modulus P(u)jz could be obtained.

Strictly, the total p.d.f. is given by :
Py u(0,u)=Py (0)P(u)|, 12)

However, if a and u are held to be statistically
independent variables :

Pa,u(avu)=Pa(a)P(u)la (13)

Then, any statistical quantities could be determined
and especially :

= [[uPq (o, u)dadu
= [[ uPq(0)P(u)) 5 dotdu

(14)
= [Pa(@)do - [uP(u)|5 du
= JuP(u)Ia du
and: .
62 = [(u-1)2P(u)|5 du (15)

The validity of the hypothesis of statistically
independent variables will be discuss below in the case
of an isotropic turbulence.



4. 2, Specific statistical problems dealing with the 3D
technique

Previously, we have shown that the values of u, o
and o can not be obtained simultaneously, so, do not
correspond to a same particle. In fact, (u, a;) and
(u, a2) are determined independently by the two 2D-
L2F devices, one after another, so that we have no
access to the three-dimensional p.d.f.
P, o, .a, (4,0;,05) . In this context, the only issue to

calculate the mean and fluctuating values of the velocity
vector components (V, o, B) is to derive relations from
the first and second order momenta of u, oy and o).
However, an exact calculation is not allowed because
the integration process leading to the determination of
the standard deviations generates information losses.
For example, an o variation can be detected as a same
direction variation of oy and o, where a B variation
makes o) and o varying in opposite ways. This
information on direction variations is lost during the
integration process and the knowledge of 61 and G2
values is not enough to determine G and G : it has
become impossible to know which part of the variations
of 6 and o2 corresponds to a G or a O variation.
More distinctly the following formula can be derived
from relations (5) and (6) :

oy =0 +arcsin(tan f tanyy)

o, =a—arcsin(tan f tany) (16)

Assuming that the value of tan v is small and tanf} =
(with an error of 4 % for B values lower than 20 deg),
these formulae can be simplified :

[04,0])=[c+Btany,c~Brany] a7

Considering o and P variables independénce, averaging
procedures lead to :

[@.8,]~[@+Bany,&-Bany] (18)
and:

Ga, =Oa, =,/c§+tan2 y.cﬁ 19)

It shows that only two independent quantities Oy
and oy are available to derive the three standard
deviations Oy, G and op. This is due to the fact that,
even if oo and B are independent variables, o] and o

are strongly correlated quantities, so that correlation
coefficient (R) is :

_(oy—ty) (e —an) _ 0% —tan2 y- o}

R Gy © o2 +tan2 y- o3
a, Ya, o Y [3

(20

Because of the small value of ¥ (7.5 deg = 0.13 rad),
R remains close to 1. Otherwise, 0 and G2 are more
sensible to the o fluctuations than to the B ones. For
example, for equal values of oy and o3, the second
term of the square root of the equation (19) represents
only 1.7 % of the first one, and if op is three times
larger than G, it is still lower than 15 %.
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4. 3. Isotropic turbulence hypothesis

Thus, to calculate the mean and fluctuating values of
the velocity vector components (V, o, B) from the first
and second order momenta of u, o1 and op, we are
obliged, on the one hand, to assume the independence
of the variables V, o and B, and, on the other hand, to
find an additional relation between these second order
momenta. With this object, it is interesting to put
ourselves in the context of an isotropic turbulence
model, which is a useful model, not so far from real
flow fields conditions except in boundary layer and
other shear flows.

A three-dimensional stationary homogeneous and
isotropic turbulent flow field is described by the
fluctuating Cartesian components uy, Uy, uz which are
considered as independent random variables following
Gaussian distributions. The statistical field is defined by
the p.d.f.:

Pu,,u,,u, (Ux,lly,l.lz)=Pu‘ (ux)'Puy (uy)'l)ul (u;)

u? u’ u’

X
e 202 - e 207
ov2lrm

¢ 20?

1
ov2n ch/

@n

It can be shown that this p. d. f. expressed with the
spherical components (£, 6, ¢) of the turbulent flow
field becomes :

Pg 6,0 (8:0,0)=P¢ (§)-Pg(6)-Py, (¢)
2 &.;2 __g_Z_ COSG 1 §2 coso - &2 (22)
20? 202
o3 T 2 2n o3(2m)2

Now, let us convect this turbulent flow field by a
uniform mean velocity. The resultant flow field (see
figure 2) is :

V= f’z+g=(V+§cos6cos¢)g\,

T T (23)
+Ecos@sin@eg +EsinBe,

Then, the spherical components of this velocity vector
are obtained, assuming a small fluctuation hypothesis
and developing the previous formula at the first order :

V/V=l+%cosecos<p

- 13 .
o-0= =——=¢0s0 24
V cosf e 24
B—E=%sin6

By means of these relations, it is possible to show
that V, o, B are non correlated random variables
following the Gaussian law :

V2 cosB _V-Vi
P V,o,f)=———— 2
v,0,8( B YR,
Vicos2 B(a-8)? V2(B-P)2
€ 202 [ 202

(25)
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| Figure 2 : spherical coordinates

So that the marginal p. d. f. can be calculated :

e
Py(V)= e 20} 26
vV) m v (26)
1 __(cn-&)2
P, (a)= e 203 27
o) T 27
) _(B-B)»
202
= e B 28
)] GBM (28)
with :
oy=V-03=Vcosp-o,=0 (29)

In the same way and using the same hypothesis, it

can be shown that, for a two-dimensional flow field, the
polar components (u, a) of the velocity vector are also
Gaussian random variables with o equal to &,/u.
Experimentally, we verify that, in most cases, the
velocity modulus and direction distributions actually
look like Gaussian distributions and that o, =6, /u.
This corroborates the validity of the previous
hypothesis. -
In the following, we will assume the independence of
the variables V, o and B, and we will use the isotropic
turbulence model to find the additional relation required
between the second order momenta.

4. 4, Mean value calculations

As previously seen, V, o and B are non linear
functions of a1, a2 and u (formula (4) to (7).
Unfortunately, we have no experimentally access to the
3Dpdf. Py g, q,(u,04,0,) . Thus, it is not possible to

calculate the mean values as follows :
f(al »a2 ,ll) = IJJ‘ f(al ) 0'2 s ll)

'Pa,.az u(0y,09,u).doy. da;y . du
(30)

A solution is to perform a Taylor development around
the mean values of u, a1 and o9, restricted to the
second order :

— . Of _
f(al’az'u)= f(al’a2’u)+a— (al —al)
g s
of _ _
+8_ (0 = 0p) + = _ (u-u)
0215 5.0 o.a.a
2f oy -0y)2
ollgms 2
o2f (0 — 0 )2
Wllgme 2
+a_2f_ . (U—G)2
aUZ a—ha'c 2
d2f _ _
* (o ~0og).(u-u)
aal.au a'a-——z';
a2f L
" 30,00 a‘,a;;'(az_%)'(“ u)
a2t _
90,.00, .&_a_;'(al_al)-(az—az)+e(3)
1942

Averaging this relation and assuming that u is
independent of o1 and o, it leads to :

f(al3a2 vu) = f(a—lr-(gvﬁ)

L
30,7 | — — -

92f
a2

Lot
ou2

—— 2

Q,,0;,u

92f
a0 00,

-RGalGa, +&(3)

oy,0,,u

@31
a. Calculation of the mean angle Q.

The previous formulation applied to the angle a,
given by eq. (5), induces directly :

61 +62
2

o=

(32)

b. Estimation of the mean angle B

The formulation (31) applied to the angle B, given
by eq. (6), leads to the B mean expression :



G, 2+0,2-2R0,0,, (33)
_ 2 4

Equations (19) et (20), assuming that tanf} ~ 3, give :
O 2 +0q,> ~2R0, G, =4tan2y-og” (34)
Then :
-E — arcmn[ sind ]
tany
sin ®
tany

(35)
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— B
(1+ cos? @ + tan2 y)T

The second term of this relation is very small even for
very penalising configurations. For example, if the
value is equal to 30 deg and of to 10 deg, its value is
1 deg. Thus, a zero order Taylor development should be
considered satisfactory.

c. Estimation of the mean velocity V

Using equation (7) and developing the same
calculation as the [3 one, we get :

— 12
— 2
V=ﬁ[1+ta,n (D} [1+¢€]
sin2 y

2

c — 20
e=—P _|1+25in2 3] 1+ 222 || 36)
2cos2y sin2 y

. = 2
sin2 y +sin2 ® - cos2 y
sin2 y.cos2 @ +sin2 ®

,with:

Here we could also limit the Taylor development to
order zero, the second term of the relation being about
0.015 for the previous conditions.

4. 5. Standard deviations estimations
a. Angular fluctuations estimation

In order to calculate the value of the standard deviation
G, from the equation (19), we have to estimate the
value of op. For that, we will use the equation (29)
resulting from the isotropic turbulence hypothesis.
However, as above-mentioned, the approximated term
tan2y 0[52 is much smaller than the main one caz.
Then, we put ourselves in the framework of a weak
hypothesis. So that :

Gg, =Og, =,/og+tan2 Y- 03

=\/o§+tan2y~cos7-[3-cg

Gn

Hence, we get :
Oy, +0q,

a“2\/1+tan2y-cos25

(4] (38)

b. Velocity fluctuations estimation

65
Applying equation (31) to (V - V)z , we get
-
sz =[1+ tan (D:|

sin2 vy
[cuz +

5. CHECK OF THE MEASUREMENT
TECHNIQUE IN A FREE JET

— . . o 2
u2tan2 @ | sin2 y+sin2 & cos? y 2
sin2 y-cos2y | sin2 y-cos2 ® +sin2® | P

(39)

A preliminary test of the statistical method
efficiency has been carried out in an axisymmetrical
free jet. This experimental set-up has been chosen due
to many measuring problems present in this
configuration : in the potential core boundary area due
to the eddy pattern, the high gradients and the seeding
difficulties, and in the developed flow region due to
high turbulence levels (up to 50 %). Furthermore,
various results are available in the literature
(Wygnanski and Fiedler [7]).

5. 1. Experimental facility and instrumentation

-We use a 20 mm diametér (¢) wind tunnel which
allows a vertical development of the free jet. Because of
stability problems, the velocity at the nozzle exit should
stay between 40 and 65 m/s. Its value is given by a
static pressure probe within an uncertainty band of
0.5 %.

The 3D-L2F anemometer consists of an Argon-laser
operating in multi-colour mode, coupled with an optical
head manufactured by Polytec. The four different
distances existing between the start and the stop of the
two 2D-devices permit the adjustment of the beam
separation with the turbulence level in the flow field
(Schodl [8)). Electronic and acquisition systems are
identical to the 2D-ones previously developed in the
L.MF.A. at E.C.L [9]. All acquiring and processing
procedures have been fitted to the 3D technique.

Laser measurements have been compared to those
obtained with conventional probes : a Pitot probe for
the mean values and a crossed hot wire probe for the
fluctuating ones.

5.2. Some results

Measurements have been carried out in three
sections downstream the nozzle exit, perpendicular to
the jet axis as shown in figure 3.

Plane 2

Planc 1

Figure 3 : Measurement planes
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The first plane is located in the potential core,
whereas the second and the third ones are in the fully
developed flow area. The free jet characteristics are
presented in the following table :

* Jet axis mean velocities and turbulence level.

Furthermore, for each measurement plane, four radial
traverses (T direction) were tested. The angle v,
between the plane perpendicular to the jet axis and the
optical axis of the 3D-device, was set to different values
(0; 7.5; 15 and 30 deg) for each traverse, in order to
simulate 3D flow effects.

For comparing 3D-L2F measurements and Pitot
tube or hot-wire ones, all the results are projected in a
cartesian set of coordinates associated with the jet
longitudinal and radial directions for each measurement

plane. We name U the longitudinal mean velocity, V
and W the radial and the azimuthal ones. urms , Vrms »
Wrms are the associated second order momenta.

On figures 4a and 4b one could see that the restored

mean longitudinal velocity (U) profiles are well
determined, whatever the angle y. Conceming the mean

radial velocity ( V), the obtained pattern (figures 5 a
and 5 b) are very similar to those derived by Wygnanski
and Fiedler [7] from the continuity equation. The
influence of the angle y on the measurement accuracy
seems quite negligible, except in the regions where the
turbulent intensity is rather large (greater than 20 % in
plane 3). .

An attempt to deduce the longitudinal and radial
fluctuations (upmg and vrmg) from G and oy has been
performed in order to compare with the obtained hot
wire anemometer values. We observe a rather good
agreement in plane 1 (figures 6 a and 6 b) except near
the boundaries of the jet, where intermittency occurs.
For plane 3 (figures 7 a and 7 b), the results are also
satisfactory, though a larger dispersion can be observed,
related to the high turbulence level exceeding 20 % in
this developed flow area.

Due to the fact that there is no azimuthal component
of mean velocity in the jet, it is very easy to check the
accuracy of the measured mean values of the 3D mean
angle B : they must be exactly equal to the values of y.
On figure 8, one observes measured uncertainties on
mean values, for different angles v, in the potential core
of the jet where the turbulent level has a constant value
of 1.75 %. Those uncertainties stay below 2.2 deg for
@, and O, uncertainties about 0.5 deg, which shows a

smaller factor between A®@,; (or A@,) and AP than in
the theoretical example of the paragraph 3.2. The
observed results corroborate the fact that the higher the
angle B, the smaller the uncertainties on the mean value
of B. On figure 9, for a y angle of 30 deg, a drastic

increase of the B uncertainties together with the
turbulence level can be observed. However, they remain
below 4 deg, for fluctuations below 20 % of the mean
velocity.

Measurements in axisymmetrical free jet lead to
conclude that in three-dimensional flow fields, with
turbulence level up to 20 %, the accuracy reached for
mean and fluctuating velocities, calculated with the
statistical formulation developed in paragraph 4, seem
to be quite good.

But, this study do not really take care of the
measurement problems encountered in turbomachinery.
Consequently, we propose, in the following part, to
analyse measurements carried out in an high-loaded
low-speed compressor in order to calibrate the
developed statistical analysis in a real configuration.

6. MEASUREMENT IN A HIGH-LOADED LOW-
SPEED COMPRESSOR ROTOR

The strong influence of secondary flows on
turbomachines performances is well known, so that the
understanding of the local flow behaviour remains
essential to improve 3D-viscous numerical codes used
for design procedure. In particular, the tip clearance
effect is detrimental for efficiency and stability in axial
flow compressors and could generate up to 23 % of
total losses for Trébinjac [10] in a supersonic axial
compressor and up to 40 % for Bindon {11] in a turbine
cascade. However, the purpose of this section is not to
develop a detailed analysis of the three-dimensional
flow field in a high-loaded compressor, but to show that
3D-L2F anemometry is an efficient technique to study
and analyse complex flow configurations in- rotating
environment. In this context, we have decided to carry
out measurements in the tip region at 50 % chord,
where we expected the presence of a leakage vortex.

6. 1. Experimental set-up

The investigated axial compressor is powered by a
17 kW electric motor at 1500 rpm. It consists of a 12
blade rotor with a 316 mm tip diameter and a 196 mm
hub one. The blade profiles are NACA 65 series with
9% chord thickness distributed on a circular mean line,
The chord varies from 166.7 mm at the hub to
151.5 mm at the tip. The tip clearance represents 1.1 %
of the blade height, which means 1.3 mm. The nominal
flow rate is 6.2 kg/s. However, the compressor is
operated at a lower flow rate of 5.5 kg/s, which
corresponds to a higher blade loading supposed to
generate wider secondary flows and interactions
between them (Nurzia, Puddu [12]). The flow in the
blade row is measured at 50 % chord for various
positions versus the blade height - 84 %, 86 %, 90 %,
91.7 %, 93.3 %, 95 %, 97.6 % and 98 % - in order to
intercept the leakage vortex. The blade pitch was split
in 10 variable width intervals using the procedure
developed for two-dimensional measurements
(Trebinjac & Vouillarmet [13]). At each interval, about
500 data were collected. The radial velocity (Vr) is
considered positive from the tip to the hub and the
azimuthal one in the rotating direction. Vz is the axial
component of the velocity. The inlet Mach number and

the Reynolds number are respectively 0.08 and 5 10°.



Optical access is obtained through a plane window. A
seeding probe is located about two chords lengths
upstream from the leading edge, which is far enough to
avoid any probe wake effect in the measurement zone.

6. 2. Background theory for the study of tip leakage
flow in an axial compressor

Through the clearance existing between the tip of
the blade and the shroud, a flow can take place because
of the pressure gradient between the pressure side and
the suction side. Two different kinds of flow field
configurations may occur. The first one is common in
compressor with sharp blades : the clearance flow
separates from the blade tip and does not reattach over
the main part of the chord generating a distinct jet of
low loss fluid at the exit of the gap (Storer & al. [14]).
The second one is more typical of the turbine blades,
but could also be encountered in compressor (with thick
blades). For those kinds of blades, the clearance flow

_reattaches, generating much more losses due to the
mixing phenomena in the reattachment area inside the
gap. Kang and Hirsch [] have given a complete
description of the multiple tip vortex structure occuring
for this configuration in a compressor cascade. Denton
[15] has proposed a criterion : this second configuration
happens only if the ratio between the blade thickness (e)
and the clearance (1) stays above 4. Perrin [16] has
analysed the two different configuratisns, and has also
shown that a leakage vortex constituted of fluid
particles coming from the viscous zones is associated to
the clearance flow. Storer & al. [14] have put the stress
on the fact that, for axial compressors, this leakage
vortex is emitted around the minimum static pressure
location on the suction side, which should be located
before 50 % chord in our blade row. From its emission
position to the trailing edge, the leakage vortex is
transported from the suction side to the pressure side.
However, most of the studies in which thaose
phenomena are presented have been carried out in blade
cascade so that the blade skewing and the real influence
of the relative motion of the shroud with regard to the
blade were not taken into account. This relative motion
is supposed, first, to make the leakage vortex to be
generated nearer to the leading edge. Second, it induces
its trajectory to sweep from the suction side to the
pressure side of the following blade. Lastly, it increases
the flow rate throughout the gap so that the vortex
becomes stronger.

6. 3. Results

All the results are presented on figures 10 to 13,
versus the blade height and the azimuthal direction. The
flow field is described from the suction side (0 % of the
pitch) to the pressure.side (90 % of the pitch), and from
84 % t0 98 % of blade height (100 % corresponds to the
blade tip) which is the limit until measurements become
impossible close to the window. Because measurement
times are longer in the shroud boundary layer,
especially for 98 % of blade height, the window
becomes dirty during the acquisition process. This
caused the angular histograms to become rather flat in
strong turbulence areas, so that it is prejudicial for the
estimation of the o] and o mean values (uncertainties
up to 7 deg). This effect induced inaceptable B
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uncertainties of about 53 deg. Consequently, in the
following, the radial velocity will only be presented up
t0 96.7 % (figure 13).

From 84 % to 90 % of blade height, the axial velocity
demonstrates an azimuthal gradient from the suction
side to the pressure side (see figure 10). In the vicinity
of the shroud from 92 % to 98 % of blade height, a low
flow rate area appears, centered at 33 % of the pitch
from the suction side and stretched from 15 % to 60 %
of the pitch. It corresponds to a zone of maximum
azimuthal velocity (see figure 11). Thus, in this area,
the flow direction changes as much as 30 deg from the
direction of the mean flow. Futhermore, we observe on
figure 12 that a high level of turbulent kinetic energy is
also present in this area which could be identified as the
core of the tip leakage vortex. Indeed, this high
turbulence level is characteristic of viscous zones, like
suction side, pressure side and shroud boundary layers,
from which the tip vortex fluid particles are coming.
The 3D-anemometer allowed us to associate this zone
with radial velocities, located close to the shroud, and
which values reach 20 % of the blade velocity at the tip
(see figure 13). That figure exhibits, near the shroud
and from the suction side to 50 % of the pitch, a first
kind of radial flow directed toward the shroud. This
should correspond to fluid particles coming from the
suction side boundary layer which are dragged by the
jet at the exit of the gap. At about 95 % and down to
93 % of blade heigh, the direction of the radial flow
changes, so that it is directed toward the hub. Those
radial velocities confirm the presence of the tip leakage
vortex at that location. Its center is located at about 33
% of the pitch from the suction side, and its radius is
much larger in the azimuthal direction (from 15 % to 55
% of the pitch), than in the radial one (it lies above 93
% of blade height i.e. 6 times the clearance below the
tip of the blade). This last observation disagrees with
the common circular model for the tip leakage vortex.
On the pressure side, measurements are not close
enough to the blade surface to corroborate the presence
of small negative radial velocities, demonstrating the
fluid motion toward the blade tip at the gap inlet. In the
rest of the flow, no radial velocity can be observed so
that any interaction between the tip leakage vortex and
the passage vortex could not be detected by the 3D-L2F
device in this section.

7. CONCLUSION

This study has focused on the data processing for
3D-L2F anemometry. It has shown that this measuring
technique produces a lot of information losses due to
the non-simultaneous measurement of the three velocity
components. However, a statistical calculation method
to restore the mean and the fluctuating flow fields has
been developed assuming a velocity components
independence model. Moreover, the measurement of o
remains impossible, so that an additional relation
should be found for 6p in order to estimate oy and G,
This statistical method has been tested in an
axisymmetrical free jet. The obtained results agree with
the fact that uncertainties for the 3D-angle B8 could
increase drastically for small value of 8 (below 10 deg),
and for high turbulence level (toward 20 %). It shows
that the accuracy of the results, especially for the
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on--axis velocity component, should be carefully
established before to be taken into account.

In the compressor, radial velocities are detected by the
3D-L2F anemometer, which indicates a leakage vortex.
Moreover, an intense shearing associated with a high
turbulent kinetic energy level at the tip area was
demonstrated.

We can conclude by saying that the three dimensional
acquisition procedure used for this study has shown its
ability for measuring the three dimensional flow field
within a high-loaded compressor rotor, even in large
local gradients area and close to the end walls.:
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1. SUMMARY

With financial contributions from the Canadian Department of
National Defence, the Structures, Materials and Propulsion
Laboratory of the National Research Council of Canada (NRC)
established a program for evaluating the effects of component
deterioration on gas turbine engine performance. The effort was
aimed at investigating the performance changes resulting from
typical in-service faults. An important aspect of the engine test
program was the use of non-intrusive sensors to supplement
conventional instrumentation.

Combined gas and metal thermal patterns in the infrared radiation
spectra, recorded using infrared thermography, were used to
evaluate gas path patterns to identify possible fault conditions.
Exhaust plane thermal patterns can be classified as "healthy" for
no-fault conditions, and "distressed" where known faults are in
existence. Several defective engine components, including fuel
nozzles, combustor cans, turbine nozzles, and thermocouple
probes were used to evaluate the effectiveness of this technique on
an engine test bed.

This paper covers the project objectives, the experimental
installation, and the results of the tests. Descriptions of the
infrared thermography system, the data reduction and analysis
methodology are also included.

2. INTRODUCTION

Traditional engine performance monitoring techniques have relied
on the measurement of specific gas path parameters (MacLeod, et
al., 1992). These measurements, typically temperature and
pressure, are gathered from within a gas turbine using conventional
methods such as thermocouples and pitot rakes. In some cases,
these probes require cooling shrouds to provide protection from
the harsh environments within a gas turbine. These relatively large
probes can disrupt the flow field in the vicinity of the probe and
thus interfere with the true measurement. This interference cannot
be readily accounted for and is carried as some unknown bias in
the data.

Most gas turbine engines use single point thermocouple probes for
making temperature measurements that are used to control the
engine. In some locations within the engine as many as 18
thermocouples are used to measure an average temperature. As a
result of non-uniform temperature distributions, some thermo-
couples may be subjected to hot or cold regions, resulting in a
measurement bias. In addition, changes in the temperature patterns
resulting from component deterioration upstream could easily go
undetected by the engine operator. These changes in temperature
patterns can have serious effects on the rate of damage
accumulation of the turbine components, resulting in higher
overhaul costs due to increased parts replacement.

An infrared thermography system, which is capable of making
thousands of measurements simultaneously and unobtrusively, can
be utilized to completely map the thermal patterns in the exhaust
plane. If the thermal pattern present in the exhaust plane is
analogous to a fingerprint, i.e. unique to each engine, then a
change in the "healthy" pattern would indicate to the observer that
a change in the condition of the hot section of that engine had
occurred. The ability to detect this change unobtrusively at an
early stage in its development is the goal of this infrared diagnostic
tool.

3. BACKGROUND

Infrared thermography has been in existence for more than 25
years (Gartenburg and Roberts, 1992). It is only in the last several
years that research into the use of infrared technology for gas
turbine applications has been carried out. Up to this point in time,
the gas turbine applications have focussed on external casing
temperature measurements (Burns, 1994, and Mahulikar, 1992)
and plume observability detection (Balageas, 1992, and
Breugelmans, 1993, 1994). Previous experience in the develop-
ment of an infrared diagnostic system has been described by
MacLeod et al., 1994 and by Mulligan et al., 1996.

Analysis of both metal and gas thermal spectra are considered
important. Metal and gas thermal spectra can be separated by
using infrared filters to obtain the individual components.
However, for this investigation only images representing combined
spectra were evaluated.

4. EXPERIMENTAL INSTALLATION

To assess the capabilities of an infrared imaging system to measure
thermal patterns in the exhaust of a gas turbine engine a unique test
setup with specialized instrumentation was required. The
following description of the engine and instrumentation illustrates
the installation for this project.

4.1 Engine Description

The test vehicle for this project was an Allison T56-A14LFE single
spool turboprop engine from a CP-140 Aurora patrol aircraft. This
engine was an excellent candidate for this study because it has no
variable geometry or transient bleed valve operation that might
affect the repeatability of the operation of the engine. The T56
engine has a fourteen-stage compressor, a six can-annular
combustor and a four-stage turbine. A schematic diagram of the
NRC test configuration is shown in Figure 1.

4.2 Infrared Instrumentation

The infrared imaging system selected for this project was the
Hughes Model 7300 Thermal Video System consisting of an
imager, an image processor, a power supply and a monitor. The
imager converts infrared radiation into electronic signals which are
interpreted by the image processor and displayed on the monitor.

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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For the experiment, the imager was fitted with a telescopic lens
and located approximately 6 metres downstream of the exhaust
duct of the engine behind the exhaust augmentor tube (Figure 1).
The camera, focussed at the exit plane of the turbine, was protected
from the hot exhaust gases by a silicon window located in the
elbow section of the augmentor tube. The silicon window has a
uniform absorption loss of approximately 1% in the 2-5 micron
infrared band.

Images created by the Thermal Video System were recorded by a
SVHS video recorder and played back at a later time for analysis.
An IBM compatible computer provided the platform for
developing software required for analysing thermal images. Frame
grabber boards within the computer were used for digitizing live
or taped video images. The complete component configuration is
shown in Figure 2.

4.3 Image Analysis Software

Software packages were written for acquiring, linearizing,
smoothing, adjusting image brightness, producing statistical
information and analysing infrared images. Images were digitized
and then linearized before applying image smoothing and
brightness adjustment techniques. Image smoothing was done to
enhance the quality of the recorded images, while a brightness
adjustment routine was used to correct for differences in the
overall intensity of an image. The digital data were then processed
through a routine designed to detect differences between images.

The analysis was done by comparing images and detecting changes
in the thermal pattern of an image relative to a reference. It was
found that visual comparisons could not be done, as minute
differences in thermal patterns were extremely difficult to detect by
eye. As a result, software was developed to perform the
comparisons on a pixel by pixel basis. Those pixels of the test
image that exceeded the specified tolerance of two standard
deviations were flagged to indicate a change in the thermal pattern.

4.4 Operational Considerations

Generally, an infrared camera is used to obtain a temperature
profile of an object. As the camera can only measure infrared
radiation, an emissivity value is required to obtain temperatures.
To obtain or estimate an emissivity value may be simple or, in
some cases, very difficult as emissivity is a function of the surface
condition of an object which may change dramatically under
certain conditions. The angle of incidence also affects the
measured value of emissivity and therefore curved surfaces are
potentially problematic.

For this investigation, the thermal energy pattern was of primary
importance with secondary interest in the measurement of
temperature.

5. DESCRIPTION OF FAULTS

This section will describe the faults that were investigated during
the test program. The engine components selected for the tests
were fuel nozzles, combustor cans, turbine inlet thermocouples and
turbine inlet guide vanes.

5.1 Fuel Nozzles
Fuel nozzles (Figure 3) have been identified as high maintenance
components that can promote damage to other engine hardware.

Fuel nozzle faults are most often caused by the formation of
deposits on the end of the nozzle resulting in a “fouling” or
“coking” condition. The deposits affect the fuel spray pattern and
on the T56, result either in a "streaking” or "fanning” condition
within the combustor of the engine. Nozzles that are categorized
as "streaking" contain heavy concentrations of fuel within their
spray pattern, whereas, "fanning” types exhibit a more uniform
pattern but exceed the manufacturer’s spray angle specification of
110°. These improper spray patterns can cause rapid deterioration
of the combustor, turbine thermocouples and turbine inlet guide
vanes. As malfunctioning fuel nozzles can have a significant
impact on hot section life, tests were carried out to investigate this
fault.

Baseline tests were performed using a low time (<200 hrs) set of
overhauled fuel nozzles. The engine was operated at three power
settings covering turbine inlet temperatures of 735, 875 and 1010
degrees Celsius. Several test runs were performed for each engine
configuration under varying ambient conditions. For the faulted
tests "fanning" or “streaking” nozzles were installed in the
combustor at specific locations. Images and performance data
were recorded for each configuration and at each power setting.

5.2 Combustor Cans

An increase in the combustor temperature can cause significant
damage to the combustor liner (Figure 4). These higher
temperatures can not only cause a burn-through condition, but can
also cause significant deformation in the combustor can. This
deformation can redirect the flow which may then cause severe
damage to the turbine inlet guide vanes and alter engine
performance.

For reference purposes, the location of each combustor is
described by its circumferential position as viewed from the rear
of the engine. The combustor located at the top of the engine is
referred to as combustor can 1. All other combustors, which are
positioned every 60°, are referenced clockwise to combustor can
1 (i.e. combustor can 2 is located 60° clockwise from combustor
can 1).

For this experiment, two combustion liners, deformed near the
outlet (indicated by dashed line in Figure 4), were installed in the
engine at the 0° and 120° location (there are a total of six liners).
The engine was operated at corrected turbine inlet temperatures of
735, 875 and 1010° Celsius. Thermal profiles were obtained at
each power setting.

5.3 Turbine Inlet Guide Vanes

The turbine inlet guide vanes (Figure 5) direct the hot gases from
the combustor into the first stage of the turbine. These hot gases
promote wear to the vanes and in some cases cause the vanes to
crack and even disintegrate. Damaged vanes disrupt the flow
entering the turbine producing large spatial temperature variations.
These temperature variations result in performance changes in the
turbine downstream of the damaged vane. For the tests, a new set
of vanes was installed into the engine. Before the installation, the
vanes were grouped in sets so that the total vane flow area
downstream of the combustor was balanced with their
neighbouring sets.  Following the installation, tests were
performed to obtain thermal profiles downstream of the turbine.
To investigate the effect of a damaged vane component, a set of



faulty turbine inlet vanes was installed in the engine at the 120°
location. Tests were repeated to obtain thermal profiles of the
turbine exhaust.

5.4 Turbine Inlet Thermocouples

The T56 engine is equipped with 18 thermocouple probes (Figure
6) for measuring the temperature of the gas at the outlet of the
combustor. Each probe contains two thermocouples, one which is
parallelled with each of the other 17 probes and used to control the
engine, and a second which is parallelled to provide an indication
of the turbine inlet temperature on a cockpit indicator.

Immersion of the thermocouples into the hostile environment
downstream of the combustor results in a high failure rate of
thermocouple probes. Failed thermocouple probes upset the
control of the engine which can cause the engine to operate off-
design and promote hot end component damage. In addition,
faulty thermocouples can produce erroneous temperature
indications on the cockpit indicator.

To simulate a shorted thermocouple within the engine control
system harness, the probes located in the combustors at 0° and
120° were connected to ground through a set of manual switches.
The switches were also employed to simulate an open
thermocouple condition.

6. TEST RESULTS

The test results are based upon comparisons done with serviceable
and faulty components. The components include fanning and
streaking fuel nozzles, collapsed combustor can liners, damaged
turbine inlet guide vanes, and open and shorted thermocouple
probes. Correlations between the thermal images and the turbine
inlet temperature thermocouples are also discussed.

For the analysis, a 'l' in the bargraph figures represents a
successful detection while a -1' represents a failure to detect the
fault. In all bargraphs, the IR results are represented by the red
bars, whereas the results obtained with the TIT probes are
indicated by green bars.

Some of the figures (e.g. Figure 7) contain temperature scales in
the form of bargraphs which are used to indicate an approximate
temperature change. The blue portion of the bargraph is used to
indicate cooler areas, whereas, the red portion indicates hotter
areas. The white portion of the bargraph, labelled as normal,
indicates areas of no change. Those areas within an image where
changes have been identified are circled in green.

6.1 Fanning Fuel Nozzle Fault

Baseline engine tests were done with serviceable fuel nozzles
obtained from the engine overhaul contractor. A serviceable fuel
nozzle, with an included spray angle of 106°, was installed into
combustor can 3 located at 120°. The engine was operated at a
turbine inlet temperature of 735, 875 and 1010° Celsius at a
corrected turbine speed of 13820 RPM. Images downstream of the
turbine were recorded at each power level. The fuel nozzle with
an included spray angle of 106° was replaced with another
serviceable nozzle that exhibited a spray angle of 109° and the
tests repeated. Further tests were done using an unserviceable fuel
nozzle (fanning) with a spray angle of 119°. Upon completion, the
images were then passed through analysis software to determine
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image differences. It was found that the 109° and the 119°
nozzles produced a cold spot (blue area) appearing in the image
(Figure 7) downstream of the combustor containing the fault. As
shown in Figure 8, the infrared method was successful in detecting
a cold spot in 3 out of 6 test conditions, whereas the TIT probes
failed to detect any change for all test conditions.

6.2 Streaking Fuel Nozzle Fault

To further investigate the nozzle fault tests, additional tests were
completed with nozzles that exhibited a "streaking" flow pattern
condition. A "streaking" nozzle with a similar flow rate as the
serviceable nozzle was installed into combustor can 3 located at
120°. The engine was operated at a corrected speed of 13820
RPM and at corrected turbine inlet temperatures of 752, 894 and
1024 degrees Celsius. The streaking nozzle was found to produce
a hot spot in the thermal image (Figure 9).

As shown in Figure 10, the infrared method was successful in
detecting hot spots in 11 out of 12 streaking nozzle test cases,
while the TIT probes failed to detect any change in all cases.
Those cases, in Figure 10, where a successful detection is indicated
for the TIT probes are results for nozzles with higher fuel flow
rates. These higher flow rate nozzles, which appear to be faulty,
are serviceable units which fall within the upper end of the fuel
flow specification for the nozzle. The higher flows are
approximately 2.7% above the median of 446 Ib /hr. Furthermore,
Figure 10 shows that the infrared system failed to detect a change
in only one case.

6.3 Combustor Fault

A complete set of serviceable fuel nozzles and combustor cans was
installed in the engine and a set of baseline tests was completed.
Following the baseline tests, combustor can 1, located at 0°, and
can 4, located at 180, were removed and replaced with two faulty
units. It was found that combustor can 1 produced a cold spot with
a hook shaped tail extending towards the tailcone downstream of
the turbine (Figure 11). Unfortunately, the flow from combustor
can 4 was cut off from the view of the camera. The infrared
system was successful (Figure 12) in detecting a change in three
out of the six test cases, whereas, the TIT probes failed to detect
any change.

6.4 Turbine Inlet Guide Vane Fault

A new set of turbine inlet guide vanes (IGV) was installed in the
engine and a set of baseline runs was completed. Following the
tests, a set of six faulty nozzle vanes was installed downstream of
combustor can 3 located at 120°. The results (Figure 13) show
that neither the infrared system nor the TIT probes were capable of
detecting the IGV fault in all test cases. This suggests that the
change in the thermal pattern was within the sensitivity of both the
IR and thermocouple measurement systems.

6.5 Turbine Inlet Thermocouple Fault

Turbine inlet thermocouple faults were simulated by shorting
(grounding) or disconnecting (opening) the probes from the engine
control thermocouple harness itself. However, the simulation
produced an overall cooler or hotter image caused by an increase
or decrease in fuel flow promoted by a change in the signal to the
fuel control. As the current analysis software compensates for an
overall change in image intensity, this fault was undetectable.
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7. CONCLUSIONS

1) A method to diagnose the condition of hot section components,
at a relatively early stage of deterioration, has been developed.
The method has been used to successfully detect faulty fuel
nozzles in 14 out of 18 cases and combustor faults in three out of
six cases. Turbine and turbine inlet thermocouple faults were not
detectable with the current equipment and methods.

2) Faulty fuel nozzles contribute to the deterioration of hot section
components. Replacement of fuel nozzles with similar flow rates
may reduce the variation in the thermal pattern in the hot section,
thus extending the life of hot section components.

3) Fuel nozzles which exhibited a streaking fuel flow pattern were
found to produce hot spots in a thermal image while those
producing a fanning flow pattern were found to produce cold

spots.

4) Collapsed combustor cans produced cold spots in a thermal
image with a distinctive hook towards the centre of the image.

5) The IR system allowed the mapping of the entire thermal pattern
at the exit of the turbine, while thermocouples provided single
point measurements that may misrepresent the actual conditions.
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Figure 7. Fuel Nozzle Fault - Fanning Pattern

Figure 8. Fuel Nozzle Fault - Fanning Pattern
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Figure 11. Combustion Can Fault

Figure 12. Combustion Can Fault
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Figure 13. Turbine Inlet Guide Vane Fault
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Paper 7
Author: M.F. Mulligan et al

Q: K. Benson
Are you going to deploy the system in the field?

A: Yes, currently there is one system installed at an engine overhaul centre gathering data

Q: A. Weigand
1) Did you encounter any problems with infrared emission of the exhaust plume?
2) In fig. 10, you also have detected the streak pattern with traditional equipment. Did that help in

clarifying the reason for not observing the failure with IR in all cases?

1) Emissions from the exhaust plume did not present any problems with respect to the results.

2) The success of detection of each system was treated individually. Moreover, it is
anticipated that other techniques (traditional) could be used to complement the IR method.

Q: P. Kotsiopoulos

I observed that you have presented graphs referring to isolated healthy or distressed cases i.e. only nozzles or
cans etc. Can you distinguish or quantify in the case of a combined fault i.e. a distressed pattern which resulted
from the combined effect of a faulty nozzle and a faulty guide vane?

A: At this point only isolated faults have been studied. Future tests may be done to establish if combined faults
can be detected.

Q: Lazalier

For combustors operating near stoichiometric conditions a "streaking" nozzle may drive the local fuel: air ratio_
above the stoichiometric value. In this case the "streaker” might produce a cooling effect. Two questions then
arise:

1 how does one know if the "cold” spot resulted from a streaking nozzle operating above stoichiometric
conditions compared to "fanning" nozzle below stoichiometric conditions?

2) how are absorption/radiation characteristics of the flow affected by the presence of unburned but
perhaps cracked fuel?

A:
1) Currently there is no data to support an answer to this question.
2) In addition, there is no data available to support an answer to this question.

However, in a general sense, we are not really interested in what is causing the fault. What is important is the
capability of the system in detecting the fault.
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Application of FTIR spectroscopy to measurement of
gas turbine engine exhaust emissions

M. Hilton, A.H. Lettington
J.J. Thomson Physical Laboratory
University of Reading, Dept. of Physics
Whiteknights, P.O. Box 220
Reading RG6 6AF
United Kingdom

. SUMMARY

Fourier Transform Infrared (FTIR) spectroscopy has been used
to study the exhaust emissions from a static Rolls Royce Avon
gas turbine engine. The thermal infrared emission from the
hot exhaust gases was monitored non-intrusively from a
distance of 5 meters using a high spectral resolution FTIR
spectrometer fitted with a 16 cm aperture telescope.

The gas temperatures were determined by comparing the
intensity of the measured saturated CO, emission band with
the radiance of a black body radiation source at known
temperatures. CO and CO, gas concentrations were
determined by comparison with modelled spectra taking into
account instrument effects.

The results were compared with earlier extractive gas analysis
and non-intrusive measurements made on the same engine
prior to its recent refurbishment. Improvements in the
equipment used for non-intrusive measurements and in the
analytical procedures have improved the sensitivity and the
confidence with which such quantitative measurements may be
made.

2. INTRODUCTION
There is considerable interest in non-intrusive techniques for
monitoring propulsion engines. Advances in optical
technology now permit the use of what used to be considered
as laboratory based techniques in the hostile environment of
" gas turbine engine test beds and rigs. There are several
advantages in using non-intrusive techniques for measuring
exhaust emission from gas turbine engines.

The conventional extractive sampling gas analysis techniques
in current use require expensive probe systems which must be
traversed from point to point. Residual chemistry can occur
in transporting the sample to the gas analysis equipment.
Optical non intrusive techniques, which could provide real
time multicomponent gas analysis, with the possibility of in
flight continuous monitoring of pollutant levels, are attractive.
FTIR spectroscopy is one of the techniques being studied for
exhaust gas monitoring.

FTIR spectroscopic techniques have been used in a variety of
configurations to study gases. Many atmospheric species have
LR. activity and can be monitored simultaneously and with
high sensitivity. Extractive gas samples can be analyzed in an
FTIR spectrometer using a long path celi(1). The cell contains
mirrors to generate multiple reflections and increase the path
length over which absorption can occur. This active technique
probes the target gas with a beam of modulated I.R. radiation

and then measures the spectral absorption. This technique can
be adapted to non-intrusive investigations where the gas
turbine exhaust plume is probed by an infrared beam which
passes through it many times by reflection from opposing
White cell mirrors on either side of the plume. Such a system
is currently under investigation under the EU funded BRITE
EURAM research project AEROJET to which our group at the
University of Reading is contributing.

There are many applications where FTIR spectroscopic
techniques have been useful in studying gases remotely rather
than by obtaining samples. Industrial sites and landfill tips can
be continuously monitored for gaseous pollutants using active
long path systems (2-5). Active double ended techniques
require a source of modulated radiation to probe the target gas
on the far side of which is an L.R. detector or retroreflector to
return the beam to the detector in the spectrometer.

Passive single ended techniques involve the measurement of
LR. emission and are generally less sensitive than active (probe’
beam) systems by 1 or 2 orders of magnitude. However, there
are some remote monitoring applications where positioning a
double ended system would be impractical, e.g. effluent plumes
from tall smoke stacks and refinery flares. Passive LR.
radiation measurements have been used to retrieve the
concentrations of CO, N,0, NO, SO, and HCIl in addition to
CO, and H,0 vapour from the smoke stack effluent of thermal
power plants and municipal incinerators(6-8). The threshold
detection limit of each species improves with increasing stack
gas temperature.

Passive remote emissions monitoring systems have been used
to study jet engine exhaust plumes in Holland and Germany
(9,10). Heland (11) has measured H,0, CO,, CO, NO levels
in the exhaust plumes of JT8 and CFMS56-3 gas turbine
engines. The exhaust gas temperatures varied with running
conditions from 150 °C to 400 °C, the H,0 and CO, content
from 1% to 6%, CO from 10 to 1000 ppm and NO from 50 to
150 ppm. Hilton et.al (12) have made multiple line of sight
measurements of gas temperatures and concentrations in the
exhaust from a Rolls Royce Spey engine at DRA Pyestock
(12).

This paper describes our recent non-intrusive single ended
passive measurements of gas temperature and concentration in
the exhaust plume of a Rolls Royce Avon industrial gas
turbine engine. Our first experiments with this technique were
made using the same Avon engine some years ago and have
been reported elsewhere (13,14).

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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3. FOURIER TRANSFORM INFRARED SPECTROSCOPY
From quantum theory, gases which are infrared active absorb
or emit radiation as their molecules undergo spontaneous or
induced transitions between different energy levels. Photons
are emitted or absorbed at characteristic wavelengths
determined by the structure of the molecules. A molecular
species may be identified from the observed intensity at these
wavelengths. The relative population of the energy levels is
determined by the temperature dependent Boltzmann
distribution. The intensity of the absorption or emission is
therefore determined by both the gas temperature and the
number of molecules present. The net radiance detected by an
FTIR spectrometer system depends on the relative
temperatures of all the molecules in the field of view (FOV).
The spectrometer observes emission lines when the gas
temperature is higher than that of the background or
absorption lines when this temperature differential is reversed.

The instrument response function, its FOV and interferent
species all affect the observed radiance of the target gas. In
particular, the CO, and water vapour content of the
atmosphere along the path absorbs extensive regions of the
emission spectrum. The temperature of the plume gases can
be determined from the radiance of the saturated part of the
CO, band which approaches the radiance of a black body at
certain wavelengths. When this thermodynamic gas
temperature is known, the gas concentration can be obtained
by matching the observed emission spectrum with modelled
spectra (15,16). Where the spatial extent of the plume is well
defined, as in the case of the Avon exhaust gases studied, the
relative path lengths in air and the plume can be determined
and average molecular concentrations in the plume calculated.

The Unicam FTIR spectrometer is based on a Michelson
interferometer. In passive remote monitoring mode, LR.
radiation from a external source (in this case the thermal
emission from the Avon engine exhaust gases) is collected by
a 16 cm aperture reflective telescope. The reduced size image
~20 mm diameter enters the spectrometer via a salt window and
the interferometer through a KBr window. The parallel beam
of input radiation is split by a KBr beamsplitter into two
beams one of which is reflected back to the beamsplitter by a
static retroreflector and the other by a moving retroreflector.
The moving retroreflector introduces an optical path difference
between the two beams recombining at the beamsplitter. As
the optical path difference between the beams changes with
the movement of one retroreflector the intensity of the output
beam is modulated by constructive and destructive
interference.

The intensity of modulated output is recorded by a liquid
nitrogen cooled InSb (Indium Antimonide) detector which has
a higher sensitivity in the CO, and CO bands than the MCT
(Mercury Cadmium Telluride) detector used previously. A
Fast Fourier Transform chip inside the spectrometer converts
the variation in intensity with optical path difference to
produce a spectrum of the variation in intensity with spectral
frequency. Data is collected over a time period of ~ 30 secs,
in which time 20 or so scans of the moving mirror have
occurred. Increasing the number of scans improves the signal
to noise ratio (SNR) at the expense of time taken. The
information is downloaded from the spectrometer via a serial
data port to a laptop computer.

4. ANALYTICAL METHODS

While the wavelength of infrared spectral lines is specifically
determined by the molecular structure of each species, the
relative intensity of the spectral lines changes with the
temperature of the molecules. The concentrations of hot CO,
in gas turbine exhaust is usually sufficiently high for the gas
to become optically thick in some spectral regions. In these
circumstances, the transmission of the gas drops to zero and
the radiance approaches that of a black body radiator. To
determine the thermodynamic gas temperature, the radiance in
these optically thick spectral regions (saturated bands) is
compared with that of a black body calibration source at a
number of temperatures. A calibration curve can be plotted so
that the temperature of the gas can subsequently be calculated
from the saturated band radiance.

Molecular concentrations are determined from the observed
emission spectra by comparison with modelled spectral lines,
taking into account instrumental features which can degrade the

spectral features. The HITRAN (17) database contains line by

line information about 32 naturally occurring atmospheric
species. From this database, the temperature sensitive absolute
line intensities can be calculated for individual spectral lines.
The effect of atmospheric absorption by CO, or H,0 present
in the path to the exhaust plume can be included in the model.
Once the FTIR spectrometer has been calibrated for radiance
measurements, the number of molecules of each species can be
obtained by comparing the observed line intensity with the
modelled absolute line intensity.

Previously, emission spectra were taken with the spectrometer
sighting on consecutive positions from the centreline to the
outer edge of the exhaust plume, transverse to the gas flow. At
each of these positions the radiance detected by the
spectrometer is the sum of all the contributions from each
volume element along the path. The distribution of exhaust
gas species and temperature in the plume along the particular

line of sight for these tests was found to be homogeneous.

Species concentrations averaged over the whole length of the
plume are therefore appropriate in this case.

5. EXPERIMENTAL SETUP

The Avon engine studied at Rolls Royce IPG has been adapted
to be used principally to supply compressed air for rig testing.
This engine has been used for a number of experimental
projects and its performance is not representative of other
engines of the same type being used commercially.

At the first trials some years ago, a conventional multihole
extractive gas sampling rake was fitted immediately
downstream of the final turbine stage. A single heated gas
sampling tube transferred the combustion products to gas
analysis equipment mounted in a mobile laboratory outside the
test bed. The results from these extractive measurements were
used to compare with the early non-intrusive measurements of
gas concentrations. In the intervening time, the engine has
been refurbished and should now run more efficiently although
updated extractive gas analysis results are not available.

After the last turbine stage an approximately 2 m long 60 cm
diameter jet pipe nozzle extends towards the larger diameter
opening of the exhaust detuner which vents outside the test
bed. There was a gap of ~ 1 meter free space between the jet



pipe nozzle and the detuner entrance across which infrared
emission measurements could be made transverse to the
exhaust gas flow.

The FTIR spectrometer contains optical components which
must be critically aligned and free from vibration so it was not
desirable to position the FTIR spectrometer too close to the
Avon engine. A large amount of external air is entrained with
the combustion gases into the detuner and considerable
acoustic noise is generated when the engine runs at high
speed.

The spectrometer was sited on a tripod some 5 meters
horizontally away from the engine observing the plume
through an open door way close to the jet pipe. The optical
line of sight to the spectrometer was such that the plume was
observed along the centreline and approximately transverse to
the gas flow, slightly angled downstream.

During the same engine runs, exhaust gas spectra were also
obtained remotely with a K-300 FTIR spectrometer by Jorg
Heland of Fraunhofer Institut fiir Atmosphirische
Umweltforschung (FhG-IFU), Germany. In the near future a
comparison will be made between the two sets of engine data
from two different types of FTIR spectrometer.

6. TEST RESULTS

In previous tests, problems were experienced when the engine
was running because the noise levels and acoustic vibration in
the region of the spectrometer were very high resulting in
resonances within the instrument optical components.
Additional vibration isolation and increased distance away
from the engine meant that this was no longer a problem. The
provision of a telescope with its large collection aperture and
a sensitive InSb detector meant that the SNR in these spectra
was an order of magnitude or more greater in these engine
tests than they had been before. The sensitivity to the gases
and the confidence with which quantitative measurements can
be made is much increased. Figure 1 shows a typical emission
spectrum.
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The vertical scale is a measure of the radiance in arbitrary
instrument  units. The horizontal scale is reciprocal
wavelengths or cm™. The spectral lines centred on 2147 cm™
are characteristic of CO and those around 2350 cm™ of CO,.
The complex pattern of lines around 1800 cm™ is due to water
vapour. These molecules are light and have sharp well spaced

" CO, and CO bands.
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out spectral features. Unburnt hydrocarbons (UHC), since they
are much heavier molecules, have very closely spaced spectral
lines which are not resolved and can be seen as a broad low
hump around 2900 cm™. UHCs were only observed at low
engine speeds i.e. where the engine was running inefficiently.
When the engine was running efficiently, CO levels dropped
significantly.

Figure 2 shows an enlargement of Figure 1 highlighting the
The central portion of the CO, band
exhibits the absorption by the cold atmospheric CO, in the ~ 5
m optical path to the exhaust plume. Surrounding this
absorption region are the emission lines due to hot CO,. The
radiance of the saturated hot CO, band at around 2280 cm’
was used to calculate the thermodynamic gas temperatures.
Once the temperature was known then other unsaturated
spectral bands were chosen to calculate the average
concentrations of the species in the exhaust plume.

The CO band from 2044 to 2140 cm™ was chosen to be fitted
to modelled spectra created from the HITRAN96 database. In
earlier work, the first calculated results had given CO
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concentrations which were considerably lower than the
extractive gas analysis results would have suggested. Gas
analysis measurements were taken from the sampling rake just
downstream of the last turbine stage. The rake, which
combines samples from different regions of the flow was ~2 m
upstream of the FTIR spectroscopy target region so results are
not necessarily directly comparable. However, a new analysis
procedure has been developed which takes into account the
apparent reduction in peak height associated with instrumental
line shape effects. This has produced quantitative
measurements of concentrations which compared much better
with what might be anticipated on the basis of past gas
analysis results for the engine prior to refurbishment.

Table 1 shows the results obtained from these experiments.
The calculated gas temperatures agreed well on a previous
occasion with thermocouple measurements (to ~ + 2%), so
these values have been used as the gas temperatures for the gas
concentration determination. Somewhat surprisingly, the
temperatures at idle are higher than at 100% engine speed.
This is because the air flow is low at lower speeds so the gas
retains its high temperature. Although the engine runs hotter
at higher speeds, greater air flow then reduces the gas
temperature at the measurement point where entrained air
mixes with the core air flow before entering the detuner.



Table 1

Engine Calculated CO2/% CO/ ppm

speed / % Temp/K N-I N-I

idle 718 2.14 986

idle 719 1.45 959

50 633 1.09 919

50 636 1.10 910

75 530 1.27 693

75 531 1.27 725

100 655 1.17 37

100 656 1.27 - 36

100 f.o. 518 3.08 31

100 f.o. 521 3.00 31

CO2/% CO/ppm
extractive extractive
1.79 1141
1.52* 619+
2.90 65
3.47 73

* interpolated results from 70% and 80% data.
f.0. denotes flap opened to spill compressed air

The table shows some extractive gas analysis measurements
for the same engine prior to refurbishment and from sampling
points closer to the turbine exit than the observation area for
the non-intrusive measurements. The results show that in
general, the non-intrusive measurements gave slightly lower
values for the gas concentrations than the extractive
measurements. However, the engine emission levels may have
altered as a result of its refurbishment and also the entrained
air may have diluted the exhaust gases in the region where the
non-intrusive measurement was made.

However, the main reason why the CO concentrations
previously reported were considerably lower than the
extractive gas analysis results is because the apparent intensity
of the CO spectral lines is particularly sensitive to the
instrument line shape (ILS) function of the spectrometer.

The intrinsic spectral features of CO are very sharp, more so
than the CO, lines, with a line width at half max height of less
than 0.1 cm™. The spectral resolution of the spectrometer is
limited by its maximum optical path difference which for this
instrument generates a maximum spectral resolution of 0.025

cm™.
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Figure 3 Sharp CO lines degraded by the ILS

The ILS function tends to flatten the spectral lines so that peak
intensity values measured from the spectrum can be less
(sometimes half the size) than those modelled without taking
ILS into account. A correction for this is now incorporated
into the analytical algorithm so that the ILS function is applied
to modelled spectra reducing the peak heights of the modelled
spectra and broadening the lines to match those observed in the
experimental spectra, see Figure 3.

7. CONCLUSIONS

FTIR spectroscopy has been shown to provide useful
information by non-intrusively monitoring the exhaust gas
flow. In this instance the molecular species CO and CO, have
been studied since their distinctive strong spectral lines can be
easily identified and intensities measured.

Thermodynamic gas temperatures have been calculated from
saturated CO, band radiance. Previous good comparisons
between thermocouple measurements and non-intrusive
temperature measurements have demonstrated the validity of
the technique.

The radiance calibration and instrument response factors of the
FTIR spectrometer which previously limited the accuracy of
the average concentration measurements through the plume
have been significantly ameliorated. The greater radiation
throughput by using the telescope and the higher sensitivity of
the InSb detector have contributed to this improvement in
performance.

While it is relatively easy to obtain infrared spectra of exhaust
plumes, the analytical procedures are complex and quantitative
measurements of gas temperatures and concentrations can
currently only be made off line.

However, improvements in the analytical procedures continue
to be made, the results become easier and quicker to obtain
with greater quantitative accuracy. There is great potential for
this technique with its advantages of non-interference in the
exhaust gas stream, the elimination of expensive sampling
probes and the simplicity of obtaining spectral data.
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Paper §
Author: M. Hilton

Q: J.D. Rogers

Is it possible to rotate the IR system about the engine axis and with traversing, obtain data that could be used in
a tomographic reconstruction of the whole cross-sectional area?

A: I believe it is entirely feasible to do as Dr. Rogers suggests. In a way, we have already done it - see my
references 12 13 and 14. By obtaining spectra along the different lines of sight with a 1-D optical traverse
mechanism, together with an assumption of axial plume symmetry, we have performed an Abel inversion and
attempted with some success to reconstruct spatial distributions. We currently have a student working on
developing a 2-D scanning system to perform the tomographic reconstruction of the whole cross sectional area.

Q: K. Benson
Have you tried to use your system in a combustor exit characteristics?

A: We have not yet tried to use the FTIR spectrometer to make non-intrusive measurements in a combustor rig.
However, we have studied exhaust gas and flame emissions from a kerosene burner rig where it was possible to
have an open path close to the rig exit. It would be very interesting to look at combustor exit characteristics
using special windows if necessary.

Q: E.G. Pink

Have you used the technique to obtain results immediately downstream of a combustor?

A: We have not yet tried to use the FTIR spectrometer to make non-intrusive measurements in a combustor rig.
However, we have studied exhaust gas and flame emissions from a kerosene burner rig where it was possible to
have an open path close to the rig exit. It would be very interesting to look at combustor exit characteristics
using special windows if necessary. (Same answer as above)

Q: H. Eisenlohr

Can you elaborate on the influence of the path length on your signals, i.e. how "deep” does your system
penetrate the plume?

A: Absorption, emission and transmission of IR radiation is dependent on path length. Engine exhausts we have
studied have plume diameters typically 60cm.

The depth of penetration of the non-intrusive FTIR spectroscopy system is dependant on the intensity of the
emitted or absorbed radiation.

The penetration depth for unsaturated spectral bands will be greater (typically the entire plume diameter) than
for saturated bands such as CO, where the penetration depth may only extend to the core.
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DIAL Measurements on a Gas Turbine Exhaust

K D Brundish, C W Wilson
DRA Propulsion Department
170 Building, Pyestock
Farnborough, Hants GU14 0LS
United Kingdom

1. Summary

This paper summarises work undertaken by Defence
Evaluation and Research Agency (DERA) and
SPECTRASYNE, and examines the technique of
DIAL as a measurement of gas turbine engine
emissions. The work was jointly funded by the UK
MOD and UK DTL

The DIAL technique is based on LIDAR, which is a
laser based range finding system, similar to RADAR.
With the use of a tuneable laser it can be adapted for
spectroscopic measurements of mass flux.

This technique was used to measure NO, and unburnt
hydrocarbon mass fluxes from the vertical engine
detuner, for two engines at three running conditions.
The NO, measurements were converted to vppm
values at the engine exit plane to allow comparison
with intrusive probe measurements.

The DIAL measurements of NO, at idle and max.
continuous were within 25% of the probe
measurements. The DIAL measurements are
performed at a plane downstream of the detuner exit,
and rely on the wind to move the plume through this
plane. Low windspeeds which are usually associated
with variable wind directions, can result in increased
uncertainty. However, minimum reheat values were
considerably different, and cannot be explained by
these uncertainties. This anomaly is as yet unresolved,
although a possible solution may be from continued
reactions in the detuner.

The unburnt hydrocarbon (UHC) measurements from
both DIAL and the probe exhibited the same trends,
although a direct comparison was not possible due to
the unknown composition of the hydrocarbons exiting
the engine. This made it impossible to calculate
concentration from the mass flux measurements.

J T M Moncrieff, A G Wootton
SPECTRASYNE
3, The Ringway Centre, Edison Road
Basingstoke, Hants RG21 6YH
United Kingdom

Further work on gas turbine engines should be
performed under less arduous conditions for DIAL
measurements than the reported tests. Measurements
in open areas directly behind the engine with a
horizontal plume, offers the best conditions.

2. Introduction

Nitrogen Oxide (NO,) emissions are a leading driver in
the development of aircraft gas turbine engines.
Legislation is expected to be introduced which will
Jower the allowable output of NO, from civil aircraft.
NO, emissions are also becoming of greater
importance to military aircraft engines due to nitrogen
dioxide (NO,), the visible (brown) component of NO,.
Stealth properties of some aircraft are sufficient that
the threat of detection at visible wavelengths is
becoming greater than by other detection systems.
Previous work performed at DERA has shown that as
smoke levels are reduced, the brown NO, emitted from
aircraft will become more dominant in plume visibility.

NO, can be formed by three mechanisms: Fuel bound
nitrogen, prompt NO,, and thermal NO,. Fuel bound
nitrogen is low in aviation fuel and this mechanism
does not contribute significantly to the NO, emissions
of aircraft engines. Prompt NO, contributes little to
the overall NO, emissions at the pressure ratios in gas
turbine engine cycles. Thermal NO, is by far the
greatest contributor to NO, formation at high power
engine conditions (Bonturi et al). NO, levels
calculated using this mechanism (Miller and Bowman)
are proportional to combustor flame temperature and
residence time.

Engine trends towards higher thrust to weight ratios
has lead to higher compressor ratios and more arduous
operating air/fuel ratios (AFRs). These trends cause
higher flame temperatures at the maximum power
conditions, giving rise to high NO, emission levels.
The majority of NO, at the exit of a gas turbine

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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combustor is in the form of nitric oxide (NO), a
colourless gas. However, under certain conditions, the
NO converts into NO, further down the engine jet pipe
(Foster and Wilson) and in the plume. This leads to
visible plume emissions which degrades the aircraft’s
stealth properties.

Measurements of NO and NO, concentrations in the
plume are not easily achievable using traditional
intrusive techniques, but are important for furthered
understanding of the conversion mechanisms
occurring, and any subsequent NO, production that
might exist in the plume. NO to NO, conversion
chemistry is poorly understood, and validation of
chemical kinetics models is required to allow accurate
prediction of plume visibility. In order to achieve
these measurements it is necessary to use non intrusive
techniques. DIAL offers the possibility to measure
emissions at a range of hundreds of metres and greater
with some species (Boden et al).

This report examines the technique of DIAL
(Differential Absorption LIDAR) as a non intrusive
measurement of the emissions from a gas turbine
engine. The measurements were performed with a
view to establishing the applicability of the technique,
with a future objective of engine plume measurements
for validation of plume chemistry models.

3. DIAL Technique

Light/laser based technology systems for the remote
monitoring of gaseous species in the atmosphere have
been under development for the past two decades. The
flagship of these developments is a Differential
Absorption LIDAR or DIAL. DIAL is a development
of LIDAR, a light based range finding system similar
to RADAR. If a laser is used as the LIDAR light
source, the collimated, coherent light emitted can be
used to define the range of specific objects. A tuneable
laser source can give LIDAR an additional
spectroscopic capability as the source laser can
alternately be tuned onto then off an absorption feature
in the known 'spectral fingerprint' of a specific gas.

For a given target species, the laser signal is tuned to
the specific wavelength. The laser is traversed across
the target plume, and absorption occurs (Figure 1). A
reference beam of similar wavelength and frequency to
the tuned beam is also fired through the target plume.
This beam should undergo similar attenuation and
scattering through the plume, but will not be absorbed
by the target species. The back scattered laser intensity
is measured using a detector. With the comparison
between the return signal intensities of the two beams,
the number of molecules of the target species passing
through the measurement plane can be determined
(Killinger and Menyuk).

DIAL Measurement: Aircraft Emissions

Figure 1 - DIAL Measurement Technique

DIAL measurements have a wide variety of
applications. In the US the technique has mainly been
used for ozone and water measurements for
atmospheric monitoring. = NASA developed an
airborne  DIAL system for water measurements
(Browell et al (1986), Higdon and Browell (1991)) and
a system for aerosol measurements (Browell and
Shipley (1985). Other organisations have performed
similar work, such as the Environmental Protection
Agency (Mcelroy (1992)).

Throughout the 1980s and early 90s, at various critical
development stages, validation and correlation work
was carried out in the UK on DIAL concentrating
mainly on the oil industry. The work ranged from
making measurements through gas cells which had
been filled with gravimetric standard gas mixtures to
correlation exercises between DIAL concentration
measurements and stack gas analyses collected using
conventional gas analysers and gas chromatography
equipment. Concentration correlation’s at
ambient/environmental levels against accredited
thermal absorption tube data were also undertaken. In
all cases the DIAL measured concentrations were
within 8-15% of the standard of the data generated by
the more conventional technologies.

However, since 1988, DIAL concentration data has
been used with wind speed and direction to produce
mass emission fluxes (kg/h) and some further
validation work on the production of mass emission
fluxes was undertaken. A number of mass emission
correlation exercises between the SPECTRASYNE
DIAL and other measurement techniques have been
carried out during recent years. The other methods
include calibrated releases of methane from a point
source and marine tanker vent measurements. In all of
these exercises the maximum divergence from the
DIAL measurements recorded was 15%.

One of the most recent of the correlation exercises was
carried out in 1993 with personnel from the European
oil industries association, CONCAWE (Decaluwe).



The correlation exercise was carried out during one
complete loading schedule of a river barge loading
motor spirit, as this represented a discrete emission
source.

The CONCAWE team calculated the mass
hydrocarbon emission levels throughout the loading
from the tank vent measurements and a knowledge of
the loading rate and thus vapour displacement rate. The
Spectrasyne DIAL measurements which were made
some distance downwind of the barge. The sequential
measurement data derived from the two methods were
integrated over the loading period to provide total mass
emission figures for each measurement technique. The
resultant correlation was within 12%.

4. DIAL Equipment

The Spectrasyne DIAL is a mobile unit (Figure 2)
based on two high energy (1.4J), 10Hz pulsed
Nd:YAG pumped dye lasers (Figure 3). Tuneable
ultraviolet and visible radiation is generated in one of
the laser sets by selective use of frequency doubling
and tripling crystals. The second laser set, which has an
injection seeded Nd:YAG, is used to generate tuneable
infrared radiation by means of the unique infrared
source assembly.

Figure 2 - Spectrasyne Mobile DIAL Measurement
Unit
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DIAL is single ended and its output beam is directed
by means of a mirror steering system which rotates in
two planes. The back-scattered light, which returns
along the same path, is collected in a cassegrain-type
receiving telescope and delivered to the appropriate
detector through a multi-dichroic, beam splitting,
collimating and focusing system.

Figure 3 - DIAL Laser System

In order to collect, store, handle and process the DIAL
signals a sophisticated, high speed data communication
network has been developed in parallel with a unique
software package. Computers are also used to perform
a number of ancillary control functions and to store
essential spectroscopic and ancillary databases.

The vehicle is also equipped with an extendible
meteorological mast and a number of portable
telemetric stations which are used along the DIAL scan
lines to measure wind speed and direction, temperature
and humidity. These data are displayed in real time and
digitally logged for subsequent use with DIAL
concentration data to produce mass emission fluxes. A
sophisticated 3D Computational Fluid Dynamics
(CFD) model can also be connected to the processing
system; this is used to provide interpolation between
measured wind speed data points for flux calculation
and to assist in the definition of suitable measurement
positions where the wind fields are complex. Telephoto
and wide angle TV cameras are used on the steering
system to facilitate beam pointing. The wide angle
image is recorded on a time-lapse video recorder to be
used if necessary to identify problems visually during
subsequent data analysis.

5. DIAL Measurements

Measurements of gas turbine engine emissions have
traditionally been performed at the exit plane of the
engine using intrusive probe techniques. Non intrusive
measurements are becoming of greater importance due
to the effect of the presence of intrusive probes, and
due to the difficulty of probe access. LASER type
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measurements have been performed in a number of
applications to gas turbine engines, and are now more
often used in engine measurements.

DIAL measurements offer a good degree of accuracy
over a substantial distance, the measurement range
varying from a few hundred yards to several kilometres
depending on the species measured and the
atmospheric conditions. Due to this, it was possible to
take measurements at the exit of a detuner from a gas
turbine engine test cell. The detuner exit is some 20m
downstream of the engine exit plane, however the
plume was constrained within the detuner and was not
representative of a free plume. The objective of the
test programme was to establish the applicability of
DIAL as a technique for plume emissions
measurements. With this established, future
measurements on free engine plumes may be used to
validate plume modelling.

Two engines were operated at three conditions for the
measurements; idle, maximum continuous and
minimum reheat. Maximum reheat condition requires
that cooling water is sprayed into the detuner and this
increases the opacity of the plume, making the DIAL
measurement at close range more difficult.

For DIAL measurements, ideally an unrestricted line of
site, downwind, through the target plume is required.
The Test bed at DERA Pyestock presented a
particularly  difficult  challenge  for  plume
measurements because, firstly, the detuner was
completely surrounded by trees and buildings and,
secondly, there was limited access in the area. The tall
overhanging trees only provided a gap of a few metres,
thus it was not possible to change the scan line in
response to wind direction or engine condition.

On this occasion wind direction remained sufficiently
stable not to present a problem but the large difference
in the plume characteristics (gas concentration and
particulate material) between idle and minimum reheat
meant that the scan line was not optimal for either.
Ideally measurements at idle would be done close to
the detuner exit and the scan line moved progressively
further away as the plume opacity increased at higher
load conditions.

The mass flux of NO, and hydrocarbons at the detuner
exit, were measured at the three operating conditions.
A series of DIAL scans were performed at each of the
three operating conditions, to minimise error. The data
for each condition were then averaged.

Measurements were also taken using a gas analysis
probe situated at the engine exit plane (Figure 4). The
probe was designed to withstand the high loads at the
engine exit. As well as the physical integrity design,
the gas analysis probe was designed to conform with
current EPA  (Environmental Protection Agency)

standards for probe designs for emissions
measurements.

Figure 4 - DERA intrusive probe

The probe measurements were localised point by point
measurements, and as such are subject to localised
temperature fluctuations. This changes the density and
measurement conditions from point to point. To obtain
an overall average for the engine exit, density
averaging must be performed. This is done by
weighting the results to temperature (Tilston):

> [NOxi]*To/ Ti

[NOx] = S To/Ti

where

[NOx] is average concentration of NOx
[NOxi] is local concentration of NOx
Ti is localised temperature

To is average temperature 7o =

-
> 1/Ti

6. Results

In order to compare the data from the two methods, the
detuner exit plane NO, mass fluxes were back-
calculated to the engine exit plane, and converted into
concentration (vppm) as follows:

1. NO, + NO mass flux converted into volumetric
flow using the density of NO, and NO.



2. The volumetric flow at engine exit was calculated
using the density of air (reasonable as the
composition is mainly air at this plane).

3. The vppm concentration was calculated by
dividing the NO, volumetric flow by the total
engine exit volumetric flow.

The degree of uncertainty in the translation from the
. detuner plane to the engine exit plane decreased the
accuracy of the results but trend comparisons were
expected to be reliable.

Figure 5 illustrates the averaged non dimensionalised
(against idle values) data at the engine exit planes from
the probe, and the back-calculated DIAL
measurements.

Engine Exit NOx Emissions

@ Engine Exit Data (SPECTRASYNE) - Engine 1
aEngine Exit Data (DERA) - Engine 1
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Figure 5 - NO, Emissions data

Surprisingly, the DIAL measurements were higher than
the intrusive probe measurements. Errors normally
associated with DIAL, such as loss of detectability at
the diffuse edges of the plume , and beam attenuation,
normally result in low readings. Beam scattering
errors are considered small due to the close proximity
of wavelengths for the measurement and reference
beam, although complete capture can never be
resolved.

The differences between the readings of the
measurements methods were also higher than expected.
Differences at idle were small, and max. continuous
readings were within 25%. However, min reheat
measurements showed a much larger disagreement.

In the case for the idle and max. continuous
measurements the divergence between the two
techniques were acceptable. Generally low wind speed
can result in directional instabilities can cause over
recording due to localised recirculation zones around
the measurement plane. This is minimised with the use
of accurate wind speed measurements at differing
heights, complemented with CFD calculations to
interpolate between the measurement heights.
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It is likely that the difference between the readings at
idle and max. continuous is a combination of the
following sources of uncertainty:

1. Traditional chemiluminescence used with the

probe measurements have inherent inaccuracies.

NO, production in the detuner.

Reactions in the probe.

Efflux velocity affecting DIAL.

Low wind speeds resulting in eddies and

recirculation thus measuring parts more than once.

6. Conversion from DIAL measurement plane to
Probe measurement plane.

vk Lo

A continuous steady rise in NO, measured with the
DIAL system was seen with increasing engine load.
However, a decrease in NO, concentrations was
measured with the traverse probe from max. cont. to
min. reheat conditions, resulting in a divergence
between the two techniques.

Most of the uncertainties on the above list could not be
responsible for such a large error, although they would
contribution as with the idle and max. continuous
cases. However, NO, formation in the detuner, and the
possibility of probe reactions could account for the
anomaly.

Investigation into the possibility of probe reactions was
performed using argon dilution to ‘stifle’ any reactions
(Foster and Wilson - unpublished). The results proved
that NO, conversion did occur, however the total NO,
concentration remained constant thus ruling out NO,
production in the probe.

The possibility of NO, production from combustion
beyond the exit plane was considered, but chemical
modelling of kerosene is difficult due to the absence of
a proven kerosene combustion scheme. Prompt NO,
production, however, was possible but was considered
as not sufficient for the measured increase. The
average temperature was around 900K, below that
necessary for thermal NO, production, however
localised regions may be in excess of the temperature
required. The inconsistency in trends is as yet
unresolved.

NO and NO, were measured separately, to examine
conversion. Table 1 shows the conversion values at
the detuner exit plane. The values show that in all
cases, the conversion to NO, was well above 80%.
Thus, at plume distances of less than 80m from the
engine exit, the plume visibility due to NO, had nearly
reached maximum.
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Condition NO,/NO, DIAL NO,/ NO,
Traverse Probe
Idle 0.87 0.3
Max. Cont. 0.86 0.11
Min. Reheat. 0.84 04

Table 1 - NO,/ NO, conversion ratios

Measurements of unburnt hydrocarbons were also
taken using both measurement techniques. The
measurements using DIAL showed some methane
content at the plume plane (see Table 2), however
Fourrier Transform Infra Red (FTIR) spectroscopy
measurements were also performed at the exit plane
but methane was not detected. The presence of
methane at the DIAL measurement plane is possibly
due to the fuel continuing cracking (ie reacting) on its
passage through the detuner. Thus the heavier
hydrocarbons were cracked down to methane and other
light species.

Condition Methane at Detuner Exit
(kg/hr)
Idle 0.1
Max. Cont. 79
Min. Reheat 37.5

Table 2 - Methane Mass Fluxes at Detuner Exit Plane

Only trends can be compared for hydrocarbon
measurements due to the complexity of the chemical
and physical properties of the fuel. The exact
composition of the hydrocarbons exiting the engine, is
unknown. This makes it impossible to calculate the
density of the hydrocarbons, and thus conversion from
mass flux to concentration is not possible. The trends
between the DIAL and probe measurements were in
good agreement (see Table 3).

Condition UHC UHC
DIAL Engine Exit
(kg/hr) (vppm)
Idle Not Measured 91.32
Max. Cont. 311 49
Min. Reheat. 581.2 12191

Table 3 - Unburnt Hydrocarbon Measurements

High unbumnt hydrocarbon values were present at idle
and min reheat, with virtually none at max. continuous.

7. Conclusions

NO, concentrations were measured using the DIAL
technique and compared to probe measurements at the
engine exit plane.

Measurements of NO, using DIAL were within 25%
of intrusive probe measurements for the power
conditions of idle and max. continuous, showing that
useful DIAL measurements can be performed on gas
turbine exhausts.

One possible source of uncertainty with DIAL
measurements with non ideal test location and
meteorological  conditions, stems from wind
measurement and plume shift during the scans.

Tests under more favourable conditions would result in
more accurate measurements for plume emissions at
idle and max. continuous conditions.

The difference in readings at min reheat are as yet
unresolved. Probe reactions have been ruled out but
NO, production in the detuner may offer an answer.

Under the three engine operating conditions addressed,
NO to NO2 conversions of greater than 80% were
observed at the DIAL measurement plane. Most of the
conversion was believed to have occurred in the
detuner although there were some indications of differ-
ences in ambient conversion depending mainly on
wind speed and thus residence time to the scan plane.

Conversion of mass fluxes to vppm for UHC cannot be
performed due to the unknown density -of the complex
UHC structure.

DIAL measurements UHC in the downwind plume at
the three engine operating conditions showed high
mass emissions at min reheat and virtually none at
max. continuous, which agreed with intrusive probe
measurements at the engine exit plane.

This work has shown that DIAL is suitable for gas
turbine engine emissions measurements.

8. Recommendations

Further work examining hydrocarbon speciation using
other non intrusive techniques is required to allow
more detailed comparison between DIAL and
intrusive measurement systems.

Further investigation of the disagreement in the trends
of NO, from max. continuous to min reheat is required.

Measurements under less difficult conditions for DIAL
would allow better investigation into the applicability
of the technique for measurement of gas turbine exit
emissions. Ideally, these would be performed in open
areas with the plume exiting horizontally to the
horizon.
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Paper 9
Author: Brundish

Q: Weigand
Why did you not use LIDAR for exhaust measurements in the near field of the plume?

A: The measurements were performed downstream in the plume so that the plume chemistry could be studied.
Measurements of DIAL were compared to engine exit measurements to analyse NO/NO2 conversion for plume
visibility. DIAL was used (not LIDAR) due to the increased accuracy with the use of a reference beam. Hot
plume measurements are prone to a large number of interferences which require a reference beam to make
sensible measurements.

Q: Prof Greenhalgh
Why did you not make probe measurements after the detuner as well as at the (engine) exit?

A: The exit of the detuner is some 20m from the ground making probe measurements of the plume after this
difficult. In addition to this, the engine exit and detuner entry are not continuous, and entrained air dilates the
plume. The entrainment is difficult to calculate and thus the mass flow at the detuner exit is unknown. Mass
flow is required to compare the DIAL and probe measurements, so measurements at the detuner exit would be
difficult to compare to either the DIAL or the engine exit measurements.
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UV ABSORPTION MEASUREMENTS OF NITRIC OXIDE COMPARED TO PROBE SAMPLING DATA FOR
MEASUREMENTS IN A TURBINE ENGINE EXHAUST AT SIMULATED ALTITUDE CONDITIONS*

R.P. Howard
Sverdrup Technology Inc., AEDC Group
Building 690, Second Street
Arnold Engineering Development Center
Arnold AFB, TN 37389-4300
United States

ABSTRACT

Nitric oxide measurements were conducted in the exhaust
of a turbofan engine at simulated altitude conditions in a
ground-level test cell using both optical nonintrusive and con-
ventional gas sampling techniques. NO-UV absorption mea-
surements, using both resonance and continuum lamps, were
made through several chords of the exhaust flow near the noz-
zle exit plane as a part of a larger effort to characterize aircraft
exhaust constituents over a wide range of steady-state engine
operating conditions. This paper describes the NO-UV absorp-
tion measurements and compares radial profiles of NO con-
centrations and emission indices with measurements obtained
using conventional gas sampling and tunable diode laser infra-
red absorption.

INTRODUCTION

The NASA Atmospheric Effects of Aviation Program
requires characterization of aircraft emissions including trace
constituents to adequately assess and predict the impact of cur-
rent and future fleets on atmospheric chemistry. The first of a
series of NASA measurement programs' in ground-based
engine test cells was performed at the Amold Engineering
Development Center (AEDC) at simulated altitude conditions
ranging from sea-level-static to 15.3 km. The test article
engine design and operation parameters were representative of
a commercial-type bypass engine with an annual combustor,
operating with aviation fuel. The engine was operated over a
range of combustor temperatures and pressures at each of sev-
eral simulated altitudes shown in Fig. 1, to provide NASA with
parametric data for insight into exhaust emission variations as
a function of combustor parameters and altitude at standard-
day conditions. Measurement systems applied directly to the
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Fig. 1. Combustor pressure versus temperature for all test
conditions.

exhaust flow field are illustrated in Fig. 2. Techniques utilized
for measurements of nitric oxide (NO) concentrations were
conventional extractive sampling using a multipoint cruciform
probe rake assembly, spectral UV resonance and continuum
absorption applied over multiple lines of sight, and spectral
infrared single line-of-sight absorption utilizing a tunable
diode laser. This paper details the NO-UV absorption tech-
niques, directly compares the results to probe-sampled data,
and compares the resulting NO emission indices including the
tunable diode laser results to show agreement within the
respective error limits of each measurement technique.

Spectral interrogation of nitric oxide (NO) resonance elec-
tronic (A«X) transitions using ultraviolet (UV) absorption
allows determination of NO density and, under appropriate
conditions, thermodynamic state. NO-UV absorption tech-
niques were developed in the 1970’s? for measurements of
low NO concentrations in gas turbine combustors and engines.
These techniques were later modified and enhanced in
response to new requirements for nonintrusive quantitative
measurements in high-enthalpy test facility flows,>* exhausts
of liquid rockets (unpublished), and automobile exhausts.’
The hardware was made robust and more reliable using spec-
trometer focal plane array detectors, fiber optics, and pulse-
start power supplies for the resonance lamps. The line-by-line
radiative transfer model, previously limited to the NO gamma
(0,0) band, was extended to include the (0,1) band and thus
allowed simultaneous determination of NO number density
and ground electronic state-vibrational population distribution
(reported as ground-state vibrational temperature) in many of
the aforementioned applications. Renewed interest in the
effects of turbine-powered aircraft on atmospheric chemistry
has again prompted exhaust characterization studies and new
requirements for quantitative measurements of NO concentra-
tions in turbine engine exhaust.

PROBE AND SAMPLING SYSTEMS

Exhaust samples were extracted using a multipoint cruci-
form rake assembly located near the engine nozzle exit plane
with the versatility of single point and multiple probe average
sampling. The rake illustrated schematically in Fig. 2 consists
of two bars mounted perpendicularly (horizontally and verti-
cally) with each completely spanning the exhaust flow field
and beyond. Individual probe sampling allowed spatial map-
ping of the exhaust core, bypass, and intermediate mixed flow
regimes as well as the region surrounding the exhaust which
was found to contain low amounts of recirculated exhaust con-
stituents. The horizontal bar also contained alternating Mach
number/flow angularity (MFA) and stagnation temperature

* The research reported herein was performed by the Arnold Engineering Development Center (AEDC), Air Force Materiel Command.
Work and analysis for this research were performed by personnel of Sverdrup Technology, Inc., AEDC Group, technical services contractor for
AEDC. Further reproduction is authorized to satisfy needs of the U. S. Government. ’

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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Fig. 2. Illustration of the turbine engine exhaust emissions measurement systems.

probes for determination of static temperature, static pressure,
and gas velocity distributions required for analysis of optical
data to yield species concentrations and mass fluxes. Construc-
tion and design details of each probe type are given in Ref. 1.

Gas samples collected by the rake positioned 12 cm down-
stream of the nozzle exit plane were passed through heated lines
to a heated sample distribution system that allowed any combi-
nation of probe samples to be directed to the gas analyzer sys-
tems. As necessary during the test period, a stainless steel metal
bellows pump was valved in line between the sample distribu-
tion system and gas analyzers to raise the sample pressure
slightly above atmospheric pressure, a requirement for gas ana-
lyzer operation.

A suite of analyzers were used to measure concentrations
of gaseous constituents which are reported in parts per million
by volume (ppmv). A chemiluminescence analyzer was used to
measure concentrations of NO after the sample was passed
through a gas sample dryer. The emission index (EI) for NO,
defined as mass of constituent per 1,000 pounds of fuel, was
calculated according to Ref. 6 and reported as the NO,
equivalent.

UV ABSORPTION INSTRUMENTATION

The resonance and continuum absorption system compo-
nents were similar except for radiation sources. The system and
technique similarities make it convenient to describe system
components, data acquisition, and data analysis for both sys-
tems simultaneously while pointing out differences only as nec-
essary. Primary components per measurement system, reso-
nance or continuum, included a lamp, a lamp shutter with an
electronic controller, two fiber-optic cables, collimating and
focusing optics, a grating spectrometer, an optical multichannel .
analyzer (OMA®) detector system with a computerized control-
ler, and a personal computer for data acquisition and storage.

The systems shared stepper motor-driven slide tables for tra-
versing the optical beams across the exhaust flow field.

The resonance lamp, a source of NO resonant radiation, was
a dc excited capillary discharge tube operated at 12 ma using a
5,000-V power supply with a 220-kQ2 ballast resistance. A gas-
eous mixture of argon:nitrogen:oxygen, at a 12:3:1 ratio by vol-
ume, was flowed through the lamp tube while maintaining a
static pressure of 10 torr. The capillary discharge tube was
water cooled to tap water temperatures. Resonance lamp inten-
sity characterization is discussed in the following section. The
continuum system lamp was a constant voltage, 100 w, water-
cooled deuterium lamp.

Each detector system consisted of a 0.32-m Czerny Turner
spectrometer with a variable-width entrance slit, a 2,400 groove/
mm grating (used in first order) and an EG&G Princeton
Applied Research Model 1421-B silicon diode array detector.
Each detector was UV enhanced and intensified over the full
1,024 pixel elements. A detector and detector controller (Model
1461) are referred to as the OMA. The spectral range for the res-
onance absorption system was 214 to 245 nm with a 0.029-nm-
per-detector-element spectral dispersion and 0.16-nm spectral
resolution (full-width-half-maximum). Measured normalized
instrument response functions representative of single array ele-
ments for both the resonance absorption and continuum absorp-
tion systems are presented in Fig. 3. Differences are due prima-
rily to spectral resolution differences for the two systems.

The configuration and reported spectral region for the UV
continuum absorption measurement deserves explanation. This
measurement system had been configured and installed with
intentions of measuring OH resonance absorption near 300 nm.
During an engine checkout run, this system failed to detect OH
absorption. A spectrally scanned UV laser system, successfully
installed for measurements of OH, freed this system to be recon-
figured for measurements of NO using a spectral continuum



lamp. The optical fibers, excellent for measurements at 300 nm,
had a steep attenuation gradient in the region of NO absorption
near 226 nm. Lamp radiation saturated the detector in the region
of the (0,1) absorption band for detector integration times allow-
ing a sufficient signal-to-noise ratio at the (0,0) band absorption
region. Therefore, the less important (0,1) spectral region was
moved off the detector to avoid detector damage. Also, the fiber
attenuation was too great for meaningful measurements at
wavelengths below the (0,0) band. Measurements were per-
formed effectively from 222 to 228 nm with a 0.029-nm-per-
detector-element spectral dispersion and 0.21-nm spectral reso-
lution (full-width-half-maximum). As mentioned earlier, mea-
sured normalized instrument response functions representative
of single array elements are presented in Fig. 3.
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Fig. 3. Instrument response functions relative to the
array element center wavelength.

RADIATIVE TRANSFER MODEL AND RELATED
- PARAMETERS

A computer model based on the theoretical line-by-line
radiative transfer for the NO gamma (0,0) band was used to
determine the NO number density from spectral absorption
measurements. The theoretical physics of NO molecular
absorption, details of the model, and extension of the model
from earlier work can be found in the references.>>"# A brief
overview is presented here to describe and document model
parameters used for analysis of the present data. Basically, the
fractional lamp radiation within the wavelength interval AA
transmitted through a medium of length, L, is given by the
equation of radiative transfer,

I.+1 o(k)]e
i Ax[c A

1
[IC+I O(K))g(k)dk
J YAk }‘i

g(A) =spectral instrument response function,

-ZI ky,(M)dL
i JL
g(A)dr

Tar =
where

kj;(A) =molecular absorption transition (line),
Ixo(l) =relative intensity of a resonance lamp transition,
i
Ic =Lamp radiation factor, modeled as continuum radiation.
The interval AX is limited by the spectral extent of g(A), the spec-

tral response for an individual element of the linear array detec-
tor given in Fig. 3 for the current measurements. Absorption in
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the test media is modeled by molecular absorption transitions,
kj;(A), which are described by Voigt line profiles that allow for
pressure or collision broadening. The summation over i includes
all transitions of the NO gamma (0,0) or (0,1) band contributing
to absorption within AA. The absorption coefficient is a function
of the static temperature, static pressure, directed velocity line
center shifts (Doppler shifts), line center pressure shift parame-
ter, broadening parameter (discussed later), and NO number
density along the measurement path, L. For a single homoge-
neous path, the flow-field parameters are input to the model, and
the NO number density is varied until the calculated (Eq. (1))
and corresponding measured transmittances agree. Calculations
were compared to maximum absorption at the second bandhead,
226.23 nm or 236.3 nm, respectively, for the (0,0) and (0,1)
bands using the resonance absorption technique and 226.18 nm
for the (0,0) band using the continuum absorption technique. As
discussed earlier, the (0,1) band was not measured with the con-
tinuum absorption system.

Absorption media line center shifts with respect to the fixed
lamp radiation line positions are important to the NO densities
derived from the model. Two shift mechanisms are modeled.
However, Doppler shifts were negligible for these measure-
ments due to small exhaust flow velocity components in the
direction of the source beam. Collision-induced shifts were
modeled according to the collisional shift parameter,
& = —0.18%(295/T)%5, as quantified in Ref. 9. Here “P" is static
pressure in atmospheres and “T” is static temperature in Kelvin,

The resonance lamp radiates several lines within, or con-
tributing to, the spectral interval AXA of Eq. (1). Line intensities,
I, o(}), are modeled by Doppler profiles broadened to 950 K.
Tht relative lamp line intensities were measured and character-
ized according the upper state population distribution shown in
Fig. 4. Results for the (0,0) and (0,1) bands were similar as
expected, since the upper states are common to both bands. The
lamp emits low-level radiation (I¢) in addition to gamma band
radiation. This radiation was not directly quantifiable from
lamp characterization measurements, but was modeled as con-
stant continuum radiation, I over the spectral range AA, [Eq.
(1)], with excellent results.
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Fig. 4. Reasonance lamp line intensity distribution.

The lamp radiation for the continuum absorption technique
was modeled as a simple spectral constant, achieved in Eq. (1)

by. setting, L o(A), to zero and I¢ to some arbitrary constant
value. !

For the resonance technique, the molecular broadening
parameter, a’ = C*P/T", and I~ have been treated as instrument-
dependent calibration factors’ selected to minimize differences
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in calculated and measured transmittances at controlled labora-
tory conditions. Here, “C” is referred to as the broadening con-
stant and “n” the temperature dependency exponent. The broad-
ening parameter, a” = 31800*P/T!-, was reported in 19817 but
did not include a low-level lamp radiation factor, Ic. When this
technique was reinstated in the late 1980’s using the intensified
array detector and a modified electronic lamp power supply, the
radiative transfer model required a factor I = 22 (relative to the
arbitrary scale used in Fig. 4) to accurately match laboratory-
measured transmittances down to 0.2. Without I, the model
predicted transmittances accurately down to about 0.8 but
underpredicted at lower transmittances with increasing devia-
tion. Since I had little effect on transmittance calculations
above 0.8, a” was determined from a wide range of laboratory
conditions (P, T, and NO number density) approximately inde- .
pendent of I. The results for a” were consistent with the 1981
reported value. Also, a two parameter nonlinear least-squares fit
to all the laboratory data with the temperature exponent, n,
fixed at 1.5 gave I = 22 and, again, a” consistent with the 1981
values. The study concluded that radiative transfer model calcu-
lations and laboratory data were in excellent agreement over the
full range of laboratory conditions for I = 22 and a” =
31800*P/T!. In recént years, the broadening parameters for
individual lines have been measured direclly9 and reported as a”
= 6927*P/T'2. It is both important and gratifying that this
agrees extremely well with a” = 31800*P/T". Using the Ref. 9
value in the model, I = 22 was still the best fit value. Relative
to the Fig. 4 lamp characterization values, I and a” were
approximately equivalent for both the (0,0)\and (0,1) bands.

The instrument-dependent code calibration parameter, a’,
was determined independently for the continuum absorption
system using continuum lamp transmittance measurements over
a similar range of laboratory measurements. For the continuum
absorption system, the broadening constant C = 23,250 pro-
vided the best overall fit to laboratory data with the
temperature'-dependency exponent, n, fixed at 1.5.

A radial inversion scheme, referred to as an onion peel tech-
nique, coupled to the line-by-line radiative transfer model, was
used to determine radial profiles of NO number density from a
series of line-of-sight (LOS) measurements at several radial
locations during a steady-state test condition, as illustrated in
Fig. 5. The flow field was modeled as concentric “homoge-
‘neous” zones, one for each LOS measurement. The NO density
in the outer zone was determined using the outermost LOS mea-
surement. Stepping inwardly, a new zone NO density was deter-
mined for each successive measurement. The static temperature
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Fig. 5. Measurements through homogeneous zones.

and static pressure along the optical path were inferred from
probe measurements as discussed in Ref. 1. Probe measure-
ments at similar radial positions on opposite sides of the plume
centerline were averaged and radial symmetry was assumed.
Measurements of ambient test cell static temperature were
assigned to positions beyond the lip of the diffuser and ambient
pressure assigned to radial positions just beyond the nozzle exit
radius, Re = 30 cm. Radial distance was normalized to the noz-
zle exit radius so that the extent of the engine exhaust was R/Re
= 1.0 or a little beyond, depending upon exhaust expansion for
each test condition. The probe measurement grid was sparse;
thus, interpolation was required to determine the path average
static temperature, static pressure, and axial flow velocities for
each homogeneous zone along each LOS measurement path.
Averages were area weighted over the width of the optical beam
within respective zones. Figure 6 shows representative plots of
zone-averaged temperature, pressure, and the axial component
of velocity for an LOS through the center of the exhaust. Values
inferred from probe measurements used to determine the zone
averages are superimposed on the plot. These data were
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Fig. 6. Measured and zone-averaged optical path characteriza-
tion profiles.



acquired for the steady-state engine test condition described by
the combustor inlet temperature 733 K at 9.15 km altitude. The
zone path segments are obvious in the plot with approximately
2.54-cm (1.0-in.) lengths from the center to just outside the
exhaust flow field and about 5.08 cm segment lengths in the test
cell gas recirculation region. Zones beyond the nozzle exit
radius represent measurements through the test cell air which
contained small quantities of recirculated exhaust gases.

TEST CELL INSTALLATION AND MEASUREMENTS

The placement of the NO-UV instrumentation and optical
beam paths relative to other measurement and facility compo-
nents in the test cell are illustrated in Fig. 2. The lamp radiation
was transmitted through a 400-pum-diam, 9-m-long, fused silica
fiber to a collimating lens mounted onto a traversing table near
the engine exhaust. The radiation was imaged through the
exhaust to an aluminum-surfaced mirror mounted on a second
traversing table and reflected back through the exhaust to a sec-
ond lens-fiber combination also mounted on the first traversing
table. The beam diameter was approximately 2 cm. The trans-
mitted and reflected beams were within the first 12 cm down-
stream of the nozzle exit plane. The resonance lamp beam was
6.35 tm above that of the continuum lamp. The reflected radia-
tion was transmitted to the entrance slit of the spectral detector
system. All optical lenses and fibers were made of UV-grade
fused silica.

In addition to measurements through the exhaust, LOS mea-
surements were made at several positions outside the exhaust
flow field to quantify and account for the presence of NO in the
test cell due to recirculated exhaust gases. Low levels of NO
over rather long paths can have a significant effect on the optical
measurements. A tube purged with dry nitrogen mounted at the
top of the diffuser allowed measurements of reference spectra
for each set of measurements across the exhaust flow field. For
data analysis, cylindrical symmetry was assumed for recircu-
lated gas components surrounding the exhaust flow field.

The slide tables traversed the collimated beam across the
flow field in a plane parallel to the nozzle exit plane, as illus-
trated in Figs. 2 and 5. Each set of traversed data for the reso-
nance absorption system consisted of measurements through the
purged path at the top of the diffuser (with and without the shut-
ter closed) and measurements at fixed radial positions from R =
70 to 36 cm in 5.08-cm increments and from R =36 to O cm in
2.54-cm increments. The nozzle exit radius was 30 cm. The set
of continuum absorption measurement positions were offset
about 6.35 cm below the resonance absorption measurements,
except for measurements through the purged tube. A traversing
system output voltage (high during movement and low while
stationary) was monitored by each OMA system for posttest
determination of spectra acquired while the tables were in
motion. )

During earlier engine checkout runs, measurements made
while the lamp was shuttered were found to be indistinguishable
from background signal levels. Therefore, acquisition time was
significantly reduced by not shuttering the lamp except at the
centerline position. These centerline data were used to verify
that exhaust radiation levels were negligible for each engine
condition. It is also significant that measurements were not
affected by test cell lighting. Background levels, measured with
the lamp shuttered, were almost entirely integrated detector
noise as discussed in OMA operation manuals.
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DATA REDUCTION

Spectral lamp transmission measurements, I4(};), at a par-
ticular LOS (radial) position were reduced to spectral transmit-
tance according to the equation

. - IT(ki)—le(li):IT(Xi)—Ib(Xi)
T L) T, T () = Ly(R)

2

where A; denotes the spectral center of the ith element of the

detector array. I(A;) and Iy(};), respectively, are measurements
of lamp reference and background at the purged path location.
As mentioned earlier, measurement of lamp-shuttered signal
levels at the exhaust, I(A;), were indistinguishable from back-
ground, so I(A;) can be approximated by I(A;). Lamp and trans-
mittance spectra (background subtracted) are presented in Figs.

"7 and 8 for the resonance and continuum absorption systems,

respectively. Prominent NO gamma band regions are labeled in
the figures. Absorption features at the (0,0) band are readily evi-
dent, but further corrections were necessary to remove position-
dependent lamp signal variations and attenuation effects of the
exhaust and gas recirculation. These effects are exhibited as
overall attenuation at spectral regions away from the (0,0) band
absorption feature. A curve fit through spectral regions just
above and below the (0,0) band feature served as the base line to
quantify (0,0) absorption as illustrated by the “corrected” curve
in Figs. 7b and 8b. Thus, the transmittance at the second band-
head of the NO gamma (0,0) band can be read directly from the
“corrected” curves.

Previously, spectral bandhead transmittances were deter-
mined using pretest lamp reference spectra acquired at each

radial pesition and then corrected for test media attenuation

25,000

©0,1)
20,000

Reference

15,000

10,000

Relative Intensity

5,000

220 225 230 235 240 245 250
Wavelength, nm

a. Lamp spectra

1.20

1.00

0.80

0.60

Transmittance

-0.40

(0,0)

0.20

0 R N N
220 225 230 235 240
Wavelength, nm

b. Spectral transmittance
Fig. 7. Resonance absorption system spectral data.
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Fig. 8. Continuum absorption system spectral data.

effects. Data were reduced both ways and gave equivalent
results; i.e., differences in second bandhead transmittances from
the two processes were far less than the statistical uncertainties.
The purged path allowed an independent measure of lamp refer-
ence per data set and all the advantages that go with measuring
lamp reference spectra within seconds of acquiring transmission
measurements. Statistical uncertainty is discussed later.

Resonance absorption system radial profiles of (0,0) second
bandhead transmittance, acquired at the five steady-state engine
power settings at 9.1-km altitude, are shown in Fig. 9a. These
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b. Continuum absorption system
Fig. 9. Radial profiles of (0,0) transmittance at 9.1-km altitude.

profiles were smoothed using a linear 3-point smoothing algo-
rithm before insertion into the radial inversion scheme. Repre-
sentative effects of the smoothing algorithm are illustrated by
the smoothed and unsmoothed transmittance profiles in the fig-
ure for T3 = 808 K. Although random-like variations were
reduced, changes in transmittance values were generally much
smaller than statistical measurement uncertainty. Several sets of
transmittance profiles acquired at the same steady-state engine
condition were extremely repeatable, with smaller variations
than statistical measurement uncertainty. The multiple transmit-
tance profiles acquired during a steady-state test condition were
averaged before application of the radial inversion scheme.

Continuum absorption system radial profiles of second
bandhead (0,0) transmittance, also acquired at the five engine
power settings at 9.1-km altitude, are presented in Fig. 9b.
Comparing these profiles with resonance absorption profiles of
Fig. 9a, it is obvious that the continuum absorption system was
less sensitive to equivalent NO densities at the same test condi-
tions. Additionally, continuum absorption was not observed for
several low-power engine settings which produced relatively
low NO densities. Preliminary results on selected data sets indi-
cate higher uncertainties than results obtained from the reso-
nance absorption data.

The higher-quality and more complete resonance absorp-
tion data were analyzed and are reported herein.

ANALYSIS AND RESULTS

The radiative transfer model, [Eq. (1)], incorporated into
the onion peel radial inversion scheme was applied to radial
transmittance profiles for each steady-state engine test condi-
tion. Static temperature and pressure profiles required for the
radiative transfer model were inferred from probe and facility
measurements and averaged along “homogenous” zones for
each LOS optical path. The analysis provides radial NO number
density (molecules per volume) profiles. For a more direct com-
parison to probe sampling measurement profiles, radial NO-UV
number density (cm™) profiles were converted to volumetric
fractions (ppmv) using the ideal gas law. Profile comparisons
are presented in Figs. 10 - 12 for the same combustor tempera-
ture setting, T3 = 733 K, at three different altitudes, 3.1, 9.1,
and 12.2 km, respectively. The NO-UV densities tend to be
similar in shape to the sampling measurements, but lower by 10
percent for 9.1 and 12.2 km, and about 18 percent for SLS. The
stronger deviation might be expected at higher engine power
settings for the SLS condition because of the combined effects
of greater quantities of NO recirculation in the test cell and pos-
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Fig. 10. Resonance absorption and probe sampling
radial profiles of NO density for T3 =733 K
and sea-level-static (3-km) altitude.
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Fig. 13. Resonance absorption radial profiles of NO density
for all combustor temperatures at altitude = 9.14 km.

sible non-radial symmetries (especially top to centerline) in the
recirculation region. Figure 13 shows NO density profiles for
each engine power setting at the 9.14-km altitude.

Direct comparisons of density profiles were limited to the
few test conditions for which spatial probe sampling profiles
were measured. For comparisons over the full set of test condi-
tions, emission indices were calculated from NO-UV resonance
absorption density profiles, aerodynamic flow-field properties
derived from the rake data, and fuel flow rates measured by the
test facility. An NO emission index EI(NO) using the molecular
weight of NO, was determined for each engine condition
according to

1000*Myo,

EI(NO) = N, *(fuel ﬂowrate)(%(nNo)j)vxjAj 3
where N, is Avagadro’s number, and Mg, is the gram molec-
ular weight of NO,. The quantities nyp; and Vx; are zone aver-
aged NO number density and exhaust velocity, respectively, and
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A is the cross-sectional zone area at the measurement axial sta-
tion. These EI(NO) values are presented in Figs. 14 - 18, and are
compared to probe sampling and infrared tunable-diode laser

‘technique results. Measurements from all three measurement

systems agree within respective uncertainty bands.
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UV EI(NO) measurements were in good agreement with
probe sampling data, matching well within respective uncer-
tainty bands. A contribution of uncertainty not addressed in
these comparisons relates to aerodynamic flow-field properties
determined from the rake probe data. As mentioned, total tem-
perature and Mach flow-angularity probes were sparsely
spaced, providing a coarse definition of property profile gradi-
ents. The slow-varying nature of these properties across the
exhaust flow field provides confidence in values reported,
excépt near the edge of the plume, where changes are more
abrupt and the gradient steepens, espesially in velocity. The
uncertainty in the position at which the velocity drops abruptly
to the ambient static condition outside the plume may be a
major contributor to differences in EI reported by sampling and
optical techniques.

An engineering statistical analysis process described in Ref.
10 was applied to steady-state test conditions for which several
sets of measurements were obtained to establish confidence
bands for the NO-UV resonance absorption results. Lamp refer-
ence and position-wise lamp transmission spectra were treated
as independent measurements with random statistical uncer-
tainty. The variance-covariance matrix developed for a set of
profile transmittances accounted for codependency on lamp ref-
erence spectra, curve-fit correction factors, and the linear
smoothing algorithm. Measurement uncertainty and a matrix of
partial derivatives of NO number density with respect to trans-
mittance for each zone of each LOS measurement path produced
one-sigma variances for NO number densities at each radial
location per set of data. Independently, statistical analyses were
performed on these multiple data sets acquired at steady-state
engine conditions, treating each set of spatial transmittances as
independent measurements with random uncertainty. The result-
ing uncertainty in NO number density was similar. This tends to
validate assumptions used for the lengthy and tedious engineer-
ing statistical analysis process10 required for single data sets
obtained for many of the steady-state engine conditions.

The position-wise NO number density uncertainties within
the exhaust flow for several test conditions investigated ranged
from * 6 to 18 percent, with the higher uncertainties relating to
data at higher combustor temperatures for the simulated sea-
level-static condition. Statistical uncertainty on position-wise
NO densities determined for the recirculation flow region were
on the order of + 15 to 25 percent. Statistical uncertainty for NO
emission indices ranged from * 7 to 13 percent assuming accu-
rate velocities from the rake data.

For completeness, resonance absorption was also observed
at the (0,1) band for a limited number of the higher combustor
temperature conditions. NO densities determined from the (0,1)
data are consistent with (0,0) results, but with larger uncertain-
ties attributable to a greater sensitivity on static temperature.

SUMMARY AND CONCLUSIONS

NO-UV resonance absorption measurements were per-
formed at all test conditions consisting of several engine power
settings at simulated altitudes ranging from sea-level-static to
15.2-km static. At an axial position within 12 cm of the nozzle
exit plane, spectral transmission measurements at multiple
radial stations across the exhaust plume flow field and sur-
rounding region containing low-level recirculated exhaust gases
were radially inverted to provide radial profiles of NO number
density. Radial NO number density profiles in units of cubic
centimeters were converted to radial profiles of NO concentra-
tions in units of parts per million by volume and, subsequently,
to NO emission indices. Radial profiles of static temperature,
static pressure, and exhaust flow velocity inferred from probe
rake data were utilized for analyses of the optical data.

The NO-UV measurement system proved to be reliable and
robust. Measurements were extremely repeatable during steady-
state test conditions, also indicating temporal stability of engine
steady-state operation and test facility parameters. NO-UV
radial concentration profiles agreed well (within uncertainty
limits) “with probe sampling measurements, both within the
exhaust flow field and the surrounding gas recirculation
regions. The NO-UV concentrations tended to have lower peak
levels within the exhaust plume region. Greater deviations were
expected in comparisons of NO emission indices due to the lack
of spatial detail defining the velocity gradient near the edge of
the plume. However, NO emission indices determined from
NO-UYV profile concentrations deviated only a few percent from
the probe sampling results.

The NO-UV resonance absorption provided redundancy in
NO concentration measurements with a technique independent
of the extractive sampling system. Agreement among the two
techniques gives confidence that the extracted sample reaching
the analyzer was indeed representative of the exhaust gases, as
well as validating the optical technique over this range of mea-
surement conditions.

Agreement with the single line-of-sight tunable diode laser
technique results are gratifying, but analyses of those data relied
upon normalized spatial distribution profiles of NO from either
the probe sampling or NO resonance absorption profiles. Tra-
versing the TDL beam or directly comparing the TDL NO mea-
surement with a similar TDL CO, along the same line of sight,
as discussed in Ref. 1, would greatly enhance the utilization of
that technique and provide a more meaningful comparison.
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Your discussion referred to combustor inlet temperatures. It would be advantageous to report combustion exit
temperatures for exhaust emission correlations and the modelling of emissions from combustor exit to engine

exit.

A: Data reported were acquired on a military engine. Combustor temperatures are not measured explicitly.
Combustor exit temperatures must be determined from the engine cycle deck. Release would require Air Force

approval, which would first require a formal request.

Q:

You mentioned that the NO resonance lamp measurements are more sensitive to NO concentrations than the NO

continuum lamp. Please explain further.

A: NO-UV resonance absorption refers to a measurement technique deducing NO concentrations from the
absorption of resonance lamp radiation emitted from NO molecules and thus corresponding to absorption line

frequencies within the flow field.

NO-UV continuum absorption refers to a measurement technique deducing NO concentrations from the
absorption of spectral-continuum radiation emitted from a deuterium lamp. Since radiation from this lamp is
not absorbed at frequencies between NO absorption lines, the integrated detector signal (= 1.5 A° resolution)
contains much lamp radiation that cannot be absorbed by the flow field. Very high resolution (<0.05 A°)
detection would approach the sensitivity of the resonance technique, but would greatly complicate the
measurement, in that it would measure rotational structure rather than the vibrational structure.
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ABSTRACT

In order to increase the understanding of the aerodynamic
processes dominating the flow field of turbine bladings with
leading edge film cooling, isothermal investigations were
carried out on a large scale high pressure turbine cascade.
Close to the stagnation point the turbine cascade has one row
of film cooling holes on the suction side and another one on
the pressure side. Blowing ratio, turbulence intensity, Mach
number and Reynolds number are set to values typically
found in modern gas turbines. Since a very sensitive flow
pattern with high velocity gradients and reverse flow areas
was 10 be expected near the blowing holes the Laser-2-Focus
technique was selected for investigations in this area.

Two independent systems were used: A standard two
dimensional Laser-2-Focus system permanently installed in
the wind tunnel and a temporarily set up three dimensional
Laser-2-Focus system of the DLR-Institut fir Antriebstechnik,
Kéln.

The results of the two systems are in good agreement. They
indicate vortices in the exit plane of the film cooling holes
developing into a flow pattern with upwinds directly behind
the holes and downwinds further downstream. In the wake of
the pressure side holes a large recirculation zone can be
observed located below the coolant jet.

NOMENCLATURE

A [mmz] area

D [mm] hole diameter

G [m/s] magnitude of the velocity vector

L [mm] chord length

Iy [mm] hole length

M [-] blowing ratio (= (pG)/(pG)1)

Ma [-] Mach number

P [mm] pitch of the holes

p [hPa] static pressure

Re [-1 Reynolds number (Re = (G L)/v)

s [mm] coordinate along the blade surface

T K] temperature

Tu [%]) turbulence intensity

U [m/s] velocity parallel to the surface (x)

A% [m/s] velocity normal to the surface (y)

w [m/s] velocity in lateral direction (z)

X [mm)] coordinate parallel to the blade surface
y [mm]} coordinate normal to the blade surface
z [mm] coordinate in lateral direction

B r . flow angle in circumferential direction
Y °] injection angle in streamwise direction
A [1 difference

K [-] ratio of specific heats

v [mz/s] kinematic viscosity

p [kg/m3]  density
"Subscripts

c cooling (secondary) air

H referenced to the cascade inlet conditions

is isentropic

K tank conditions

Pl plenum chamber conditions

PS pressure side

SS suction side

t total (stagnation)

1 upstream of the cascade

2 downstream of the cascade

Abbreviation

HGK High Speed Cascade Wind Tunnel
(Hochgeschwindigkeits-Gitterwindkanal)

L2F Laser-2-Focus

2D two dimensional

3D three dimensional

1. INTRODUCTION

The negative environmental effects caused by the exhaust gas
of turbine engines can-be diminished by reducing the specific
fuel consumption. This requires to increase the cycle
efficiency by better component-efficiencies, higher pressure
ratios and raised turbine inlet temperatures. Currently turbine
blades of high temperature material with internal cooling
systems can stand up to about 1500 K. Beyond this limit
additional film cooling by the ejection of air from inside the
blade is necessary. Thermal and aerodynamic efficiency
of film cooling must be balanced in order to optimize the
over-all effectiveness. Special care has to be taken for the
design of leading edge film cooling because the temperature
reaches the stagnation level and the flow field shows high
bending and velocity gradients.

In order to better understand the aerodynamic effects
occurring in the mixing zone of the coolant and the main
stream flow different test set-ups are used ranging from simple
geometries as flat plates and cylinders to complete test rigs.
There is always a trade-of to be made in between having a
good spatial resolution and meeting realistic engine
conditions.

All test set-ups share one problem: Introducing any kind of
probe into the crucial mixing area with its high gradients will

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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change the flow pattern. Depending on the probe size, its
influence on the measured results can be severe. Therefore
only non-intrusive measurement techniques may be used to
determine the flow field in the immediate vicinity of the
coolant ejection.

Observing the flow pattern of a leading edge film cooling
configuration is even more difficult because coolant and main
stream flow have about opposite directions. By mixing they
create a turbulent flow field that is highly three dimensional
and yields circumferential flow angles which may cover a full
360°-span.

The above mentioned aims and problems can be met
effectively by using the Laser-2-Focus (L2F) technique for
measurements in the jet exit area of a leading edge film
cooling configuration. Because a three dimensional flow
pattern is expected the L2F system should preferably have
3D capability. Nevertheless even two dimensional flow field
data can help to understand the mixing process of coolant and
main stream flow.

The experimental investigations -on a large scale turbine
cascade with leading edge film cooling presented in this paper
focus on the data measured with a 2D-L2F system and a
3D-L2F system in the near hole region. Additional data on
this cascade obtained by different measurement techniques
can be found in a paper by Ardey and Fottner (1997).

2. EXPERIMENTAL SET-UP

Turbine Cascade

The experimental investigations were carried out on a large
scale high pressure turbine cascade named AGTB. The
cascade consists of three blades with a maximized chord
length in order to reach a high spatial resolution while still
maintaining periodicity. Solely the center blade was used for
the measurements. The aerodynamic and geometric data of the
cascade are listed in Tab. 1.

height. They are fed by the plenum and inject the secondary
air into the main stream flow of the cascade. This blowing
configuration named B1 is shown in Fig. 1 and its data are
given in Tab. 2.
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Figure 1: Leading edge of the turbine blade AGTB-B1
slbgg = 0.02 sllpg = -0.03
YsS = 110° YPS = 120°
D/L = 0.012 P/D = 5
Dy = 024 A, (ssipsy Ay 0.00722
Table 2:  Design data of the blowing configuration Bl
S c i e

The experiments were carried out in the High Speed Cascade
Wind Tunnel of the Universitidt der Bundeswehr, Miinchen

(Fig. 2).

GEOMETRY v

Chord Leng[h; 250 mm | Blade Height: 300 mm - Mach number 102 sMa s 1.05 - 8. electric motor : P = 1300 kW
-Reynolds number  : 10° < Refl s1.5107 | |- axial compressor (six stages):
- degree of turbulence ;:0.3% s Tu, < 6% air flow rate s va30mYs {max.)

Pitch/Chord Ratio: 0.714 Stagger Angle: 73° - upstream flow angle : 25° < By, S 155° total prassure ratio : T1= 2.14 (max.)
- blade height : 300 mm rotational speed @ n = 6200 rpm (max.)

- tank pressure : 0.05bar < py $1.2 bar
AERODYNAMICS l I —

Inlet: Exit: ,\ s i =

Ma] = 0.37 MaZiS = 0.95

Re; = 370000  [Reys = 695000

B, = 133 By = 283

Table I:  Design data of the turbine cascade AGTB Figure 2:  High Speed Cascade Wind Tunnel

In order to simulate film cooling the blades are manufactured
to have a plenum chamber inside which can be connected to a
secondary air supply. One row of film cooling holes is located
on the suction side and one on the pressure side near the
stagnation point. The holes are aligned along the whole blade

This facility operates continuously in a large pressurized tank.
The total temperature is kept constant and was set to 303 K
for the AGTB-BI1. Setting the compressor speed and the
pressure level inside the tank allows for the independent
variation of Mach number and Reynolds number. The



turbulence intensity in the test section can be varied using
different turbulence generators in front of the nozzle. In this
case it was set to 5 %.

The secondary air is supplied by a separate screw compressor
which compresses air from the tank and is working in a closed
circuit on the same pressure level as the test facility. A cooler
adjusts the temperature of the secondary air in order to
maintain isothermal conditions.

Figure 3 shows the test section of the wind tunnel with the
AGTB-B1 turbine cascade. Adjustable guide vanes were
mounted at the upper and lower wind tunnel walls in order to
achieve a constant inlet pressure distribution. An orifice was
set up in the duct of the secondary air for the determination of
the mass flow rate. Quartz glass windows of 20 mm thickness
were installed in the front part of the side walls in order to
obtain optical access to the leading edge of the center blade.

& \\
I TTTTITITIIITLS TS

N

23
X

'IIIIIIIIIIIIIIIIIIIIIIIIIIIIII’III,'.v<' \ ' 4

e

| arifice
L'J
bp

— secondary air supply

Test section of the wind tunnel with turbine
cascade AGTB-B1

Figure 3:

The following data was used in order to monitor the flow
conditions of the cascade main stream flow (Sturm and
Fottner, 1985): the total temperature in the settling chamber,
the static pressure in the tank (downstream conditions), the
static pressure and the total pressure of the main stream flow
upstream of the cascade (Fig. 3).

For the setting of the secondary air mass flow rate,
temperature, static pressure, and pressure drop at the orifice
were measured. By observing the temperature and total
pressures inside the plena of the blades a homogeneous
secondary air supply was ensured (Fig. 3).

2D Laser-2-F

A standard two dimensional Laser-2-Focus system
permanently installed in the High Speed Cascade Wind
Tunnel was used for the detailed flow field investigations in
the immediate vicinity of the film cooling holes. It operates
with a water cooled Argon lon Laser generating an output
power of 1 Watt in the single line operational mode. Two
parallel laser beams are focused to a size of 8 um in a distance
of 168 pm forming a light barrier. Very small aerosol particles
supplied by a pressurized spray generator pass through the

12-3

focal volume and scatter the laser light. The scattered light is
received by two photo detectors, amplified and sent to the
signal processor (Fig. 4).
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Figure 5: Traversing unit and optical head of the 2D-L2F

system
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The time in between the two signals is equivalent to the time-
of-flight of the particles. Their velocity can be calculated from
the known distance of the focal points. Because start and stop
impulse can be triggered by two different particles the
L2F-data has to be treated statistically. The flight direction of
the particles is determined by turning the two focal points to
different angular positions to find an over-all maximum of the
statistical events (Schodl, 1989).

In the High Speed Cascade Wind Tunnel the optical head of
the 2D-L2F system has to operate in depressurized conditions.
Therefore this L2F system was among the first to use fiber
optics for the transfer of the light from the laser located
outside the pressure tank to the optical head inside (Beeck,
1992). The optical head is positioned by means of a highly
precise traversing unit with 4 axes (3 translatory, 1 rotatory,
Fig. 5).

3D Laser-2-Focus System

In addition to the 2D-L2F measurements the flow field
investigations in the immediate vicinity of the film cooling
holes were also performed by means of a three dimensional
Laser-2-Focus system supplied and operated by the

DLR-Institut fiir Antriebstechnik, K&ln (Schodl and Forster,
1991). In one optical head this system combines two 2D-L2F
systems which are inclined at about 7.5° to the rotating axis
(Fig. 6). A detailed description of the 3D-L2F principle is
given by Schodl (1989).

Figure 6: Set-up of the 3D-L2F system in the High Speed

Cascade Wind Tunnel

The installation of the 3D L2F system in the High Speed
Cascade Wind Tunnel required some modifications and
adaptations. The three axes traversing unit for the 3D-L2F
which was also supplied by the DLR-Institut flr
Antriebstechnik, Kéln was mounted onto the rails that support
the permanently installed 2D-L2F system when it is moved to
its measuring position. The cables that were connected to the
optical head and the traversing unit had to be inserted into the
pressure tank by vacuum tight fixings.

The two angled 2D-L2F systems in the optical head of the 3D-
L2F system form a cone around the rotational axis when
theoptical head turns. To avoid shutting off one system while

measuring close to the blade surface the receiving cone has to
be placed tangentially to the surface. Therefore the system
axis has to be inclined normal to the blade surface. On the
strongly curved leading edge geometry each measuring plane
thus demands the optical head to be adjusted to individual
horizontal and vertical angles. This was achieved by a
specially designed tilting mechanism (Fig. 7).

In the regular 3D-L2F arrangement the rotational axis of the
optical head is oriented perpendicular to the window which
provides optical access so that only one calibration is
necessary to determine the sensitivity regarding the flow angle
in the direction of the system axis. But if the receiving cone of
the 3D-L2F system has to be positioned tangentially to the
blade surface the rotational axis is inclined to the window.
This implies that the laser light beams of the two systems are
refracted differently depending on the angular position of the
optical head. Fig. 7b displays the position in which the
maximum difference is reached because one beam penetrates
the window almost perpendicularly experiencing nearly no
refraction while the other beam having the maximum angle
towards the window is refracted to a full extent. The
sensitivity of the 3D-L2F system towards the flow angle with
respect to the optical axis depends on the inclination angle and
on the thickness of the window. Consequently a calibration
has to be performed at each inclination angle of the system for
all flow angles i.e. rotational orientations of the optical head.
This time consuming task is still in progress so that the
3D-L2F measurements are not yet evaluated to their full
extent. Accordingly the detailed results presented in this paper
concentrate on the 2D-L2F data.

Tilt

a?) Horizontal

quartz glass
window

Tiltt Mechanism

Traversing

Unit

b) Vertical Tilt

i__l 2D-L2F Ralls I_i

Figure 7. Optical head of the 3D-L2F, traversing unit and

tilting mechanism as installed in the HGK



3. TEST PROGRAM

Since the cascade flow is transonic the flow conditions depend
strongly on the mass flow rate of the cooling injection.
Uniform conditions at the leading edge can only be
guaranteed for varying blowing ratios by adjusting the
upstream conditions to the design values Ma; = 0.37 and
Rey = 370000. Because the Laser-2-Focus measurements are
rather time consuming the detailed flow field investigations in
the vicinity of the cooling holes were only performed for a
blowing ratio of M = 1.1.

The radial depth of penetration of the 3D-L2F system was
restricted to 32 mm by the aperture of the quartz glass
windows in the side walls of the cascade because the laser
beams form a 15° cone around the optical axis itself that must
be kept clear. Therefore the 3D-L2F measurements were
carried out downstream of the film cooling holes located at a
distance of 22.5 mm towards the side wall. In this area the
side wall boundary layer can still influence the flow pattern so
that it seemed necessary to measure along a whole hole pitch
even though the flow field for the blowing configuration was
assumed to be symmetrical to the centerline of the hole
(Ardey and Fottner, 1997). The measuring planes located
I and 2.5 hole diameters downstream of the suction and
pressure side holes (Tab. 3) were oriented normal to the blade
surface (Fig. 1). The location of the measuring points in one
plane is depicted as a mesh in Fig. 8.

As/D 1 25
3S 1 hole pitch 1 hole pitch
80 points 80 points
PS 1 hole pitch 1 hole pitch
90 points 90 points
Table 3:  Test program of the 3D-L2F system
4.00 T T T
y/D 3D-L2F
3.00 [ 1
2.00 J
1.00 1
00866 200 100 000 100 200 _ 300
z/D
Figure 8:  Mesh for a measuring plane of the 3D-L2F system

The measurements with the 2D-L2F system downstream of
the holes were performed at slightly different locations than
the 3D-L2F measurements (Fig. 1, Tab. 4) because in the
course of the experiments it turned out that this allowed a
higher degree of comparability to the other tests that were
performed on the same cascade with different measuring
techniques. The 2D-L2F measurements were carried out in the
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mid span section of the cascade so that a symmetry of the flow
field to the centerline of the holes could safely be assumed.
This allowed to investigate only half a hole pitch while
mirroring the other one which increased the density of the
mesh immensely (Fig. 9).

As/L ~ 0 % (hole) 1 % 2.5%
: 2 hole pitch | Y2 hole pitch
58 45points | 130 noints | 143 points
; Y2 hole pitch | ' hole pitch
PS 45 points 169 points 169 points
Table 4:  Test program of the 2D-L2F system

In addition to the measuring planes located at As/L = 1 % and

As/L = 2.5 % downstream of the cooling holes 2D-L2F
surface parallel measurements were also carried out in the
coolant exit plane 0.25 mm above the holes. Relying on the
centerline (z/D = 0.0) symmetry 36 measuring points would
have been sufficient to investigate the flow in the hole exit
plane (Fig. 10). But to ascertain the exact location of the hole
by the steep gradients of the velocity occurring at its borders
measurements were also carried out at 9 additional locations
situated in the second half of the hole so that only 27
measuring points had to be mirrored to fill the mesh.

4.00 T e A T . §
y/D 2D-L2F

3.00

2.00

1.00 -

0.0q T i

-3.00 -2.00 -1.00 0.00 1.00 2.00 3.00

z/D

Figure 9: Mesh for a measuring plane of the 2D-L2F system

0.75 T T T T T T
s/D

0.50 - d

0.00 i

-0.25 1

-0.50 - d

_0_7‘% 1 I | . I L
.75 050 -0.25 0.00 0.25 0.50 0.75
z/D

Figure 10: Mesh of the measuring plane above the film
cooling holes (2D-L2F)
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4. EXPERIMENTAL RESULTS

Due to the restricted optical access the 3D-L2F measurements
had to be carried out close to the cascade side wall. The side
wall boundary layer that could influence the film cooling flow
was measured 30 mm in front of the cascade inlet plane by
means of the 3D-L2F. Fig. 11 displays the amount of velocity
near the side wall and its interpolation by the 1/7-power-law
for a turbulent boundary layer. In this figure the coordinate z
was set to 0.0 mm at the lateral location of the holes that
served for the 3D-L2F measurements so that the side wall is
located at z = -22.5 mm. As can be seen the side wall
boundary layer thickness is about 18 mm affecting only one
half of the hole pitch that was used for measuring purposes.

150
G [m/s] l
i

125

100

75

50

25

; i . \
] \ ' v

-32.5 '\-1 5.0 75
Side Wall Y

£00. z{mm] 7.5

Figure 11: Side Wall Boundary Layer 30 mm in front of the
cascade inlet plane

The results of the 3D-L2F measurements and the 2D-L2F
measurements agree quite well. The spatial extent and the
amount of the tangential velocity (U) correspond nicely
(Fig. 12). The influence of the side wall boundary layer on the
3D-L2F measurements can be observed in the reduced
tangential velocity component U at negative z values. Overall
the vertical velocities (V) of the two systems match well.
No 3D-L2F measuring points were placed in the area of
2.25 <y/D < 3.0 so that the positive V-velocities on top of the
jet could not be as clearly resolved as in the 2D-L2F
measurements. Some flow structures are also not as highly
defined in the 3D-L2F measurements as in the 2D-L2F
measurements because the number of data sets is almost four
times higher for the 2D-L2F enhancing the resolution
drastically. The distribution of the lateral velocity component
(W) measured with the 3D-L2F features a symmetry with
opposite signs to the hole centerline that is found when
looking at counter rotating vortices like for example the
kidney vortices typically associated with a coolant jet.

Flow Field Downstream of the Film Cooling
| P re Si

The flow field downstream of the pressure side holes is
displayed in Fig. 13 in the form of the tangential (U) and
normal (V) velocity components and the turbulence intensity
referenced to the inlet flow velocity of the cascade (Tuy). At
As/LL = 0.01 a large reverse flow area with tangential velocities

of - 80 m/s and normal velocities of about 20 m/s can be
observed in the wake of the hole at z/D = + 0.5 and up to
y/D = 1. This zone being about the size of the film cooling
hole itself belongs to the big recirculation vortex system
underneath the film cooling air. At As/L = 0.01 the center of
the jet is being outlined by the maximum of the normal
velocities (y/D = 1.5) because the coolant is still moving away
from the surface of the blade. The cascade main flow has to
pass around this disturbed area creating slightly increased
tangential velocities on top of the jet above y/D = 2.0 and very
high flow speeds up to 180 m/s next to the reverse flow area.

Velocity gradients amount to shear forces and generate
turbulence. At As/L = 0.01 three major zones of increased
turbulence intensity can be observed. The highest values of
more than 30 % are found at /D = 0.5 and y/D < | where
the main stream flow (U = 180 m/s) and reverse flow
(U = - 80 m/s) converge. Up to 20 % turbulence intensity are
generated at y/D = 2.0 where the coolant jet (V = 40 m/s) and
the main stream flow (V = 0 m/s) merge. The third high
turbulence zone is found in the shear area between the
reverse flow area and the film cooling air at y/D = 1 and
- 0.5 <z/D < 0.5. Inside the reverse flow area itself there is an
astonishingly low turbulence level of about 10 % which
indicates that the recirculation vortices are not only a strong
but also steady flow phenomenon.

Further downstream at As/L = 0.025 the extent of the negative
tangential velocities is reduced below y/D = 0.25. On top of
the reverse flow area and below the center of the coolant jet at
y/D = 2.0 the flow turns towards the blade surface to fill the
deficit of kinetic energy. The upper part of the coolant still has
a tendency to move upwards creating turbulence in its shear
zone with the main stream flow. The reverse flow area is
again indicated by a low turbulence zone in its center
surrounded by a belt of high turbulence created through shear
forces.

Flow Field Downstream of the Film Cooling
Holes on the Suction Side

The flow field downstream of the suction side holes is
displayed in Fig. 14 in the form of the tangential (U) and
normal (V) velocity components and the turbulence intensity
referenced to the inlet flow velocity of the cascade (Tuy).
Contrary to the pressure side cooling air ejection there are no
negative tangential velocities at As/L = 0.01. As is known
from oil-and-dye flow visualizations the recirculation vortices
downstream of the suction side film cooling holes are much
smaller than those on the pressure side. The coolant is located
in the area of reduced kinetic energy close to the surface at
zZ/D=12%0.5, y/D <0.75. It is surrounded by main stream flow
that has accelerated to pass the jet. The main stream flow on
top of the coolant which is moving away from the blade
surface is pushed upwards while the main stream flow aside
from the jet turns towards the blade surface enhancing the
development of the kidney vortex. Further downstream at
As/L = 0.025 the extent of the suction side coolant jet has
increased. The velocity differences between the film cooling
air and the main stream flow are reduced resulting in lowered
turbulence intensities,
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Figure 12: Comparison of velocities for 3D-L2F and 2D-L2F measurements on the pressure side,
As/D = 2.5 (3D-L2F) and As/L = 2.5 % (2D-L2F)
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Figure 13: Flow field downstream of the pressure side holes; tangential velocity U, normal velocity V
and turbulence intensity referenced to the inlet flow velocity of the cascade Tuy
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Figure 14: Flow field downstream of the suction side holes; tangential velocity U, normal velocity V
and turbulence intensity referenced to the inlet flow velocity of the cascade Tuy
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Suction Side Ejection
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Figure 15: Flow field measurements 0.25 mm above the film cooling holes; tangential velocity U, normal velocity V

and turbulence intensity referenced to the inlet flow velocity of the cascade Tuy
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The flow field measurements 0.25 mm above the film cooling
holes are displayed in Fig. 15 in the form of the tangential (U)
and normal (V) velocity components and the turbulence
intensity referenced to the inlet flow velocity of the cascade
(Tuy). Increased turbulence intensities clearly indicate the
extension of the holes. The irregularity is caused by the
orthogonal measuring grid which can not grasp the ring
structure of the hole sufficiently. The upstream part of the
holes (s/D < 0) is governed by turbulence levels up to 30 %
which indicate the stagnation zone of the main stream flow
that is created by the film cooling ejection. The main body of
the coolant jet characterized by low turbulence intensities is
situated in the downstream part of the holes. There the normal
velocity V reaches its highest values forming two maxima that
are probably related to the centers of the kidney vortices. The
extent of the reverse flow area downstream of the holes is
indicated by the tangential velocity U. The width of the
pressure side recirculation amounts to a full hole diameter
(z/D = £ 0.5) while the suction side recirculation reaches only
from /D = - 0.125 to /D = 0.125. Inside the hole the pressure
side jet is pushed further downstream than the suction side jet
because the velocity of the main stream flow in front of the
hole is-about 45 m/s higher.

5. CONCLUSIONS

On a large scale turbine cascade the flow field in the
immediate vicinity of film cooling holes was investigated
using Laser-2-Focus Techniques. The most significant results
can be summarized as follows:

8 The flow phenomena in the immediate vicinity of the film
cooling holes can only be observed with non intrusive
measuring techniques to avoid influencing the flow field
by a probe.

o With the Laser-2-Focus Technique it was possible to
position a small measuring volume very close to the blade
surface so that even reverse flow areas could be resolved.

¢ The results of the 2D-L2F system and 3D-L2F system
showed a good agreement.

¢ Due to the geometric boundary conditions the rotational
axis of the 3D-L2F system was inclined towards the
window which provided optical access. This requires a
more complex calibration than for the standard
configuration.

¢ The main stream flow is accelerated when passing next to
the coolant.

¢ The pressure side coolant jet is detached from the blade
surface while the suction side coolant jet remains close to
the wall.

e The extent of the recirculation zone in the wake of the
hole is much bigger for the pressure side coolant ejection
than for the suction side.
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e The main body of the coolant jet exits in the downstream
half of the film cooling hole.

e The maxima of the normal velocity in the hole exit plane
indicate the formation of the kidney vortices.

Missing the lateral velocity component W some questions
concerning the flow field close to the film cooling holes are
still unanswered. Especially observing the generation of the
kidney vortices requires lateral velocity information. In some
cases the interpretation of the 2D-L2F data was only possible
because the flow field around the film cooled leading edge of
the AGTB-B1 cascade had also been investigated by means of
other measuring techniques like 3D hot wire anemometry and
oil-and-dye flow visualizations.
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ABSTRACT

The further development of turbomachines is driven by
the improved understanding of the three dimensional,
secondary flow processes. Therefore experimental data
are needed to analyse the 3D- flow in this machines and to
provide data for computer code validation. In this context
a 3D- L2F velocimeter was developed which enables 3D-
flow vector measurements under the difficult conditions of
turbomachines were the optical access is restricted.

The new design of the 3D- L2F velocimeter includes also
a special multicolour set-up with selectable beam
separation that helps to reduce measurement time
especially in turbulent flow regions, where conventional
L2F systems are working rather time consuming.

A special seeding probe which can be placed very close to
the turbomachine inlet without generating flow distortions
provides an increase of the particle concentration in the
seeded streamline that passes the L2F probe volume, thus
contributing also to a further measuring time reduction.
Flow investigations in a transonic compressor are
described and selected results of the secondary flow field
obtained are presented.

LIST OF SYMBOLS

v

beam separation in the probe volume
beam diameter in the probe volume
rotation angle around the system axis
flow angle with respect to reference plane

angle between system axis and flow vector

= ™™ R S (=N

half intersection angle of system | and system 2

0 relative angle between system | and system 2

velocity vector

=

MV measurement volume
PS pressure side of blade
SS suction side of blade

1. INTRODUCTION

In the field of non-intrusive experimental fluid flow
analysis L2F- velocimetry has achieved importance
particularly in the experimental investigation of
turbomachinery flows.

The detailed laser velocimetry data have contributed to an
improved understanding of turbomachinery aerodynamics
and the validation of numerical flow solvers.

However, this data provided only 2D- flow information.
The further development of  3D- computer codes
demands 3D- experimental data.

The typical way to conduct 3-dimensional flow
measurements is an arrangement of two 2D- anemometers
looking at the same measurement location from different
directions. The 3-dimensional velocity vector follows
from the geometrical transformation of the 2-dimensional
results. To obtain a reasonable measurement accuracy for
all velocity components it is necessary to align the two
systems at a coupling angle of more than 30°. However, in
turbomachinery applications the optical access to the
measurement locations is often limited by the window
size, so that this kind of arrangement can not be used and
new ideas and concepts are needed.

At DLR different 3D- L2F designs have been developed
and  examined in turbomachinery experiments. All
systems were operated under the conditions of limited
optical access, corresponding to a f- number of 3 which is

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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also typical for 2D- velocimeters, Ref.[1]. In comparison
one design showed the best properties for stability,
handling and reliability. This 3D- L2F system was
selected for the measurements and will be described in the
following.

2. 3D - L2F VELOCIMETER
2.1 L2F principle

The principle of the L2F, figure 1, is a time of flight
measurement of small particles contained in the flow
crossing two highly focused parallel laser beams. With the
known separation s the flow velocity perpendicular to the
optical axis can be determined. By turning the beam
plane it is possible to detect the flow direction. The
statistical sample of time of flight data will give mean
values for flow velocity, flow angle and the turbulence
intensities. This is described in detail in Ref. [1].

Figure 1: Principle of the laser-two-focus velocimeter

2.2 3D- L2F based on inclined beams

The 3D-system consists out of two 2D-L2F systems,
further so-called system 1 and system 2, rotatable around
a common axis (figure 2).

The beams start 1, stop 1 and start 2, stop 2 intersect at
the points A and B, respectively. These points and the
system axis determine a reference plane which bisects the
coupling angle 2y of system 1 and system 2. The two
beam pairs and therefore the reference plane rotates
around the system axis (angle ¢).Turning of system 1 and
system 2 adjusts the reference plane to an angle @, that
an arbitrarily chosen flow vector i lies just within this
plane. The planes of the system 1 and system 2 beam
pairs intersect in the line X. Turning of system 1 and
system 2 adjusts the reference plane to an angle @, that
an arbitrarily chosen flow vector « lies just within this
plane. The planes of the system 1 and system 2 beam
pairs intersect in the line x. For the case shown in Fig. 1
u 1s neither in the system 1 nor in the system 2 measuring

plane. Therefore, & cannot be measured at that orientation
¢n of the reference plane even if we assume an infinite
extension of the measurement volume. However, a slight
clockwise turning to ¢; will bring @ into the plane of the
system 1 beams and successful measurements occur
within the system 1, but none within the system 2. A
counter-clockwise rotation to ¢, aligns the flow vector
with the system 2 measuring plane and now this system
recognises successful particle transits and the system |
does not, Ref. [ 1]

Figure 2: Principle of the 3D- L2F with inclined beams

The following equation describes the relationship between
the measured flow angle difference ¢, - ¢, and the flow
angle B which is a measure of the on-axis velocity
component of 4 :

Figure 3: 3D- L2F Optical Head



The present 3D- velocimeter shown in figure 3 has a
coupling angle y of 7.5°. For this case the theoretical
sensitivity curve is shown in figure 4 . The detecting range
for the angle P is about -45° to +45°. The working
distance is about 250 mm. The total transmitting and
receiving aperture corresponds to a f- number of 3.

Angledifference Delta Phi (Degree)

-40 -30 20 -10 0 10 20 30 40

Flowangle Beta [Degree]

- Figure 4. Sensitivity curve of the 3D- L2F

Generally, it is not necessary to calibrate the measurement
system, but therefore the coupling angle y has to be known
precisely and the adjustment of system 1 and system 2
beam planes relative to each other has to be perfect. In
practice it is more convenient to calibrate the system in a
free jet nozzle which can be adjusted to certain flow
angles P in a range, e.g. from -20° to +20°. For any angle
B the corresponding angles ¢, and ¢, of both L2F-
systems are measured. From this data the coupling angle y
and the angle offset 8 (caused by an inaccuracy of both
beam planes) can be determined by a linear regression.
The measured flow angle P follows with:

. ﬂ(@—fpﬁt‘))
B30 ¢! e —
N2 )

a5, = arctan
P ny

This calibration procedure is especially necessary if both,
a window is placed in the beam path - this is usual in
turbomachinerie applications- and the optical axis is not
aligned perpendicular to the window surface.

In the case of multicolour L2F systems as they were
chosen for the 3D- L2F set-up (see part 2.3) the
diffraction of the glass window causes a rotation of the
beam planes which changes the offset angle 0 in
dependence of both, the line of sight with regard to the
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window normal and the flow angle ¢. In this situation a
calibration arrangement within the free jet, that simulates
the experiment (the same window, the same flow angle
range and the same line of sight angle), is necessary to
determine the factors 8 and y.

2.3 Multicolour L2F- System

One remarkable property of the L2F technique is the
excellent signal-to-noise ratio. This plays an important
role when examining the flow in narrow blade channels
and in boundary layers. However, high turbulence
intensities characterise the boundary layer flows. Under
such conditions the L2F-measuring process becomes
rather time consuming, because the higher turbulence
levels reduce the probability of a successful dual beam
transit. This probability depends also from the probe
volume dimensions, exactly from the ratio of beam
diameter to beam separation. It can be shown, see Ref.
[2], that the measuring time can be minimised without
losing measurement accuracy if the probe volume
dimensions are matched to the flow turbulence intensities.
Small values of the beam diameter-to-separation ratio are
required in flows of low turbulence intensities and high
values can be tolerated for higher turbulence intensities.

COLOUR SEPARATION
el AND
DETECTOR UNIT

U
OPTICAL HEAD

Figure 5: Principle of the multicolour 2D-L2F velocimeter

Since a system with variable beam separation is difficult
to design and to keep in alignment a multicolour L2F
system has been developed, Ref. [2]. This systemn figures
several parallel beams of different colours, generated by
an Argon- Laser, into the measurement volume MV (see
figure 5). By selecting a pair of colours in the detection
unit for the start and the stop detectors the corresponding
beam separation is established for the measurement. In
this way the beam separation can be matched stepwise to
the flow turbulence and a measurement time reduction of
a factor 5 can be achieved.

This multicolour set-up was used for the 3D- L2Fdesign.
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3. SEEDING PROBE DESIGN

L2F-measurements in turbomachines are often time
consuming and therefore expensive, because a sufficient
number of measurement events for accurately statistical
analysis is necessary.

Artificial flow seeding to achieve high particle rates in
the probe volume is needed for measurement time
reduction.

Normally a seeding probe, for example a tube, is placed -

upstream to inject particles into the streamline which will
pass through the probe volume. In order to minimise flow
distortions at the measurement location, due to the wake
generated by the probe, it is practical to place the probe
upstream in the settling chamber.

However, if the settling chamber is placed very far
upstream, the seeded streamline expands in the turbulent
tube flow considerably and the particle concentration
becomes rather low at the measurement location.

In order to increase the particle concentration the seeding'

probe has to be placed very close to the measurement
location, but flow distortions must be considered.

To analyse the amount of flow distortion induced by
seeding probes, different designs have been investigated
in a tube flow for a relevant Mach Number range at MTU.

Three examples of investigated probe shapes are shown in -

figure 6. Probe 1 with a circular cross-section, Probe 2
with a flattened, rectangular design and probe 3 with an
elliptical cross-section.

The elliptical probe turned out with the best results from
this optimising process and showed negligible flow
distortions up to Mach numbers of 0.6 and could be
positioned 0.5 m upstream the measurement location. If
the Mach number was lower than 0.2 the elliptical probe
could be placed only 0.15 m upstream the measurement
location. This probe was used for the compressor tests.

10mm 127.5mm
O Probe |
: 4-""“:450
200.0mm ‘

O Probe 2 ”

140.0mm , Hmm

Probe 3

Figure 6: Different Seeding Probes

4. TEST COMPRESSOR

Since the development of the 3D-L2F velocimeter several
investigations in turbomachines have been carried out.
However, the results are usually confidential and not
accessible for the public. The single stage transonic
compressor rig at the Darmstadt University of Technology
does not have this restrictions. The rig is representative of
the first stages of contemporary high pressure
compressors. The rig was designed at MTU Munich
GmbH as part of a gas turbine research program launched
by the German Ministry of Education and Research

(BMBF).

Pressure ratio 1.50
mass flow rate 16.0 kg/s
rotor tip speed 398 m/s
meridional Mach-number 0.57/0.48
(inlet/outlet)

inlet flow / outlet flow axial/axial
stage loading 0.407
flow coefficient 0.600
shaft speed 20.000 rpm
shaft power 634 kW
tip diameter 0.38m
blade numbers (rotor / 16/29
stator)

rotor solidity (hub / mid / 1.9/1.5/1.2
tip)

stator solidity (hub / mid / 2/1.6/1.3
tip) -

hub to tip ratio rotor 0.51
aspect ratio rotor 1.06

Table 1: Test Compressor Design Parameters

N
- -\\\\ 7 Q\\'

N

NN

Figure 7: Cross section of the rig




The task is to investigate transonic compressor flows and
to provide an experimental data base to software
developers for code validation.

In addition to the modern aerodynamic attributes the rig is
a demonstrator for new technologies regarding design and
materials, figure 7. The rotor is a bladed disk assembly, a
technology not yet firmly established in civil engines. The
outlet guide vanes consist of composite material.

The compressor design parameters are shown in table 1.

5. RESULTS OF MEASUREMENTS

Readings were taken at 12 positions in chordwise and at 5
positions in spanwise direction corresponding to figure 8.
At each position in circumference direction the blade
pitch was resolved into 16 windows. A total of
approximately 170 windows had successful measurements
at each blade-to-blade plane, because the blade itself and
the blade shadow have to be taken into account. The
spanwise positions refer to 20%, 40%, 60%, 80% and
95% relative span from hub.

® o O©0000O® ®9680 95%Span

e & eooeod ee0® 80%Span
I e 60% Span

o esoo® L P
I .® ° e 0® 40% Span

Rotor Blade

Figure 8: Measurement positions in spanwise and
chordwise direction

The rectangular plane window in the compressor casing
enabled the optical access to the rotor blades.

The flow was seeded with dispersed paraffin oil using the
optimised seeding probe.

The flowfield of the rotor was examined in detail at
different rotor speeds and varying operating points like
near stall, peak efficiency and near choke conditions. For
example some results at 100 % speed and peak efficiency
are presented.

In Figure 9 velocity vectors in the meridional plane at mid
pitch are shown. Close to the casing at 24% chord the
flow is displaced towards the hub and at 65% chord the
flow moves radial outward again. This region of blockage
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was identified by numerical analysis using a 3D-Navier-
Stokes solver, as an area of reversed flow due to tip vortex
shock interaction ,Ref. [3].

65% Chord
24% Chord 90% Chord
—— —
- - . -
200m/s —

50% Pitch

Figure 9: S2-Plane
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Figure 10: 24% Chord
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Figure 12: 90% Chord

Figures 10-12 show the secondary flow vectors at 24%,
65% and 90% chord. The secondary flow direction in the
meridional plane was found as the deviations of the
measured flow direction to "quasi-streamlines” at the
specified spanwise position, formed by lines of constant
relative span. In the blade-to-blade plane the secondary
flow direction is considered as the deviation to the
direction of the blade section mean line at the specified
meridional position. The figures show the displacement
of the flow close to the casing at 24% chord and the
"reattachment” at 65% chord. At 90% chord a fully
developed secondary flow field is displayed. More
detailed discussions of the results will be given in a next
publication.

6. CONCLUSION

The multicolour 3D- L2F velocimeter has demonstrated
successfully its capability to measure in turbulent 3-
dimensional flows under the conditions of restricted
optical access in turbomachines.

A seeding probe with an elliptical shape was found to be
suitable for an application close to a compressor stage for
increasing particle rates with negligible flow distortion.
Secondary flow effects have been measured in transonic
compressors as well as in turbines and will give detailed
data bases for the validation of 3D- flow solvers.
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Q: F. Leboeuf
Do you use a curved or a flat window?

A: Flat windows of different width have been used: a large one to measure in the hub region and a smaller one
to measure the tip flow. :

Q: K. Navarra
How close to the tip can you obtain data with the DLR system? (Data only shown up to 95% span)

A: The 3D-L2F system can obtain data up to 0.5 mm from the surface, but this depends on the surface itself.
The 0.5 mm is relevant for a black surface.
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Characterization of Gas Turbine Combustion Chambers
with Single Pulse CARS Thermometry

R. Liickerath, V. Bergmann, and W. Stricker
Institut fiir Physikalische Chemie der Verbrennung
Deutsches Zentrum fiir Luft- und Raumfahrt e.V. (DLR)
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Germany

1. SUMMARY

Temperature results of three measuring campaigns with the
mobile CARS system of the DLR Stuttgart are presented. The
experiments were performed on different combustion cham-
bers: a thrust nozzle test facility, a RQL combustor, and a
ramjet combustor. Single pulse CARS N, thermometry was
used to characterize the homogeneity of the flame at the exit
plane of the combustion chamber, to address the quality of
mixing of fuel-rich burnt gas of the primary zone with
secondary air, to find an improved design for the H; injection
into a high speed air flow, and to measure the temperature and
pressure variations in the shock controlled free jet flame. In
the last case both the temperature and the pressure could be
determined from the CARS spectrum.

2. INTRODUCTION

In general, for the characterization of the combustion process
the temperature including the absolute mean value, the most
probable temperature, and the fluctuations plays an important
role. Temperature measurements in technical combustion
devices are often performed using thermocouple probes,
which suffer from a low temporal and spatial resolution,
possible damage due to high temperatures and the turbulent
flow field, and possible perturbation of the flame. The
procedure to convert the measured voltage into temperature
and to correct for effects like radiative heat loss contains many
sources of error /1/. In contrast, laser-based methods like
Coherent Anti-Stokes Raman Scattering (CARS) work non-
intrusively and time-resolving as single pulse techniques.
CARS N, thermometry offers the possibility for temperature
measurements with high accuracy and good spatial resolution
/2-4/. The temperature information is derived from the spectral
shape of the N, Q-branch spectrum, which displays the
population of the rotational and vibrational states of the N,
molecules which is correlated with the absolute temperature.
As the CARS signal is coherently generated and emitted in a
laserlike beam, this method is especially applicable for
practical flames with limited optical access. With the com-
monly used broadband CARS technique it is possible to detect
an entire CARS spectrum with a single laser pulse lasting
about 10 ns leading to instantaneous temperature values.
These instantaneous temperature values measured at the same
location in the flame with the lasers’ repetition rate of 10 Hz
are represented in histograms from which the temperature
fluctuation at this position can be read.

In this paper the results of the temperature measurements

using the mobile CARS system of the DLR Stuttgart are

presented from experiments in three different practical model

combustors:

(i) A combustion chamber of a thrust nozzle test facility
operated with H/air at atmospheric pressure, but without

nozzle (DLR Koin):

The temperature distributions measured in the exit plane
of the combustion chamber were used to get informations
about the fuel/air mixing and the entrance conditions
(temperatures) for the thrust nozzle.

(i) A combustion chamber of a RQL (rich burn - quick

quench - lean burn) combustor operated with kerosene/
air at atmospheric pressure (DLR Koln):
Important informations on the quality of mixing of
primary zone hot gases and secondary air were obtained
from the distribution and the absolute value of the tem-
perature within the mixing zone.

(iii) A ramjet combustor operated with Hj/air at 3 bar

(University of Stuttgart):
The efficiency of the combustion could be correlated with
the design of the chamber (variation of H, injection into
the high speed air flow) by comparing temperature
histograms measured for different burner configurations.
Additionally, the temperature and pressure variations in
the free jet flame were measured.

3. EXPERIMENTAL

3.1 Mobile CARS System

The mobile CARS systém was designed for single pulse N, Q-
branch thermometry in an industrial environment /5,6/. The
equipment consists of compact, transportable units which are
dust protected and partly temperature stabilized. The laser as
well as the receiver optics container must be set up in
immediate vicinity of the combustor. Therefore, they are
thermally insulated and vibrationally damped.

A Nd:YAG laser with a frequency doubler (pump laser beam)
and a broadband dye laser (Stokes laser beam) are used to
excite the CARS spectra in the USED CARS phase matching
configuration /7/. In this configuration the Stokes laser beam
is coaxial with and inside the annular pump laser beam which
results from the unstable resonator geometry of the Nd:YAG
laser. The two laser beams overlap only in the focal region,
and the overlapping length depending on the focal length of
the optics determines the spatial resolution in beam direction.
The USED CARS arrangement is best suited for turbulent
flames with fluctuating density gradients, because the Stokes
laser beam is surrounded by the pump laser beam and
therefore both beams overlap in any case near the focus. For
the experiments presented in this paper the laser beams were
focused with a lens with a focal length of 300 mm or 500 mm.
In the receiver container, the CARS signal-was separated from
the two exciting laser beams by dichroic mirrors, fed into a
20-m-long quartz fiber of 600 pm core diameter and then
passed on to a spectrograph. The dispersed CARS signal was
detected with a gated, image intensified diode array camera.

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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Fig. 1: Measuring positions in the thrust nozzle test facility at
a distance of x = 50 mm from the exit plane.

3.2 Thrust Nozzle Test Facility

The Hofair combustion chamber of the thrust nozzle test
facility was operated at atmospheric pressure, but without
nozzle. The use of 10 g/s H, and 400 g/s air resulted in an
oxygen/fuel ratio of A = 1.16. The exit plane had a cross
section of 250 x 125 mm’. The measuring positions were
located outside the combustion chamber in a plane with a
distance of x = 50 mm from the exit plane. In this paper the
results from the measuring positions marked with the large
dots in.Fig. 1 are shown.

3.3 RQL Combustor :

The rectangular RQL combustor (MTU design) had three fuel
injection nozzles arranged linearly on the backplate with a
distance of 83 mm in between. The combustor was fueled with
approx. 4 g/s kerosene and 203 g/s air (43 g/s primary air and

160 g/s secondary air, preheated to Ty, = 650 K) leading to

oxygen/ fuel ratios of A = 3.39, Agim = 0.73, and Age, =
2.68. The combustor was operated at atmospheric pressure.
The measuring positions were inside the combustor in four
different planes. The presented results belong to the two

z / mm
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fuel injection nozzles

of  —b——|

plane

x = 94 mm

secondary
air

100 T laser
—

beams

window

wall of
| combustor

ww / X
—
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Fig. 2: Schematic representation of the RQL combustor (top
view) with the three fuel injection nozzles, the four
rows of inlet holes for the secondary air, the windows
for optical access, and the positions of the four planes
where CARS measurements were performed.
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Fig. 3: Schematic plot of the ramjet combustion chamber. The
circles on the centerline outside the combustion cham-
ber indicate the positions of CARS measurements.

planes drawn with the thick lines in Fig. 2. The upper and
lower walls of the combustor were located at y = 40 mm.

3.4 Ramjet Combustor

The ramjet combustor of the Institut fiir Thermodynamik der
Luft- und Raumfahrt (ITLR) of the University of Stuttgart was
a downscaled segment of a ramjet engine. The combustor was
fueled with 3.7 g/s H, and 129 g/s air resulting in near
stoichiometric combustion. The pressure inside.the combus-
tion chamber was approx. 3 bar. The combustion chamber had
a length of 300 mm and a rectangular contoured exit of 32 x
14 mm?. Because the emerging gas had sonic velocity at the
chamber exit the gas flow showed a structure of Mach nodes
as schematically shown in Fig. 3. The measuring positions
outside the combustion chamber are indicated by open circles.

4. DATA EVALUATION

All CARS spectra were recorded as single pulse spectra,
because averaging of CARS spectra in turbulent flow fields
leads to erroneous temperatures due to the non-linear CARS
process. For the accurate temperature determination several
corrections of each single pulse spectrum have to be made:
subtraction of the averaged value of the flame luminosity,
corrections for the nonlinearity of the diode array detector,
and normalization to the spectral intensity distribution of the
dye laser /6/. The temperature was deduced from each single
pulse N, CARS spectrum by means of fitting theoretical
spectra to the experimental data. To accelerate the data
analysis a library of theoretical spectra was precalculated for
the expected temperature range within 50 K steps. The
resuiting temperature was then determined by interpolation.
The start temperature of the library based least squares fitting
routine was given by a quick fit method (e.g. using the ratio of
the integrated intensity of the fundamental and first excited
vibrational band). The reliability of the data evaluation proce-
dure has been tested in an electrically heated furnace. A more
detailed description of the data evaluation is given in Ref. 6.

Due to the contoured exit of the ramjet combustion chamber, a
shock-controlled flow field behind the burner exit is expected
with varying temperature and pressure as shown schematically
in Fig. 3. As the shape of the N, Q-branch CARS spectrum
depends on both the temperature and pressure /8/ it is
principally possible to deduce both values from the same
spectrum. However, simultaneously fitting of the temperature
and the pressure leads to unreliable results. Therefore, dit-
ferent parts of the spectrum are used to deduce the temperature



or the pressure. The region of Raman shifts below 2280 cm’!
is mainly sensitive to the pressure due to the different
dependence of the resonant and non-resonant susceptibilities
on pressure. Minimizing the deviation between the experi-

mental spectrum and the calculated one in this spectral range -

yields a fairly good estimate of the pressure. This average
pressure value is then used as a fixed input parameter to
deduce the temperature from the single pulse CARS spectra in
the usual way, that means fitting the temperature sensitive part
of the spectra to theoretical ones /8/. The accuracy of the
pressure is approx. +12% resulting in an additional uncertain-
ty of the temperature of about +2%. '

Usually, at each position 1200 single pulse CARS spectra
were measured from which the temperature distribution at this
position was deduced. In case of the ramjet experiment for
some series only 600 single pulse spectra were recorded due to
the limited time of operation of the combustor. The accuracy
of the temperature measurements is typically in the range of
+3 - 5% for single pulse CARS spectra. At all measuring
positions of the three investigated combustors the signal-to-
noise ratio of the recorded spectra was comparable to that of
the test measurements in a high temperature furnace except at
the positions y = -50 mm to -100 mm for the thrust nozzle test
* facility. Here the accuracy is in the range of +5 - 7% due to a
reduced signal-to-noise ratio. This can be explained by the
influence of the strong gradients of the refractive index on the
laser beams due to the longer traveling distance inside the
flame up to the measuring volume compared to the other
locations. This beam steering effect causes a decrease in
quality of the overlap of the two laser beams in the focal
region leading to a significant decrease in signal intensity. Due
to the uncertainty of the determination of the pressure, in the
ramjet experiment the temperature accuracy is approx. +5 -
7%.

5. RESULTS AND DISCUSSIONS

In Table 1 the operation conditions of the three different com-
bustors, some optical parameters, and the achieved accuracy of
temperature and pressure have been summarized. The spatial
resolution in beam direction is defined as the length in which
95% of the CARS signal is generated. The diameter of the
measuring volume is a few tenths of a millimeter.

Table 1: Operation conditions and some experimental infor-
mations of the three different combustors.

thrust nozzle .
test facility RQL ramjet
fuel 10g/s H, |4 g/skerosinef 3.7 g/s H,
air 400 g/s 203 g/s 129 g/s
‘ Ty=300K | T,;=650K | T;=300K
oxygen/fuel Mot = 3.39
ratio r=1.16 Aprim, = 0.73 A=1
e, = 2.68
prcssur? n | bar 1 bar =3 bar
combustor
focal length 500 mm 500 mm 300 mm
Spfmal. “<5mm 2.3 mm 3.2 mm
resolution
temperature
accuracy 3 - 5% +3-5% +5-7%
¥ . (5 - 7%)
(single pulse)
pr‘cssurc - - approx. =12%
accuracy
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5.1 Thrust Nozzle Test Facility

In Fig. 4, four typical, successively recorded N, CARS spectra
(dashed line) are shown, together with the best fit (solid line),
the resulting difference curves between fit and experiment
(dotted line), and the deduced temperatures. The spectra were
recorded with the 10 Hz repetition rate of the excitation lasers.
That means that the time between the instantaneous temper-
ature values is 100 ms. The large fluctuations in temperature
from pulse to pulse indicate the highly turbulent mixing of
fuel and air at this location. The corresponding temperature
histogram s shown in Fig. 5 with the following three charac-
teristics: (i) the mean temperature T, (open circle), (ii) the
most probable temperature Ty, (filled circle), and (iii) the
range in which 90% of- all temperature values occurred
(indicated by the bar). For such asymmetric temperature distri-
butions the standard deviation ¢ is not a sufficient charac-
terization of the temperature fluctuation. For this case, the
most probable temperature with the 90% interval of all
temperatures is defined.
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Fig. 6: Temperature profile of the thrust nozzle test facility
near the exit plane of the combustion chamber
(symbols as in Fig. 5).

As an example, the temperature profile at z = 0 mm
(horizontal central axis) is presented in Fig. 6. As in Fig. 5, the
open circles represent the mean temperatures and the filled
circles the most probable temperatures. The data points of the
mean temperature are connected by a line. The bars at the
individual data points indicate the range which comprises 90%
of all temperature values. The length of these bars is a measure
of the temperature fluctuations at this position and mirrors the
width and symmetry of the temperature distributions (compare
Fig. 5).

The results reveal an asymmetry of the temperature profile
with respect to the vertical central axis (similar results were
found for z = +32.5 mm): on the average, for y < 0 mm the
temperatures are lower than for y > 0 mm (up to 400 K, see
Fig. 6). These differences are real although the accuracy is
slightly reduced for y < 0 mm. The same asymmetry was also
observed in the visible flame structure recorded with a video
camera from the top. Under the condition of operation for this
run, for positions y < 0 mm a shorter flame length than for
y>0mm was observed. Apart from a decrease of the
temperature at one side of the exit plane, the large fluctuations
of the temperatures down to 1000 K indicate an incomplete
fuel/air mixing.

In Fig. 7, all evaluated single pulse temperatures were plotted
versus time at the position y = ]00 mm (as in Fig. 5) and
y=-100mm at z = Omm. The time interval of 120s
corresponds to 1200 single pulse measurments. The dashed
lines indicate the range which comprises 90% of all measured
temperatures at this position. There is no systematic depend-
ence of the temperature values on time, which means that the
observed asymmetric temperature distribution is not caused by
the start up procedure of the combustor.
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Fig.7: Temporal evolution of the measured temperatures at
the position y = -100 mm (a) and y = 100 mm (b) at
z=0mm.
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5.2 RQL Combustor

The temperature has been measured in several planes as
indicated in Fig. 2. As an example, temperature profiles in the
planes z = -38 mm (horizontal profile in direction of the gas
flow) and x = 121 mm (horizontal profile perpendicular to the
gas flow) are plotted in Fig. 8 and 9, respectively. The used
symbols have the same meaning as stated before.

In Fig. 8 two temperature profiles in the direction of the gas
flow (compare Fig. 2) are presented. For the profile at the
height y = 29 mm (11 mm below the upper wall) the insert
near each data point shows the corresponding histogram. The
position of the inlet holes for the secondary air are indicated
by arrows in the upper part of the picture. The inlet holes
arranged in the measuring plane are represented by dark
arrows and the holes located behind it by light arrows. The
first data point at a distance of x = 95.7 mm from the injecting
nozzles is at the end of the fuel-rich primary zone. The
temperature histogram at this position shows a high tem-
perature of Ty, = 2304 K and a narrow distribution. The

beginning of the mixing zone is characterized by asymmetric -

distributions with Ty, above 2000 K, but also with some lower
temperatures down to 1000 K. Further downstream the
temperatures become lower and the distribution narrower. At
the center of the combustor at y = 0 mm the temperature
profile shows narrow temperature distributions for all
measuring positions. The most probable temperatures are in
the range of 2300 K. These high temperatures in the mixing
zone indicate, that the streams of secondary air injected from
the upper and lower wall do not reach the center of the
combustor.

Due to the spatial resolution of Lgsq, = 2.3 mm the mixing
behaviour of the secondary air could be characterized. This is
demonstrated in Fig. 9, where the temperature profile meas-
ured in the plane at x = 121 mm (perpendicular to the gas
flow) and. at the height y = 29 mm is plotted. The profile
shows a significant change of the fluctuations of the mean
temperature as a function of the z position. Whereas in some
part of the profile a temperature fluctuation of approx. 200 K
is observed, which is correlated to the measuring position
below an inlet hole of the secondary air or between, for
z>-20 mm the temperature profile flattens. This may be
caused by the interacting flow field of two neighbouring fuel
injection nozzles.
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Fig. 9: Temperature profile in the RQL combustor in the
plane x = 121 mm (symbols as in Fig. 5).

5.3 Ramjet Combustor

The temperature histograms in Fig. 10 (measured 5.5 mm
behind the chamber exit) represent different burner config-
urations and indicate the dependence of the efficiency of the
Hy/air mixing on the design of the chamber. The histograms in
Fig. 10a/b were recorded using a first version of the H;
injection geometry. By increasing the turbulence of the air the
probability of lower temperature values is reduced indicating
an improvement of Hy/air mixing. Additional changes of the
injection geometry lead to improved mixing conditions. In this
case, as shown in Fig. 10c/d the temperature histograms show
no significant variations of the temperature distribution on
turbulence strength, though also this configuration does not
give a satisfying mixing of fuel and air, which is visible from
the asymmetric distribution towards lower temperatures.

With the optimized mixing configuration the temperature
profile was measured along the flame axis from 5.5 mm to
45.5 mm apart from the combustion chamber exit. This profile
is shown in Fig. 11 together with the average pressure which
was also determined from the CARS spectra. Both curves
show the expected structure (see Fig. 3). The peak values of
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Fig. 10: Temperature histograms for two different config-
urations of the ramjet combustion chamber, both
with low and high turbulence of the air.
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the mean temperature and the average pressure coincide with
the first Mach node at a distance of approx. 25 mm.

6. CONCLUSIONS

The application of CARS for temperature measurements in
practical model combustors was demonstrated. With the
mobile CARS system single pulse CARS N, thermometry was
performed in three different combustion devices with a spatial
resolution in beam direction of 2.3 mm to. 5 mm. The accuracy
of the single pulse temperatures was in the range of +3 - 7%.
The mean temperature, the most probable temperature and the
temperature fluctuations were used to characterize the
performance of the combustors, in particular the quality of
fuel/air mixing. The symmetry of the temperature histograms
gives valuable informations about the homogeneity of the
combustion process, the temperature fluctuations about the
state of the fuel/air mixing, and the temperature level about the
efficiency of the combustion. In contrast to thermocouple
measurements the temperatures could be measured with high
spatial and temporal ‘resolution, high accuracy, and without

disturbing the gas flow.

In the first experiments on the combustion chamber of the
thrust nozzle test facility an asymmetry in the temperature
profiles across the exit plane was observed. The temperature
difference was up to 400 K comparing the right and the left
edge of the combustor. Moreover, an incomplete fuel/air
mixing was indicated by the large width of the temperature
distributions. This evident misfunction of the combustor could
be eliminated by adjusting the fuel injection system.

The temperature distributions measured in the RQL combustor
demonstrated, that the penetration depth of the secondary air
was not sufficient. At a distance of 11 mm from the injection
holes of the secondary air a good mixing of the rich burned
gas of the primary zone with the secondary air was found. But
in the center of the combustor (40 mm apart from the injection
holes) the high temperatures of the primary zone were
observed also at the end of the mixing zone. This leads to
undesired high NO emissions.

In the case of the ramjet combustor, the measured temperature
distributions allowed the distinction of the better design for
the injection of the H, into the high speed air flow. The
improved design was characterized by the temperature dis-
tribution that contained less low temperature values. In
addition, the temperature distribution was not influenced if the
turbulence of the air was increased. In the free jet flame
temperature and pressure were measured along the flame axis.
Both, the temperature and the pressure were evaluated from
the same N, CARS spectrum. The measured profiles of
temperatures and pressure show the expected structure. The
position of the first Mach node outside the combustor was

identified.
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Paper 14
Author: Luckerath

Q: Voigt
Do you take into account absorption effects when you analyse LIF images ?

A: Of course, we checked the absorption in our experimental configuration. Due to the excitation of OH on a
line with relatively small line strength (Q1(7)), absorption is negligible.

Q: Black

In your RQL measurements, did you use polarisation discrimination to eliminate non-resonant CARS
background? The presence of vaporised kerosine would- give a large value of non-resonant CARS background.

A: No, it was not necessary in our case. The measuring positions were located at the end of the primary zone
and in the mixing zone. At these positions a concentration of unburned hydrocarbons which might lead to a
marked increase of the non-resonant background were not expected and not observed in these experiments.
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Summary

Rolls-Royce Applied Science Laboratory has been active in
CARS thermometry in aero gas turbine related combustion
rigs for over ten years. This paper describes the mobile CARS
system currently used for temperature measurements on
research rigs, the current limitations of the technique, and
future plans for improvements and implementation.

Introduction

For a full review of the CARS process see for example
Eckbreth, 1988. CARS is a laser light scattering technique in
which two lasers, whose frequencies differ by the frequency of
a Raman active molecular transition, interact in their region of
overlap to generate a laser-like signal at a higher frequency. If
one of the generating lasers is broadband in frequency, the
signal will be broadband and can be dispersed on to a
multichannel detector. The spectrum of the CARS signal is
related to the Raman spectrum of the molecules being probed,
and the form of this Raman spectrum depends on the
distribution of molecules in energy levels, i.e. static
temperature. Temperature is normally obtained by fitting the
spectral shape. Since CARS thermometry depends on the
shape of a spectrum and not on a measurement of signal
intensity, it is particularly suited to hostile environments such
as liqud kerosene fuelled combustion rigs where refractive
index gradients, soot particles, and fuel droplets may cause
large variations in signal strength.

Following initial demonstrations in atmospheric pressure gas
turbine can combustors (Eckbreth, 1980 and Greenhalgh et al,
1983), CARS (Coherent Anti-Stokes Raman Spectroscopy)
became reasonably well established as a non-intrusive
thermometry technique in practical engineering devices,
especially research internal combustion engines (for examples
see Eckbreth, 1988 or Goss, 1993). Although CARS has been
applied on the exhaust of a reheated aero-engine (Eckbreth et
al., 1984), its use within gas turbine combustion rigs has been
relatively limited. Measurements have been obtained in can
type combustors and sector rigs fuelled with liquid kerosene
running at conditions close to ground idle at SNECMA (by
ONERA) (Magre et al, 1991), ONERA - LAERTE (Magre et
al., 1996(a) , and Rolls-Royce (Black et al., 1996).

The main reason for CARS thermometry has been a desire to
obtain data for the validation of CFD codes which model
combustion in rigs. Rolls-Royce has an in-house developed
CFD code (PACE) which has been in use for the last 20 years
and is now being superseded by a more modemn version
(BOFFIN) developed in conjunction with Imperial College,
London. The commercial CFD packages FLUENT and
PHOENICS are used for some specialised applications.
Generally, PACE produces good agreement with experimental
data in non-combusting flows, for example isothermal mixing
rigs (Spooner, 1991) and labyrinth seals (Brownell et al.,
1989). However, the results of CFD simulations of
combustion systems are much more difficult to validate.
Usually the only data available are temperature and emissions
data obtained by a limited number of probes at rig exit. In
addition, because the modelling of realistic combustor
configurations is non-trivial, CFD simulations tend to be
carried out on full engine combustors at high power conditions
where combustor stress and emissions problems are most
likely to occur, but where it is most difficult to obtain internal
data for CFD validation. The only data at high power
conditions available to Rolls-Royce has been obtained using a
gas sampling probe inserted from the exhaust end of a sector
rig by DERA, Pyestock (Bullard et al., 1991).

CARS has not been used on gas turbine combustion rigs
operating at high power conditions (pressures around 40 bar)
because of difficulties in optical access and problems with
high densities of soot particles and refractive index gradients.
CARS spectra were obtained at 7 ber in small (0.5 Mw
thermal power) can combustor provided by SNECMA where
optical access was via primary air holes, but the data rate was
low (Black, 1991). However, good spectral data were obtained
at many locations in a three sector double annular combustion
rig running at simulated ground idle conditions (3.2 bar)
(Black et al., 1996). It is under these type of conditions that
CARS thermometry can provide useful temporally resolved
and averaged data for CFD validation.. The first comparisons
of PACE predicted temperatures with CARS data was made in
a single sector atmospheric pressure rig in 1995 (Black et al.,
1996).

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.



15-2

Experimental Considerations

Nearly all practical CARS systems employ a frequency
doubled Q-switched Nd/YAG laser as pump. The laser in the
Rolls-Royce mobile CARS system produces 400 mJ per pulse
of frequency doubled light at wavelength 532 nm (green) in 10
ns long pulses at a repetition rate of 10 pulses per second.
When the system 1s configured to record nitrogen vibrational
spectra for thermometry, part of the green light is used to
pump a broadband dye laser producing up to 10 mJ in the
range 605 - 610 nm (orange). The remaining green beam is
split into two parallel beams which are aligned parallel with
the dye laser beam. The three beams are focused with a
common lens so that they overlap and generate a CARS signal

in the region around their common focus. This three beam
arrangement, known as folded BOXCARS (Eckbreth, 1978),
gives well defined spatial resolution (see below). The
direction of the signal beam is defined by the physics of the
CARS process. The only practical folded BOXCARS
configurations involve near forward scattering with the centres
of the three pump beams, which are typically around 10 mm
in diameter, separated by 10 - 25 mm. The signal beam. at a
wavelength around 473 nm (blue-green) emerges from the
overlap region at a small angle to the generating beams. Thus
it car’ be spatially separated from them. It is normally
recollimated with a lens identical to the focusing lens and
steered to a grating spectrograph which disperses the signal on
to a multichannel detector

Figure 1: Rolls-Royce Mobile CARS System

|




Figure | shows the Rolls-Royee mobile CARS svstem with the
covers removed The NAI/YAG laser 15 on the top level the
dye laser and beam handling optics on the next level the
spectrograph (Spex | 26 m Local length spectrometer) with the
detector (Wright Instruments thinned chip back illummated
CCDoon the fevel below and the laser power supplies on the
hottom level The whole umt weighs 700 Kg with dimensions
L I8 m W =068 m =144 m The svstem has been
o he compact (tor transportability ) to be robust

designed
enotgh to sitm atest cell alongside o runming combustion g
(The heavy steel trame helps to damp rig induced vibration. )
and lor remote operation from a control room The system
which was butlt m 1993, has been used on varions combustion
ngs m o test cells m-house at Rolls-Rovee i Derby and on
a sei level engime test bed at DEFRAL Pyvestock
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Installation of the mobile svstem can normally be carred oul
by one person in around | hour lHowever to date. beam
steermg opties (o allow probmg of a number ol pomts. and
hence temperature mappimg within a ng. have been bl up
from standard components to st the particular ng s part
ol setting up a CARS fest can lake much longer. especulhy il
raversing - three  axes s required  Although  every
combustion ng s different most are contimed mpressire
vessels whieh are pipes between 0 3 and | O m oo diameter A
three-axis traversing svstem wiuch can be readily adpsted (o
accommodate any rig ol this tvpe 15 shown m bigure 2 s
svstemn allows the CARS micasurement volume 10 be placed
anviwvhere withim a 200 pun sided cube within o pipe vpe
combustion rig. The amn 15 to reduce total mstallation time ot
the CARS equipmient for a combustion g test to fess than one
min-dan

Figure 2: Three-Axis Traverse System on a Combustion Rig.
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The dispersed CARS spectra are recorded on a thinned chip,
back illuminated CCD (384 x 576 device manufactured by
EEV) in a Wright Instruments camera with Peltier cooling.
The camera package measuring 100 x 100 x 85 mm bolts
conveniently on the spectrometer. The ‘hot’ side of the
Peltier cooler is air cooled and the unit is evacuated so that
there are no external water or dry gas connections to the
camera, making it very convenient to use in a mobile CARS
system. The unit is connected by a 1 m ribbon cable to an
electronics box contained within the CARS rig which is
connected to the PC which controls the camera and acquires
data by a single co-ax cable. Cable lengths up to 25 m have
been used. Most CARS systems employ intensified detectors
where the spectrum is amplified in a commercial image
intensifier coupled to a CCD or diode array. Historically,
many problems in CARS thermometry have been associated
with the intensifier, e.g. restricted dynamic range due to
photocathode saturation and persistence of strong spectra
from one laser pulse to the next (see for example Snelling et
al., 1989), although current intensifiers suffer less from these
problems than older versions. The thinned chip CCD is
extremely sensitive (quantum efficiency ~80% at 473 nm)
and no intensifier is required. The one disadvantage of the
unintensified CCD is that it can not be electronically gated
synchronously with the laser pulse to discriminate against
continuous background light. The exposure time is controlled
by a mechanical shutter. However, gating has not been
necessary on any of the combustion rigs examined by CARS
at Rolls-Royce.

The data acquisition rate is limited by the laser repetition
rate (10 Hz). A dispersed hot nitrogen spectrum covers
around 200 CCD pixels in the dispersion direction with a
height of around 20 pixels. The central 320 of the 384 pixels
in the smaller dimension of the thinned chip show maximum
sensitivity, with reduced sensitivity near the edges. Spectral
resolution depends on the focusing at th spectrometer
entrance slit and is typically around 0.8 cm . The 20 pixel
height is due to the astigmatism of the spectrometer, which is
actually an advantage because it helps to reduce saturation on
individual pixels near the peak of strong spectra, thus
increasing the dynamic range of the detector. The 20 pixel
high image of the spectrum is binned into a single line 320
pixels wide and read out into the memory of the controlling
computer. This is accomplished in well under the 100 ms
interval between laser pulses. Practical experience has
shown that files of 500 sequential single pulse spectra are
sufficiently large to determine temperature PDFs in most
combustion rigs. At the end of the 50 s acquisition there is an
overhead while the computer organises the data in memory
and writes it to hard disk. This storage time, together with an
automated file naming procedure which ensures that data
cannot be accidentally overwritten, takes around 10 s per file
on the 486/33 PC currently used with the system. After each
file of 500 spectra two backgrounds are recorded with the
dye and pump blocked in turn. These backgrounds show if
there is any stray laser light reaching the detector, or if there
are any laser induced processes other than CARS, e.g.
dielectric breakdown or fluorescence, taking place. Normally
this is not the case and there is little pulse to pulse variation

in the backgrounds. A smaller number of backgrounds,
normally 100 single pulses with each laser blocked , is
recorded. The current minimum total acquisition time per
point including backgrounds is 100 s. The 10 s file
organisation could be shortened by using a faster computer,
and there is potential to reduce the total time to ~75 s.

The signal detected at any detector pixel from a single laser
pulse 1s -

S= KAlplp/Is + background 1)

where K is a proportionality constant which depends on the
CARS susceptibility of the medium under investigation at the
wavelength corresponding to pixel and the number density of
active molecules, Ip and Ip are the intensities of the two
pump laser beams in the crossing region, Ig is the Stokes
(dye laser) intensity, and A is a factor which accounts for
phase mismatch between the various input beams.

In the current system the two pump beams are derived from a
multi-longitudinal mode Nd/YAG laser and no attempt is
made to match their path lengths. The dye laser is a
completely separate oscillator. Therefore, there is no
correlation between the phases of the beams. A varies
randomly from pulse to pulse and ratioing the CARS signal
against the signal from a reference cell containing a non-
resonant gas gives no improvement in signal to noise. In the
near future the N&/YAG laser will be converted to single
mode operation by injection seeding. ONERA have a CARS
system based on a single mode Nd/YAG laser where they
employ a reference leg which gives an improvement in signal
to noise (Pealat et al, 1985) and the possibility of referencing
will be investigated.

Spectral Processing

Spectra are currently processed off-line using the library
fitting routine QUICK developed by AEA Technology,
Harwell. In QUICK, spectra are compared with a library of
precalculated spectra produced by another Harwell developed
program, CARP2. The best fit temperature is interpolated
between the library temperatures to minimise the sum of
squares of residuals.

Before spectra can be presented to QUICK, any non-CARS
background must be subtracted and the spectra must be
corrected for the effect of the frequency profile of the
broadband dye laser. This is done using in-house pre-
processing code. Various options are available for dealing
with spectra with different levels of interference from
different sources, but all involve subtraction of background
followed by division by a non-resonant “spectrum™ to
compensate for the dye laser profile. This division also
compensates for sensitivity variations across the CCD
detector. The preprocessed data at each spectral point (Spre)
which is entered in the QUICK program are generated as
follows :-



Spre = (Sraw-SbckY(Snr-Snrbck) 2

Sraw  raw signal count
Spck  averaged background signal count
Sar nonresonant signal count

Snrbek  background signal count corresponding to
the nonresonant spectrum

The background consists of laser dependent components,
e.g. laser induced fluorescence from C7 and scattered light,
and independent components, e.g. flame luminescence and
C7 emission. Because backgrounds cannot be recorded on the
same pulse as single pulse specira, an average background
generated by averaging a file of single-pulse backgrounds is
subtracted from individual single pulse spectra during
preprocessing. However, the single pulse background data
from each spatial location is always stored. The degree of
interference and its source can be confirmed by inspection of
the stored single-pulse backgrounds recorded with each laser
blocked.
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Nonresonant “spectra” are usually generated in propane
which has a high nonresonant CARS susceptibility and no
vibrations in the frequency range of the nitrogen vibrational
spectrum. Normally nonresonant spectra are recorded as 100
pulse (10 s) integrations on the detector. The time averaged
nonresonant spectrum mirrors the average frequency profile
of the broadband dye laser subject to the same sensitivity
variations across the detector as the test spectra. The single-
pulse spectra of broadband dye lasers show a frequency
structure which varies from pulse to pulse (Greenhalgh and
Whittley, 1985) which limits the ultimate accuracy of single-
pulse CARS measurements producing temperature PDFs
with widths of typically 80 K from single-pulse data from an
isothermal furnace. Mean temperatures of 500 single-pulse
spectra have been recorded within 1% of pyrometer
temperatures over the range 1100 - 2600 K in an isothermal
heated filament device. In combustion rigs observed
temperature PDFs are always much wider than the inherent
width determined by the dye laser.

Figure 3: Comparison of CARS Measured and PACE Predicted Temperature PDFs at Three Locations in a Single Sector:
Atmospheric Pressure Rig

1600- 1650

Temperature (<)

800-850

0 4
400-450

1200-1250 2000-2050
800-850 1600-1650  2400-2450

Temperature (K)
C

2050
2400-2450

2000
1600-1650
Temperature (K)



15-6

At present data acquisition and preprocessing is performed
on a 486/33 PC and preprocessed spectra are transferred to a
Pentium 133 PC which runs QUICK and CARP. Typical test
procedure is to acquire one day’s data on hard disk,
preprocess and back up to tape at the end of the day. The
preprocessing normally takes around 10 minutes. A
maximum of 80 spatial locations in a combustion rig has
been examined in one day. 500 spectra were recorded at each
location together with associated backgrounds. Tape back up
of raw and preprocessed data takes around 15 minutes. The
tape is also used to transfer preprocessed data to the PC
which runs the Harwell programs. Temperature fitting time
using QUICK is variable depending on how far the best fit
temperature is from the starting temperature which is input
to the program. Typically 500 spectra are processed in about
5 min. Processing is usually carried out in batch runs
overnight.

The QUICK program fits temperature by minimising the sum
of squares of residuals. This may not be the best procedure to
employ when dealing with noisy spectra such as those
obtained from combustion rigs. For example, when the
program is presented with a very weak spectrum, there is a
tendency for any least squares fitting algorithm to return a
temperature close to the starting value because the algorithm
is unable to find a well defined minimum.

To avoid this situation spectra are always fitted with a
starting temperature of 2800 K, well above the adiabatic
flame temperature for kerosene burning in air of 2340 K.
Spectra returning fitted temperatures >2400 K are rejected in
the calculation of PDFs and mean temperatures. The QUICK
program has the option to set the maximum number of
iterations and returns the value of sum of squares of
residuals. These factors can be used as acceptance criteria
which can be set arbitrarily.

Spectra can be selected on signal to noise grounds before
fitting, but there is then a nisk that data will be wrongly
conditioned. High temperature spectra are most likely to be
rejected since the intensity of the spectral peak is
approximately inversely proportional to temperature cubed.
The Rolls-Royce approach is to attempt to fit any spectrum
which shows a maximum in the correct position, no matter
how weak or noisy it appears. This undoubtedly leads to
some errors because the fitting routine mistakes weak spectra
with noisy baselines for high temperature spectra.

Figure 3 shows temperature PDFs obtained from CARS data
at three locations in the central plane of a single sector,
atmospheric pressure, liquid kerosene fuelled combustion rig
together with PACE predictions of the same PDFs. Figure
3(a) is a PDF from a location in an unmixed air jet where
there is remarkably good agreement between the
measurements and the prediction. 3(c) is from a location
slightly downstream of an air jet. The measured PDF is
centred at higher temperature, but has almost the same shape
and width as the prediction. The agreement between
prediction and experiment at these location gives some
confidence in both the experimental and predictive methods.

3(b) 1s from a point on the rig centreline. Here, there is
clearly disagreement between the prediction and the
measurements. There is no allowance for radiation from soot
in the PACE model; hence it is expected that it will
overpredict mean temperature. The CARS PDF, which is
extremely broad with temperatures ranging from just above
inlet air to adiabatic flame temperature, does not appear to
be biased to high temperature which would be the case if a
large number of weak and noisy spectra were erroneously
fitted as high temperatures. The impossibly high
temperatures have been left in the PDFs to show their
relative number.

Spatial Resolution

A common problem in CARS is biasing to low temperature
when there are regions of unmixed hot and cold gas in the
measurement volume. Since the spectrum of cold nitrogen is
much stronger than that of hot, “mixed’ spectra are fitted to
temperatures which are lower than the true volume average
over the beam overlap volume. There have been several
studies of this effect in laboratory flames (Bradley et al.,
1992, Boquillon et al , 1988). Estimates of the length of the
beam overlap region were made in the lab by translating a
0.7 mm diameter propane jet through the measurement
volume and measuring the ratio of the nonresonant propane
signal to the cold nitrogen signal. In the normal configuration
used for combustion rigs with 300 mm focal length focusing
and recollimating lenses the overlap length was measured as
3.2 mm. By expanding the beams before the focusing lens it
was possible to reduce this to 0.8 mm while maintaining the
300 mm throw from the focusing lens. The peak temperature
measured in a small Bunsen flame with the 3.2 mm beam
overlap length was 1589 K. Reducing it to 0.8 mm increased
the peak measured temperature to 1908 K. In the single
sector rig where the PDFs of Figure 3 were obtained 127 mm
focal length lenses were used so that the beam overlap length
was ~]1 mm. The highest mean temperatures measured 1n this
rig were >1800 K, suggesting that biasing because the
measurement volume length was too large was not a severe
problem.

In larger combustion rigs 300 mm focal length lenses are
normally used. In the triple sector, double annular rig shown
in Figure 4 mean temperatures >1800 K were measured with
a 3.2 mm measurement volume length, again suggesting that
the spatial resolution was sufficient. The only comparison of
CARS with another technique within a combustion rig was
carried out in this triple sector rig. A sapphire rod probe was
used to obtain intrusive temperature measurements in two
axial planes where CARS measurements were also taken. In
this probe the tip of a 1 mm diameter rod is coated with
iridium to form a small blackbody cavity.



Figure 4: Triple Sector Double Annular Combustion Rig
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Radiation from the cavity along the sapphire rod is coupled
into an optical fibre link to a conventional single colour
pyrometer. A comparison of CARS mean temperatures from
500 single pulse measurements with probe temperatures is
shown in Figure 4. Measurement points were in the stream of
the central outboard (pilot) fuel injector separated by 10 mm
horizontally and 5 mm vertically. The rig was running at
simulated ground idle conditions (1.1 Kgs“l airflow, AFR
90, 3.18 bar pressure, 30:70 fuel split between pilot and
main injectors). In the downstream plane, well into the
dilution zone, there is good agreement between CARS and
probe measurements <2.5% difference in most locations and
<10% everywhere. In the upstream plane, close to the end of
the splitter, the CARS data show structure associated with
unmixed air jets and the splitter boundary layer (apparent in
the lowest line of measurement points). The probe data
shows little variation across the plane, ranging from 901 to
970 K while CARS mean temperatures range from 622 to
1330 K.

Current Status of CARS Thermometry

CARS thermometry is the only non-intrusive technique
which has provided temperature information from within
liquid kerosene fuelled combustion rigs, and this information
has been used for CFD validation and to indicate the
direction which CFD modelling must take. For example,
droplet evaporation models must be included when
modelling combustion in atmospheric pressure rigs (Black et
al, 1996).

The accuracy of the CARS data from practical combustors is
difficult to verify, or even estimate, since there is often no
other measurement for comparison, and, even when there is,
the other technique may not provide information which is
directly comparable. However, the sapphire rod
measurements in the triple sector rig and some comparisons
of CARS and thermocouple measurements at the exit plane
of a combustor by ONERA (Magre et al., 1991) and in a
simple ftubular propane fuelled combustor at Wright-
Patterson AFB (Carter and Nejad, 1994) give some
confidence in CARS measurements in gas turbine related
combustors.

Another question is the significance of time averaged
temperature measurement in highly turbulent buming rigs
where temperature PDFs may be extremely broad (e.g.
Figure 3(b)) or bi-modal. CARS data in such rigs has always
to be collected as single pulse data since a time integrated
CARS spectrum does not represent an average spectrum.
Though traditionally CFD has been used to predict time
averaged temperature, it can be used to predict temperature
PDFs which can be validated using CARS.

CARS spatial resolution in practical combustion rigs is
always likely to be a few millimetres, limited by the physical
size of the rig and the need to cross beams at a small angle to
obtain sufficient signal. Minimum turbulence length scales
(Kolmogorov) are predicted to be ~0.1 mm, but it is not clear

how much effect very small scale turbulence has on the
temperature field. The effect of spatial averaging over a few
mm is certainly not as dramatic as in small laboratory flames.

In recent years, since cooled slow-scan CCD detectors have
become available, most research in combustion diagnostics
has concentrated on techniques with the potential for two
dimensional imaging, e.g. laser induced fluorescence, laser
induced incandescence, Rayleigh/spontaneous Raman, and
degenerate four wave mixing. At present CARS has only
been used in combustion rigs to measure one point at a time,
although some work on simultaneous CARS measurement
along a line in flames has been reported recently (Jonuscheit
et al, 1997). However, there is no 2-D thermometry
technique which is applicable over the whole range of
temperature of interest in combustion and which can be
applied in kerosene fuelled rigs.

Acquiring sufficient CARS data for CFD validation or to
determine, say, the extent of penetration of an air jet in a
combustor takes a considerable amount of time. For example
constructing a grid of 170 points with 500 spectra stored at
each point in the single sector atmospheric pressure rig was
achieved over 5 days running. Although, by the end of the
test 80 points were examined in a day. When compared to set
up times, test rig running times are comparatively short, and
the rigs examined to date have not cost much to run. Hence,
most of the current effort in Rolls-Royce is aimed at reducing
set up and installation times and improving system
reliability. The data acquisition rate is limited by the laser
rep. rate of 10 Hz.

A principal perceived disadvantage to CARS thermometry
has been the time taken to extract temperatures from spectra.
At the time of the first demonstrations on combustion rigs
around 1980 producing a temperature PDF took many
months, and this still influences perceptions of the technique
today. ONERA have been able to process spectra on-line
since 1990 using conventional least squares fitting to a
library of precalculated spectra (Magre et al., 1996(b)). With
the current Rolls-Royce processing capability a factor of 5
increase in processing speed would be required for on-line
display of temperature PDFs during testing. On-line
processing means that temperature PDFs can be displayed
during test runs, for example while optics are being moved to
examine the next point in a traverse. Real time processing
where temperatures are extracted in the interval between one
spectrum and the next being acquired is possible if
backgrounds are not required at each location examined, but
there is then the problem of how to present data to the
operator at this rate. All raw spectral data is stored.

A mneural network approach to temperature extraction has
been examined at Rolls-Royce. In this method a library of
precalculated spectra is used to pre-train a neural network
which then assigns temperatures to test spectra on the basis
of how closely they resemble the examples used in training.
The neural network method has the potential to be
extremely fast (real time) using existing computer hardware.



At first 250 spectral points were used as input neurons for a
three layer back propagation network with 15 neurons in a
middle layer and temperature as the single output neuron
(Black and Kerr, 1993). Although much faster, this network
was found to be less sensitive and less robust in dealing with
noisy spectra than conventional fitting and required long
training times. The current system, using clustered training
data (Van der Steen and Black, 1997), is more robust and
has been demonstrated on some of the data from the triple
sector rig. It has yet to be used during a rig test.

Although nearly all CARS thermometry to date has used the
nitrogen vibrational spectrum, but there may be other
approaches which may be more accurate or better able to
cope with noise and interference in particular situations.
Examples are rotational CARS which has been extensively
studied by Lund University, Sweden (Bengtsson, 1994) and
applied to internal combustion engines, and dual pump
CARS giving simultaneous N; and CO, vibrational spectra.
The ratio of the integrated N; and CO; spectra depends
exponentially on temperature, varying most rapidly at low
temperature, although, of course, it also depends on the
relative concentrations (Wies, 1993).

Conclusion

Nitrogen vibrational CARS thermometry has been used to
provide data for CFD validation from research combustion
rigs running under realistic conditions where no other
experimental data is available. Although the CARS process
is conceptually difficult and the equipment will always be
relatively expensive and complex, the present aim in Rolls-
Royce is to make the already rugged system sufficiently
versatile and easy to install that it can be used more routinely
on research rigs, and possibly on engine development
programmes. At the same time it is intended to incorporate
those advances in CARS technology which lead to improved
accuracy and reliability and transfer of temperature data to
customers.
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Q: H. Weyer

Which corrections did you apply to compare data of CARS and SAPPHIRE probes, which provide total
temperatures from a physical point of view and which is an "arbitrary" average?

A: Gas velocities in the rig are 30 m/s. Hence the difference between total and static temperature is <1K. More
measurements with a better designed probe, with improved spatial resolution would be required to investigate
the issue of averaging,

Q: D.A. Greenhalgh

When comparing CARS and solid probe (e.g. sapphire probes) temperatures it is important to note that CARS
will be volume weighted but the probe will be FAVRE or density weighted. This can lead to differences of
200K. For highly turbulent systems as shown previously normally the solid probe temperature will be lower.

A: In our case the discrepancy between mean CARS and probe temperatures in the upstream plane varied from
T CARS-TPROBE =363 to - 331 K in a definate pattern. In the downsteam plane the average Tcars-Tprobe is
- 22.83 K, contrary to the expectation from the FAVRE vs volume averaging argument. The reason for this is

not understood. More measurements with a better designed probe area are required to clarify this issue.
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Summary

A 3D Laser Doppler Anemometry (LDA) system
capable of measuring comprehensive in rotor
flowfields on high-speed compressor rigs has been
developed by the Rolls-Royce Applied Science
Laboratory. This paper describes the system and
presents data from a recent compressor rig test.

Introduction

LDA is non-intrusive and can traverse at will
(subject only to the limitations of blade shadowing)
through both stationary and rotating blade rows. It
has the ability to map turbulent three-dimensional
flows at a range of conditions and to provide
quantitative flow fields for comparison with
computational predictions.

As improvements are made in axial turbomachinery
compressor efficiency, performance tends to
converge to an asymptote. With this progress an
ever-improving knowledge of the detailed flowfield
is essential both to determine the optimum
performance and to improve 3-D prediction methods.
The implementation of improvements such as
acrofoil end bends and casing treatment will rely
heavily on accurate diagnostic instrumentation.

Rolls-Royce has applied anemometry to high speed
axial flow turbomachinery since its earliest
development (ref. 1-3). Previous work on fan rigs
has in the past mainly focused on the use of 2D
Laser Twin Focus (L2F) systems, while a 2D LDA
system optimised for use on High Pressure (HP)
compressors was developed. More recently the need
has arisen to acquire 3D measurements on fans and a
system has been developed to meet this requirement
whilst still maintaining the capability to measure on
HP rigs.

The aim of the development program was to build
and improve on the performance of the previous
systems and to include the lessons learn from them.
These include, lower weight, fewer bespoke
components, improved cross-collection, flexibility of
application, flexible time-gating and modular object
oriented software for easier maintenance.

The pressure of test schedules on test facilities
capable of running high-speed turbomachines means
that any measurement systems must be able to be
quickly transported and installed with the absolute
minimum of time allowed for optical alignment and
system set-up.

Due to the high running costs of transonic flow rigs
a high priority is given to data acquisition rate. As
data collection typically involves operating non-stop
for up to 10 hours of running, the system minimises
user input to reduce the opportunity for human error.
Additionally, to minimise the time consuming
process of stopping and restarting rigs to allow
access to the LDA system, the system is operated
remotely at up to 50 m range.

This paper presents descriptions of the system
hardware and software together with some
experimental data to illustrate the instrument
capabilities.

System Description

At Rolls-Royce a computer controlled 3-D Laser
Doppler Anemometry system has been developed to
meet these requirements. The system features a
narrow angle 3-D optical head, mounted on a high
precision 5 axis remote controlled traverse (figure 1).
The optical probes feature a modular design to
maximise versatility and scope for optimisation

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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without major rework. The control software was P

developed in house and designed to allow maximum
flexibility in its operation.

Some of the key features of the system include: -

¢ fully integrated graphical user interface (GUI)
controlled data acquisition

Figure 1 LDA System Mounted on 5 axis Traverse
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the ability to input a CFD grid for measurement
positions

ability to change optical head orientation
remotely

real time display and logging of rotor resolved
time tagged velocities in engineering units




The architecturc used in developing the system
software follows an object-orientated philosophy.
This approach allows low level software objects that
communicate with hardware to be developed and
debugged independently. Commercial GUI builders
were then used for rapid prototyping and
development of the GUIL. The architecture allows the
underlying hardware to be isolated from the GUI so
that multiple hardware can be supported by the same
GUIL For example the same traverse GUI can control
either a large 5 axis traverse or a simple 3 axis
system.

Optical Head

The 3D optical head was designed to be robust, fibre

Figure 2 Optical Head
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delivered and based on commercial technology as far

as was possible. It had to have features to allow: -

e in rotor passage measurements

e quick on-rig alignment

e operation in a hostile temperature and sound field
environment with oil mist

e casy re-configuration of fringe spacing, optical
throw, and included angle

Figure 2 shows the optical head, it is a modular

system based on two Dantec fibre launched heads.

Channel separation is achieved using wavelength

division multiplexing of three Argon ion

wavelengths (476.5, 488, 514.5 nm).

The two heads are mounted on an optical rail
allowing any included angle (20) between the two
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optical axes from 15 to 45 degrees. Off-axis
collection is used to improve flare rejection and
reduce the on-axis measurement volume length.

The system uses a 40 MHz Bragg shift to allow
measurement of reversing flows.

To reduce the predicted flare problem when
measuring close to blade roots and ease the problem
of Photo Multiplier Tube (PMT) saturation due to
reflections from the passing blades, two flare
rejection schemes have been implemented.

A circular polarisation flare rejection scheme
operates on the principle that the reflected flare light
experiences an additional © phase shift compared to
the primarily refracted Doppler light, i.e. the signal
light arises mainly from a refraction phenomenon,
whereas the flare originates by reflection. The
technique uses a combined linear polariser and
quarter wave-plate arrangement to produce circular
polarised projection beams. In the back (or near-
back) propagation direction through the wave-plate,
the flare is converted to the orthogonal linear
polarised state and subsequently blocked by the
polariser.

In total two polariser cubes and two quarter-wave-

plates are used and mounted in modules compatible

with the Dantec Fibreflow system. The specifications

of the quarter-wave-plate are as follows: -

e Optically contacted quartz

o Effective zeroth order retardation plate (thus
having negligible temperature sensitivity);

e Designed to have less than 5% phase retardation
error at all three wavelengths used (476.5nm,
488nm and 514.5nm)

Lab based experiments show that this flare rejection
scheme gives approximately a factor of four
improvement to the Doppler signal to flare ratio.

The second flare reduction scheme allows the laser
beam to be switched off when the measuring volume
is incident onto a reflective surface. The system uses
a Bragg cell that allows the laser beams to be
switched with a rise and fall time of under 100 ns. A
computer controlled delay generator can be triggered
from a once per blade signal, the operator can then
interactively adjust the offset and duration of the
laser blanking to optimise near blade data collection.
Inserting the Bragg cell does reduce laser launch
efficiency so the system is designed to allow rapid
insertion or removal without transmitter
realignment.

In transonic rigs the flare rejection performance of
the polarisation scheme in cross collection has
proved adequate to allow measurement near blade
surfaces without the overhead associated with
operation of laser blanking.

It is important that the optical head remains aligned
with up to 15 degrees of traverse pitch and yaw
applied. The optical misalignment is held to less
than ten percent of the measurement volume
diameter, by careful opto-mechanical design and the
use of triangulation.

The optical system is designed to allow the
alignment of the crossing points of the three pairs of
projection beams to within ten percent of the
measuring volume diameter, without exposing any of
the optical components to the rig environment.
Exterior collection fibre translation in one probe
allows the two heads to be quickly aligned onto a
common point, using laser back projection down the
collection fibre.

The successful application of LDA to transonic flow
requires high laser power. Several lasers have been
tested during the development of the instrument. For
good signal to noise performance it is important the
laser maintains good TMy, gausian output beams
from all three wavelengths at high powers

Traverse

Ideally, an LDA traverse system should be capable of
positioning the measurement volume at any required
location with any optical axis orientation. However if
rotation stages are added to a traverse it becomes
increasingly difficult to convert traverse positions
into compressor relative axial, radial and
circumferential co-ordinates. The system software
has been designed to allow a CFD grid to be
imported and all measurement positions to be
specified as CFD grid points, this then allows easy
comparison of the data with CFD results.

The traverse is required to incline the head due
primarily to optical access constraints introduced by
the high twist of a modern fan blade. This means
that large areas of the in rotor blade passage are
shadowed for any single optical axis orientation. To
obtain a complete survey of in-rotor flow data from
the suction surface to the pressure surface requires
measurements to be collected at two separate
inclinations, everywhere but at the tip of the blade.
As outer annulus curvature prevents flat windows
extending as far upstream as would be desired, the
yaw stage must be used to extend measurement



beyond the window extent. The best angular
orientation of the second LDA optical probe to avoid
tip shadowing is determined primarily by the blade
tip stagger angle. To allow the widest range of
turbomachinery applications a manual roll stage has
been incorporated that positions the second optical
head at any orientation around the primary optical
axis.

Full ergonomic exploitation of the 5 degrees of
freedom remote traverse requires the software to
insulate the user from co-ordinate systems. The
system uses datuming features on the compressor to
allow automatic co-ordinate conversion. This enables
the user to read a CFD grid into the software and to
specify the measurement grid in compressor relative
co-ordinates. To determine the traverse motor
positions the software then calculates the linear
position in the traverse frame of reference, calculates
the deltas caused by the interposed glass, the casing
movement and the current traverse angles. This
enables the engineer to plan measurement traverses
with minimal difficulty.

This full control of measurement volime position
and orientation allows the traverse pitch and yaw
angles to be altered at will, if for example part of the
window is contaminated the yaw angle can be altered
and the software will calculate the linear traverse
offsets to maintain the measurement position.

The co-ordinate conversion to compensate for any
misalignment of the traverse and compressor axes is
calculated using 3 datum positions on the
compressor casing whose position is known in the
compressor reference frame, and can be measured in
the traverse frame of reference. The software also
automates the tracking of the datum features, and the
blade tip position, as the rig reaches its equilibrium
temperature after a change of rig condition.

To achieve the desired accuracy on position it is
important that the traverse in calibrated on all of its
axes, to correct angle changes of up to £15 degrees
to within £100pum requires angular accuracy of better
than +0.001 degrees. It is also important that the
traverse is mounted on a stable base to prevent
mechanical distortion as the optics are traversed, a
1000 kg granite block provides stability for the
system.

Signal Processing

The signal processing uses Dantec Burst Spectrum
Analysers (BSAs) driven by the in-house software.
The BSA processors use a hardware Fast Fourier
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Transform (FFT) to measure and to validate the
LDA signal at up to one hundred thousand bursts per
second. The software allows real time display of time
resolved velocity information in the compressor
frame of reference, as the measurement progresses.
This allows the operator to concentrate on the fluid
parameter being measured rather than the LDA
signal. The ability to see, in real time the blade
relative shock position, and to visualise the variation
against blade number has proved to be a valuable
diagnostic feature.

The software is capable of continually transferring,
analysing, displaying and logging all of the bursts in
real time without any loss of data at up to 6kHz per
channel validated burst rate.

In the narrow angle 3D configuration the on-axis
component of velocity is measured by the vector
difference of two near parallel components, the
optical transformation matrix F can be said to be ill
conditioned. As the included angle (26) is reduced
below 90 degrees, the resolution of the on-axis
velocity becomes inferior to the transverse
components. The effect of any errors in measuring F
on the accuracy of the on-axis velocity component
are magnified. In the configuration used for fan tests
the magnitude of this error multiplier is estimated to
be ten times.

Simultaneously measuring all three components of
velocity does have many advantages. The data can be
measured with the optics at any orientation to the
flow, so removing a significant constraint on optical
access. Signal frequencies can be converted to 3D
velocities along the axes of interest in the
compressor frame of reference without any
assumptions about the magnitude of the radial
component.

The benefit of 3D remains even with the inferior
resolution and precision of the on-axis component
due to the narrow angle allowed for by access
constraints. The contribution to the error in the
circumferential axial plane velocities from the on-
axis measurement error is small provided the on-axis
velocities are small compared to the transverse
components.

In order to minimise the velocity errors due to this ill
conditioned optical transformation matrix F much
attention is given to its accurate measurement. Using
the precision traverse the calibration can be most
accurately measured in laboratory conditions, this
allows the conversion from 3 signal frequencies to
velocity in the optical head frame of reference and
then to the compressor reference frame. Two
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methods are used to measure and verify the
measurement of F.

The first method computes F by measuring the signal
frequencies fl generated at three positions off the
surface of a disk of spun at a precise rotational speed.
In order that the inverse is not ill conditioned one of
the velocity measurements must have a significant
velocity component along the optical axis. This on-
axis velocity can be achieved by using the yaw stage
of the traverse to align the optical head away from
the disk surface normal. The velocity vectors v, for
the three positions is the cross product of the disk
rotation vector and the three position vectors.

Alternatively, F can be calculated by measuring the
direction vectors of the 6 laser beams. A light
detector behind a 20pm pinhole locates each beam
centre, scanning the laser head with the traverse
allows the calculation of each beam direction vector
in the traverse frame of reference. The sensitive
vector of each beam pair is the unit vector
orthogonal to the bisector of the beams in the plane
of the beams. (Ref. 8)

- 2.sin(a)

Fig. 3 Sensitive vector direction S,

As this measurement of fringe spacing p, is only
valid at the gausian beam waists, a beam profiler
must be used to ensure that all six laser beams waists
overlap at the centre of the measurement volume
(fig. 3).

F is then the inverse of the vector combination of the
sensitive vectors S, of the 3 Doppler beam pairs,

multiplied by the reciprocal of their fringe spacing.

Sulth Splwm Syl
F=8,/w S,/ stllu?.
Salps Splp Sulm

The advantage of the first technique is that it gives a
complete system calibration, and it can easily be used
in situ to give confidence that any alignment of the
optics has not altered the calibration. The second
method can calibrate the system to within 0.3 %
accuracy on velocity and 0.2 degrees on angle for the
transverse measurements. A combination of the two
methods for calculating F is used before, during and
after an experiment to give confidence in the stability
of the calibration.

Application on Compressor Rigs

LDA measurements have been taken on a variety of
high speed axial compressor rigs. The tests include a
multistage high pressure compressor rig. This rig
utilised window cassettes mounted in rotating rings
to enable multiple stator pitch circumferential
traverses, the traverse had to be capable of pitching
the optical head from -15 to + 15 degrees without
loss of positional accuracy.

Data are presented from a transonic fan test. This
test demonstrates the advantages of a five degree of
freedom traversing arrangement. Blade shadowing
would have limited a simple traversing system to
measuring a very constrained flowfield, in order to
achieve best visibility on a single axial traverse up to
ten different yaw and pitch combinations were used.

The flow field was measured upstream of the rotor,
in the intra-blade region and downstream after the
outlet guide vane. Combinations of axial, radial and
circumferential traverses were taken to characterise
the flow field as completely as possible given the
constraints of measurement time. A once per rev
signal was used to time tag the data with a resolution
of more than 14000 time bins per rev. This time tag
1s recorded along with the LDA signal frequencies
from the 3 channels for every burst. This allows the
data to be reanalysed to whatever time resolution
gives the appropriate statistical properties. Data were
recorded at more than 2000 positions at several
running conditions.

Optical access was provided using four 6mm thick
flat glass windows mounted in metal cassettes. Two
interchangeable windows covering the axial extent of
the rotor were used, one of small circumferential
extent for near tip work and one large window for
greater immersion. Windows were also provided
downstream of the stator and upstream of the rotor.

Mineral oil was atomised to produce 0.4 pm seeding
particles to seed the flow. A far upstream remote
controlled seeding input rake was used that enabled



any sector on a three by three grid to be selected. The
data rate could then be optimised by sector selection.
Earlier studies (ref. 1-7) have demonstrated the
effective flow following properties of sub micron
seed in the transonic regime, the use of 0.4pm seed
gives a reduced particle inertia with acceptable
visibility for this optical configuration.

Various seeding solutions have been tested including
Polystyrene latex solutions in an atomiser, atomised
mineral oil has proved to produce good results
without contaminating the rig environment.

Data rates area maintained for prolonged periods of
running using a system of remote controlled window
washing. Solvent is flowed over the window to
remove seeding deposits and air borne dirt. Various
schemes for introducing the solvent have been tried,
the use of holes rather than slots has proved more
successful. The over rotor window has proved
difficult to wash successfully, the variation in static
pressure due to the work done by the fan,
necessitating an internal weir system to equalise the
flow of solvent across the window.

Figure 4 Axial traverse data from Fan Test

Measured relative Mach number
at 35% span normalised by inlet
Mach number, 100% speed
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Data reduction

At each spatial location, typically 30000 bursts were
acquired for all three colours. All flow statistics are
computed after the measured frequencies have been
transformed into burst velocities in the compressor
frame of reference. The rotor resolved flow velocity
and turbulent intensity could then be ensemble
averaged to any temporal resolution. As the blade to
blade geometrical variation on this fan has been
shown to be low, all of the blade passage data can be
averaged to present the average blade passage data.

The data presentation focuses on average blade
passage contour maps of rotor relative Mach number.
The data are normalised by the inlet mach number.
The data is presented with minimal "enhancement".
In order to present the whole flow field data taken
with the optical axis angled towards the suction
surface is merged with data taken with a pressure
surface inclination. The data are then contour plotted
with any missing data interpolated from adjacent
points to prevent spurious excess contours in the

0.80
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0.60

0.50

0.40

0.30

020

Measured relative Mach number
at 90% span normalised by inlet
Mach number, 100% speed
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plot, the contours are then masked where data are
absent and the blade profile overlaid. To aid
visualisation the average passage data are repeated to
form multiple blade passages.

Figure 4a shows data from 35% blade span at 100%
speed, this data demonstrates the ability of the
system to acquire a near complete blade passage at
deep immersions.

Figure 4b shows a typical plot of a 38 spatial point
axial streamline traverse. The data are presented
with a 64 time bins per blade passage temporal
resolution. The data were measured at 100% speed at
90% blade span. The data demonstrates the fine
resolution on shock geometry that the LDA using
sub micron seed particles can achieve.

Conclusion

A computer controlled LDA system has been
developed by Rolls-Royce, the system has been
applied successfully to high speed compressor rigs in
a development rig environment. The present aim in
Rolls-Royce is to incorporate the already rugged and
versatile system into an automated data acquisition
system with automatic data transfer to customers.
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Paper 16
Author: Edmonds

Q: Schodl

Is your automation software universal, e.g independent of compressor test rig and blade geometry, and
independent of the positioning of the optical head?

A: To make the software for co-ordinate conversion universal there are data files containing both rig specific
geometry and traverse/optical head geometry. The combination of these data files allow a fully universal
system for rigs.

Q: Schodl

When you align the inclination angle of both optical heads to the blade geometry and when you change from
rotor to stator position, how do you realign the receiving optics to the probe volume ?

A: It is our experience that with a 15 © included angle optical head we must align with the glass normal to the
bisector of the two heads. If this is done that head can be angled to the window by up to 15° with less than 10%
of the 90 micrometres measurement diameter misalignment.
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PSP - Intensity and lifetime Measurements

for steady and nonsteady flow

R.H. Engler, Chr. Klein
DLR Géttingen, Abteilung Windkanael
Bunsenstr. 10, D-37073 Géttingen
Germany

Abstract

DLR started at 1995 with there own PSP activities. A phase
of extensive exploration of hard- and software components
followed and internal measurements using the intensity and
lifetime method which includes spectra, calibration curves,
etc. were performed. A repeatability study was made on the
DASA HYTEX model, comparing the Inteco OPMS mea-
surements from 1992/94 with the now existing DLR PSP
system. Therefore, different lamps and laser illumination
systems were tested. This included several cameras (inten-
sified CCD and non-intensified CCD) for comparison of
different paint samples in an external calibration chamber.
After these pre-tests in the calibration chamber, measure-
ments were performed in the Transonic Wind Tunnel
Gottingen (TWG).

Introduction

At the beginning of 1996, DLR started again with investi-
gations of different cameras, light sources, data acquisition
systems, image processing tools, signal controlling, paints,
spectroscopy, etc. After construction of a calibration cham-
ber with a pressure and temperature control device, and an
additional facility for fast pressure variation, several paints
were investigated. It was decided mainly to use the L4 and
F2 one component Optrod paint from TsAGI (Russia) in
the exploration phase.

To install the complete PSP system for all necessary com-
ponents at the wind tunnel, a system was developed with
short implementation times. This system has been opti-
mized for the different wind tunnels but mainly for the
Transonic Wind Tunnel Géttingen (TWG).

The same DASA HYTEX model from 1994 was taken
again for comparisons between DLR PSP and OPMS re-
sults. Therefore the intensity method in the same wind tun-
nel (TWG) and under identical test cases was used. It was
expected that this repeatability check gave an impression
about the PSP accuracy under real wind tunnel conditions,
including handling and management and software and data

for different paints. Prior to real wind tunnel measurements
various paints were investigated in view of pressure sensi-
tivity, temperature influence, photo-degradation, illumina-
tion differences, etc. Also cameras and illumination
sources were checked for the real situation (0.5m to 1.0m
distance from light source and camera positions) to the
model surface of the TWG.

Parallel lifetime measurements were performed to investi-
gate this technique and the possibility to use it in the wind
tunnel instead of the intensity method.

Results of several wind tunnel tests as well as lifetime in-
vestigations now can be presented including basic tests us-
ing the external calibration chamber.

DLR-PSP hardware and software components

After testing different cameras of different distributors
Princton CCD and ICCD cameras were used for the mea-
surements. Two different types of water-cooled 16 bit CCD
back-illuminated cameras with an 512 x 512 or 1024 x 1024
CCD chip were used. The ICCD is a frame transfer fiber-
coupled 16 bit system with 512 x 512 pixels and a gate time
minimum of 50 ns.

After testing these cameras, a type with a vacuum chamber
in the sensors front was selected. There was an option for
using a multi component paint system. With the aid of a
connector, a spectrometer can be installed on the cameras
head. Different camera objectives are necessary for an op-
timal solution of model sizes for wind tunnel tests.
Numerous light sources were tested for the UV excitation
range from 320 - 350 nm and the visible range. The main
problem is the stability of the light source (intensity), and
the output energy for the UV wavelength.

After a series of tests, it was found that pulsed light sources
should be chosen to have the possibility to realize time-re-
solved and non-time-resolved PSP measurements. By using
a cw-light source an external shutter is necessary to reduce
the process of photo degradation. For the tests, two differ-
ent illumination sources were used:

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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Fig. 1: PSP system composition including data acquisition and control system

Xenon flash lamp:

Model JML-DLR
ext. trigger: max. 40 Hz
single pulse time: 20 ms

energy (all lines): 4.8 m] aftera Im long

optical fiber each

This lamp is built by DLR and an industrial partner. The
box of the lamp is designed with four light output ports for
connection of four optical fibers. The transmission rate of
the fiber is better than 60% at 300 - 600 nm wavelength.
The length of each fiber is 15 m, and the angle of output di-
vergence without any lenses is 75°. The filters in front of the
optical fiber inputs can be exchanged. For the Optrod L4
paint a DUG1 1 filter was used. These fiber optics can be
connected to a laser, to laser diodes and e. g. to Mercury and
Xenon lamps. For the paints with 450 nm excitation wave
length an Argon-Ion-laser was used for several tests.

The laser can also be connected to another set of four 20 m
long multi mode optical fibers. The lamp or laser can be
triggered by the controller of the camera.

Laser:

Model VSL nitrogen laser
ext. trigger: max. 50 Hz

single pulse time: 4 ns

energy/pulse: 250 mJ

For different other measurements an ordinary Argon-lIon la-

ser with 6 W output energy and coupled mono mode optical
fibers were used. Here a prism can select special wave-
lengths for visible paint excitations. Tests for different
paints with different light sources were performed - here in
the visible excitation and emission range. Using different
light sources a recognizable phase shift is detectable in the
emission spectra. Therefore, knowledge about the light
source is important for later filter setting. The PSP data ac-
quisition system is fully integrated in the wind tunnel con-
trol and data acquisition system DeAs.

DeAs is a managing system for the control of Mach num-
ber, pressures and temperatures, etc., data acquisition and
monitoring. It has been developed for wind tunnels and can
be operated from workstations in the control room, or any
other location.

The PSP system is presently fully integrated in the DeAs
system, with the advantage that all data from PSI (p), T,
Ma, etc. can be written in the header of PSP images. Also
an important advantage is the implementation of the optical
angle of attack control system OWI. This system deter-
mines and controls the exact angle of attack, independent of
wind-on or wind-off conditions. The necessary support an-
gle is set and starts an automatic optimization with an accu-
racy of 1/100 degree. After reaching this value the PSP
measurement starts including laser/lamp trigger and shut-
ters automatically. For the real wind tunnel measurements
a typical camera exposure time is | -2s. For example, at
constant Mach number, 10 different angles of attack can be
measured in 10 minutes, including all the imaging and ac-
quisition of other necessary parameters.

For periodic and unsteady flow field investigations, e.g. os-



cillating wings, propellers, rotor blades, short time intensity
measurements were performed. Here measurements on the
model shown in Fig.12 were realized, with a single flash il-
lumination of 25 us in the TWG.

A pre-acquisition of data will be performed by the PC, fol-
lowed by an evaluation on a SUN workstation. By this tech-
nique, a quasi real time computation is possible, and
therefore the interesting aerodynamic effects can be detect-
ed and investigated in detail in a short time.

Comparison of DLR-PSP and Inteco-OPMS

First measurements using the DLR-PSP components were
performed at the end of October 1996 under real wind tun-
nel conditions. Different cameras, illumination systems, in-
cluding lasers and lamps, were tested.

- 600

T
=

200

A

200—=
Fig. 3: DASA HYTEX model

For later comparisons the DASA HYTEX model, given in
Fig. 3 was chosen for an assessment of results obtained by
the Inteco OPMS video system, and the DLR slow scan
camera system. Typical test cases were Mach numbers be-
tween Ma =0.5 and 1.1 at various angles of attack between
a=-2" and +15°. The pressure distribution on the upper side
of the model with the curve of absolute pressure Pabs along
the cursor line is given in Fig. 4. The influence of the exist-
ing well-known vortices is excellent visible. A qualitative
comparison is shown in Fig.5. The smooth curve obtained
by Inteco OPMS 1994 in white and the detailed peak curve
obtained by the DLR system 1996 in grey are nearly identi-
cal. The fuselage vortices influence is well visible and some
details of the wing vortices. The DLR curves give more de-
tails of the aerodynamic phenomena. It should be remarked
that no special alignment program or smooth filters was
used in the results presented here.

Reference paint spots for a later intensity correction of the
one component paint, and a number of markers for model
alignment corrections and resection are visible in Fig.4.
The distance between the camera and illumination position
was 0.5 m as already mentioned. The optical fiber output
was used without any lenses. That means the divergence an-
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gle is near 75°. For a fast decision the pseudo color version

Fig.4 was used to optimize the illumination.

DLR ima )¢

Fig. 4: Pressure distribution at the DASA HYTEX
model with the curve of absolute pressure pypg

along the cursor line

Fig. 5: Comparison of pressure distribution between
Inteco and DLR measurements at the
DASA-HYTEX model with the curve of
absolute pressure p,p, along the cursor line

Luminescence reference paint markers are useful for inten-
sity correction. For a first view, the intensity image was ob-
tained to control the aerodynamic effect in a free run mode
of the CCD camera. At the earlier measurements in April
1994 using the OPMS system and the DASA HY TEX mod-
el the three vortex touches in the rear part of the models
wing are clearly detectable by the DLR-PSP system again.
To re-find these touches was the main criterion for the first
test for identical cases - angle of attack and Mach number.
As mentioned before two different illumination sources
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were used for comparison of the final pressure results. Fig.6
shows the image after dividing the wind-off and wind-on
image with laser illumination.

Fig. 6: Final pressure distribution image (divided
images) using the laser illumination

In comparison to Fig. 6 an impression of the lamp illumina-
tion is given in Fig. 7. The three touches of the trailing edge
vortex are in fact clearly visible independent of the light
source. The short exposure time of Is gives sharp contours
of the model and pressure taps in comparison to Fig.5 of the
Inteco video image.

To discuss the following PSP and PSI results it should be
remembered that the test section with perforated

walls of the Transonic Wind Tunnel Géttingen can be

Fig. 7: Final pressure distribution image (divided
images) using the lamp illumination

pressurized and, therefore, the performance of calibrations

of the pressure sensitive paint in the wind tunnel itself is
possible. Tests were carried out with a constant location of
the camera including large angle of attack changes of the in-
vestigated model. Comparisons between the pixel by pixel
calibration in the wind tunnel and the external calibration

chamber were made.
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280.0 380.0

pixel in x -direction

Fig. 8: Cp distribution on the HY TEX model using
a lamp and laser for illumination in compa-
rison with PSI values

Furthermore the diagrams of Fig.8 and Fig.9 show the in-
fluence between the two illumination methods in compari-
son to the conventional PSI pressure measurements. There
is an excellent agreement between the two different meth-
ods: laser and lamp illumination. The results have been cor-
rected with respect of light intensity distribution.

0.0
Ma= 0. )
02}k (II= 10 ]
- lamp
Cp — laser
-04F, en PS| 1
| 'y
-0.6 : | " J'P :M}w’ 1
4
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1.0 . curves along the 5 taps
200 300 400

pixel in x -direction

Fig. 9: Cp distribution on the HY TEX model using
a lamp and laser for illumination in compa-
rison with PSI values

For this part an own software package was developed for a
fast correction calculation.
A repeatability check of the PSI values with and without



paint as squares and circles is presented in addition. Espe-
cially the three dips in the curve for the Mach number
Ma=0.9 and a = 10" are clearly visible, also the fine struc-
tures. For presentation and exploitation no smoothing filter
techniques were used. Independent of the illumination sys-
tem the same characteristics at same positions can be de-
tected.

Oscillating wing measurements

For aerodynamic flutter tests measurements on a 2-d wing,
a NLR 7301 profile, with 1.0m span and 0.3m chord were
performed in the TWG. To produce aerodynamic effects
the oscillation frequency was varied between 5 and 42 Hz
with a Aa= £ 0.6° for different constant angles of attack.
For accuracy tests two different methods of pressure mea-
surements for field investigations were used:

e accumulation
¢ single flash.

For the accumulation technique the above described Xenon
flash lamp was triggered by the phase angle of the model
oscillation driving system. After a number of tests, 20 trig-
gered single flashes for accumulation gave a good signal to
noise ratio and an excellent dynamic range of the CCD-
camera and therefore this parameters were used for the fol-
lowing

Fig. 10: Profile of the NLR 7301 model

measurements.The NLR 7301 profile design for the inves-
tigated Mach numbers and angles of attack shows no sepa-
rations or bubble generation for the investigated flow
parameters.

The output of two optical liquid fibers, connected to the
flash lamp produced a homogeneous illumination for the
observation area of 0.5x0.5m of the wing surface. In Fig. 10
the contour of the NLR 7301 profile is presented. Fig. 11
shows the PSP result for Ma=0.7 at o= 3° and an oscillation
frequency of Aa=10.6° for unsteady measurement with 20
Hz wing oscillation frequency and light accumulation over
20 flashes with 25us duration time of each flash. The noise
of the 16bit slow scan camera gives for this values 600
counts and 50 000 counts for the signal. The identical con-
figuration and flow parameters were used for a single flash
measurement. The result is depicted in Fig. 12, but the sig-
nal is around 3000 counts at the same 600 counts noise.
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o

Fig. 11: PSP result for the oscillating wing for
Ma=0.7, o= 3.0° and Ao=10.6°. O(=2.4°,
accumulation over 20 flashes with 25ps pulse
duration

This is well to understand because the intensity of a single
flash is lower then the accumulation of 20 flashes. Fig. 12
shows the same wing section as before and identical flow
parameters but obtained only by a single flash with 25us
pulse duration time.

Fig. 12: PSP result for the oscillating wing for
Ma=0.7, o= 3.0° and Ao=H0.6°. 0.=2.4°
1 flash with 25us pulse duration

The plotted Cp values from the midsection (white cursor
line), shown in Fig. 13 gives a good impression about the
accuracy of this both techniques. There is no eminent dis-
tortion detectable between the single flash and accumula-
tion technique.

For comparison with the standard pressure tap technique a
test under steady conditions without oscillation was ob-
tained for Ma= 0.82, o= 0.24°. Here the first 3d-effects are
visible in the PSP image.
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Fig. 13: PSP obtained Cp-distribution for Ma =0.7, a. = 3.0°
and Aot =10.6°. O =2.4°
— 20 flash accumulation with 25us pulse duration
— 1 flash with 25ps pulse duration

These investigations were performed to detect and control
stability effects. From the PSP images the full pressure- or
Cp information in the region of +0.25m of the midsection
can be obtained but a lack of information using the pressure
taps only placed in the midspan is given. As visible the flow
is not symmetric because of any leakages at the wing ends.

Fig. 13: PSP result for Ma=0.82, o= 0.24° and accumula-
tion over 20 flashes with 25us pulse duration

The continuous line in Fig. 14 presents the PSP measured
curve along the midsection and the black circles the pres-
sure tap values. There is a good agreement between this
both simultaneously performed measurements. The pres-
sure distribution in this case is locally constant indeed but
not symmetric as visible by the complete PSP image.
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Fig. 14: Cp-distribution for Ma =0.82, o = 0.24° and

20 flash accumulation with 25ps pulse duration

Paint

Different paints were investigated with the two basic exci-
tation wave lengths in the range of 340 nm and 450 nm. The
paints are differently sensitive to temperature and pressure
at different excitation wave lengths.

DLR started to contact paint distributors including Russian
and American companies for spraying paints and paint foli-
os. Various paints were investigated with CCD and PMT
and also by a spectrometer connected to the slow scan cam-
era.

These investigations were made to gain our own informa-
tion about temperature influence. There are different state-
about the room
temperature in the emitted fluorescence bandwidth. As rec-

ments temperature sensitivity at
ognizable in Fig.15 a shift in the emitted light using differ-

ent light sources is detectable for the same kind of paint.
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Fig. 15: Phase shift of emission spectra using different
light sources



Alignment and Resection

As well known, an alignment between wind-on and wind-
off images is necessary for accurate PSP results. To reduce
the main influence of sting distortion, the self correcting an-
gle of attack system OWI was installed. In fact, the model
moves with an parallel shift closer to the CCD camera -
mounted in the upper wall panel. This parallel image shift
due to model displacement, has to be minimized by an im-
age alignment procedure before dividing the two wind-on
and wind-off images. In this case the shift was not automat-
ically corrected. Fig.16 gives an impression of the result
without the alignment procedure.

For the alignment procedure a two dimensional transforma-
tion was performed, using power series. This transforma-
tion is expressed as:

x
|

= E](X,y)

E)(x,y)

~
1]

where E is a correction function and the unprimed coordi-
nates (x,y) are used for the wind-off image and the primed
coordinates (x‘,y") for the wind-on image.
e ; : " o "
(X)) = ag+a X +ay +a, X +aXY +ay,y 4.

’ o ’ , 5 . "
Ez(x,y)=b0+blx +byy +b x " +b xy +b22y + ..

—_
const. linear

-
biquadratic

Fig. 16: Model surface without alignment procedure
(flow parameter: oc = 12.5°, p =57, Ma=0.7)

By the assumption that a few points (x,y) and (x*,y*) can be
related together exactly, and that for the other points the
transformation characteristics is identical, the following
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equation can be written as in the equation before. The coef-
ficients a;, by can be calculated with known pairs of points
(x,y) and (x‘,y‘). We get an linear equation system with
(ag,ay @, .....) and (bg,by,bs, .....) as unknown quantities.For
the biquadratic formulation the location of a minimum of
six points on the model surface (wind-on and wind-off im-
age) must be known. Therefore markers, e.g. circles, must
be placed on the model surface for the recognition of the re-
lated points in both images. At last a two dimensional bicu-
bic spline interpolation was used to obtain the intensity
values at the non-distorted pixel location.

Fig. 17: Model surface using alignment procedure
(flow parameter: ot = 12.5°, B = 5°, Ma= 0.7)

Using the same wind-on and wind-off images as before, the
significant changing can be seen in Fig.17.

The typical error without angle of attack correction is in the
range of 8-10 pixels. Using the OWI system -shown in
Fig.18, the shift can be reduced to nearly 2-3 pixels. There-
fore accurately obtained PSP images, optimized by the
OWTI system, is the best start condition for the final align-
ment and resection program. Our results showed a precsion
of 0.5 pixel in shift. The numbers, form, structure and posi-
tion of the markers is important for a later optimization of
an exact detection and alignment. An alignment and marker
recognition software was developed by DLR to minimize
the image shift. In addition an automatically analysis sys-
tem for markers and the real geometry of the model is under
development. Finally a resection program is necessary for a
real pixel transformation.
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Fig. 18: Schematic sketch of the video-controlled
support system OWI

Lifetime Measurements

Parallel to the intensity measurements lifetime tests were
performed. Fig. 19 shows the test setup for the first system.
Tests were carried out by using a photomultiplier combined
with a 800 MHz scope, a photon counter and a boxcar inte-
grator. The main problem are intensity variations of the
light source - in this case of the 10 Hz pulsed excimer dye
laser. For minimization of this laser instability the intensity
was controlled by a photo diode. These preliminary inves-
tigations were done to determine the value of t, for vacuum

conditions.

Photo diode

L

Trigger

N

B Filter

Scope
800 Mhz

Photon
counter
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integrator| =

Fig. 19: Lifetime - system composition

The intensity variation is depicted in Fig. 20. A test with
different paints shows a reasonable possibility to use this
technique for wind tunnel measurements.
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Fig. 20: Influence of light stability
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Fig. 21: Result of the stabilized laser light

After intensity stabilizing of the laser a curve as depicted in
Fig. 21 can be obtained. To perform accurate measure-
ments, different methods were checked:

+  two flash method
* direct method

s indirect method

* intensified camera

The quenching coefficient k can be taken from the calibra-
tion and detection of the Stern-Volmer-equation. The ad-
vantage of the lifetime method is the fact that no reference
image needs to be taken, and typical lifetimes in our case
are shorter than 200ns. Therefore, unsteady measurements
are possible but temperature influences must be controlled
accurately. The test setup for point wise PSP lifetime mea-
surements is given in Fig. 22.

After several tests with a number of light sources one result
is given in Figure 23. The curve in the diagram shows the
characteristics of the Optrod L4 paint.For a calibration in
the external calibration chamber the typical exposure time
of the CCD camera was in the range of 1 - 2 s for the DLR
lamp (flash) and laser illumination.Using the intensified
CCD camera under the same conditions, the grey curve
with the exposure time (gate time) of 150 ns can be taken.
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Fig. 23: Result of the calibration with an CCD and
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Fig. 24: PSP intensity measurements using the CCD
slow scan camera

An area of 80x55 pixels from the total 512x512 pixels was
selected. The intensity average of this area was the basis for
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the calculations. Here each pixel gives an intensity, and the
indirect lifetime in the interval tg - t; of Fig.21 can be ob-
tained. However, to understand the mechanism of accuracy
an analysis of the noise of the CCD and ICCD camera is
necessary. The result of an global flat field correction of
two pixel lines is given in Fig. 24.

Here the typical error is < 0.01% for the 16 bit slow scan
camera.

In comparison, the intensified CCD slow scan camera gives
atypical error of 5% for an identical global flat field correc-
tion of two pixel lines as depicted in Fig.25. Please notice
the different I/ scale.
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Fig. 25: PSP intensity measurements using the
intensified CCD slow scan camera

For accurate lifetime measurements by an ICCD camera the
following steps are necessary:

e time and temperature stable amplifier

e flat field correction

e knowledge of camera induced noise and paint

e lens correction

¢ stable light source

The new generation of ICCD cameras have approximately
the same characteristic as shown in Fig. 25. Therefore it can
be stated that the lifetime method can be used to cover
whole areas of PSP measurements (512x512 pixels) ac-
cording to the intensity method.

Conclusion

It was proven that the designed PSP system can be used for
steady and unsteady flow measurements as well. After the
exploration phase, real wind tunnel measurements using
different models were performed. The results presented
here for the intensity method in the transonic speed range
shows a acceptable accuracy.

DLR repeatability tests to the earlier OPMS system from
the Inteco company from Italy using the DASA HYTEX -
model give much better results than before. The known vor-
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tex structures on this model are clearly visible and the pres-
sure distributions in comparison with the measurements
from 1994 show a good ,restart” with the DLR PSP system.
A lot of industrial measurements have already been per-
formed and evaluated. These measurements under real
wind tunnel conditions gave experiences of great value. In
combination with laboratory tests a PSP measuring system
using the intensity method is now available at DLR.
Additional equipment for tests using the lifetime method is
under development, first measurements have already been
performed.

Steps of development for the DLR PSP system:
*  Definition of a CCD and ICCD slow scan camera

* Development of an illumination system (sources and
fiber optics)

¢ Development of a calibration chamber and a calibra-
tion procedure

¢ Investigation of different paints (spectra, temperature
dependence, photo-degradation, humidity, sensitivity,
etc.)

s Assessment with the early OPMS measurements

» Lifetime measurement investigation.
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1.0 SUMMARY

A new pressure-measurement technique which employs the
tools of molcular spectroscopy has recently received
considerable attention in the aerospace community.
Measurements are made via oxygen-sensitive molecules
attached to the surface of interest as a coating, or paint. The
pressure-sensitive-paint (PSP) technique is now commonly used
in stationary wind-tunnel tests; this paper presents extension of
the technique to advanced turbomachinery applications. New
pressure- and temperature-sensitive paints (TSPs) have been
developed for application to a state-of-the-art transonic
compressor where pressures up to 2 atm and surface
temperatures to 140°C are expected for the first-stage rotor.
PSP and TSP data images have been acquired from the suction
surface of the first-stage rotor at 85% of the correct design
speed for the compressor peak-efficiency condition. The shock
structure is clearly visible in the pressure image, and visual
comparison to the corresponding computer prediction shows
quantitative pressures similar to the PSP data.  The
measurement error is estimated to range from 0.36 kPa in low-
pressure regions to 4 kPa in high-pressure regions. The errors
were significantly increased by a failure mode of the camera
which will be described.

2.0 INTRODUCTION

The turbomachinery community is continually striving to
improve the performance of gas turbine engines. The engine
performance depends upon the compressor pressure ratio and
efficiency where the stage pressure ratio is a function of the
work, inlet total temperature, and stage efficiency. The turning
of the flow which creates work is induced by the pressure
profile over the suction and pressure surfaces of the blade.
Because the pressure is rising through the rotor passage the
amount of turning is limited by blade-surface and end-wall

Doug Rabe
Jim Gord
David Car
Aero-Propulsion and Power Directorate
WL/POTE, Bldg 18D
Wright-Patterson AFB, Cleveland OH 45433, USA

boundary layer behavior. Boundary layers in an adverse
pressure gradient tend to separate, which can cause a loss of
efficiency and prevent any further increase in the pressure ratio.
Currently, the stage pressure ratio and stage efficiency is
determined experimentally by measuring the inlet and exit total
pressure and temperature of the stage. Because of the complex
flow interactions which occur in a rotor, it would be most
beneficial to also know the pressure profile of the blade surface.

Early surface pressure measurements of a subsonic rotor were
made by Sexton, O’Brien, and Moses in 1973 where blade-
mounted pressure transducers and a multi-channel radio
telemetry system were used'. Still today, blade-mounted
pressure transducers are the only means to measure surface
pressure on rotors. Unfortunately, such transducers cover a
limited region (< 5%) of the blade surface, result in some
compromise to the structural integrity of the blade and to the
flow integrity, and have limited reliability in full-scale
transonic turbomachinery environments. For these reasons,
improved blade-surface pressure-measurement techniques are
needed to aid the understanding of flow behavior in
turbomachinery components.

A relatively new technique that employs the tools of molecular
spectroscopy to measure pressures by optical means is the
subject of this paper. Measurements are made via
photoluminescent oxygen-sensitive molecules attached to the
surface of interest as a coating, or paint; hence, the technology
is referred to as pressure-sensitive paint (PSP). The objective of
this research effort was to develop a PSP suitable for the harsh
turbomachinery environment and to demonstrate the
measurement technique for turbomachinery applications.

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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3.0 MEASURMENT CONCEPT

Table 3.1 summarizes the typical pressure-measurement
concept. In this scheme, a photoluminescent species (A)
absorbs light of appropriate energy (hv) and is promoted to an
excited electronic state (A*). The excited-state molecules then
return to the ground electronic state either by some radiative-
decay process involving the emission of a photon (fluorescence
or phosphorescence) or by a non-radiative pathway such as
dynamic quenching. Dynamic quenching is the non-radiative
phenomenon in which the excess energy is transferred to the
motion of the quencher, which in this case is oxygen. Because
of the effective competition between the luminescence and
oxygen quenching, the luminescence can be used to quantify the
local oxygen concentration. Oxygen quenching is usually
modeled by some variation of the Stern-Volmer relation. In its
simplest form, the relation is given by

I I
1= ° ) kOP o
1+K,P +kyr
070, 97070,

where [ is the luminescence, I, the luminescence in the absence
of oxygen, P, the partial pressure of oxygen, and K, the Stern-
Volmer constant. The Stern-Volmer constant is a product of the
bimolecular quenching rate, k,, and the lifetime of the molecule
at a vacuum, 1, Unfortunately, the pressure-sensitive probe
molecules have other mechanisms by which they can return to
the ground state which are manifested in a sensitivity to
temperature®®,  As a result, development has begun on
compatible temperature-sensitive paints*’. As with pressure-
sensitive coatings, the luminescence of temperature-sensitive
coatings can be related to the surface temperature and can be
measured with essentially the same instrumentation. For
capitalizing on this compatibility, efforts are underway to
combine both temperature and pressure probe molecules in the
same layer of paint.

Table 3.1 Pressure-measurement concept based upon O,
quenching of photoluminescent probe molecules.

Photoluminescence and Quenching Process:

A+hv> A" Absorbtion
A'"D> A+hv Luminescence
A'+0,2A+0, Quenching

Temporal Behavior of Photoluminescence:
d[A")/dt = -k,[A"]

k, =k, +kqlO,]

[A'l/IA")o = exp(-k,t)

To acquire surface pressure measurements in a wind tunnel test
intensity fields are commonly measured because of the
simplicity of the data acquisition procedure. To apply a Stern-
Volmer model, the luminescence intensity at a reference

pressure level, Iref, must be divided by the luminescence
intensity at some test condition, I, over the area of interest. For
this method, the ratio of luminescence intensities is calibrated to
indicate the surface pressure. The  intensities are generally
sampled over the surface of interest by a detector array such as a
charge-coupled device (CCD) camera. With today’s CCD
cameras having a million or more pixels, PSP can provide
continuous surface pressure measurement at an unequaled
spatial resolution. The output of the CCD array can be visually
represented as a two-dimensional image, with the luminescence
corresponding to a gray scale.

4.0 PAINT DEVELOPMENT

The basic pressure-sensitive paint is diagrammed in Fig. 4.1. A
binder material which is oxygen-permeable (typically silicone-
based) is used to suspend luminescent probe molecules whose
emission is effectively quenched by a collision with molecular
oxygen. The probe molecules can either be fluorescent (short
lifetime <~300 ns) or phosphorescent (long lifetime >100 ps).
The luminosity or lifetime of the excited paint is related to the
oxygen concentration by the Stern-Volmer relations previously
presented.

A

‘emission

A

excitation

Oxygen-Sensitive
Molecules/Binder

Primer
AR LN ./

<—— Surface
lexcitation<}\’ IT PL

‘emission

Figure 4.1 Basic PSP structure.

Given an oxygen-sensitive molecule, there are three primary
factors involved in fabricating a suitable PSP. First, the binding
medium used to attach the probe to a surface must be oxygen
permeable in order to permit oxygen quenching. Second, the
binding medium must be compatible with the probe molecule.
For example, if the polymer is highly polar and the probe
molecule is non-polar, the resulting paint could be completely
insensitive to pressure. Finally, the binding medium must
provide a stable environment for the probe. Often, significant
variations in paint performance over time results from continued
reorganization of the polymer system. Thus, it is beneficial to



use a polymer which cures quickly near room temperature. The
first two factors can effectively be satisfied through the
appropriate selection of probes and polymers. The final factor
is the most difficult to achieve, the primary obstacle being a
result of temperature effects.

The sensitivity of pressure paints to temperature involves both
the vibrational activity of the probe molecule itself and the
binding medium. However, the temperature-sensitivity effects

“are currently dominated by the binder. The Stern-Volmer
constant of the pressure paint can be expressed as a function of
temperature and binder viscosity by

K, =8RT /30007 @

where R is the gas constant, and 7 is the viscosity of the binder.
Another effect of temperature on paint performance involves the
solubility of oxygen in the paint binder. The solubility of
oxygen in a silicone binder is given by Henry’s Law

[0,(T)]=[0,}, exp(~AH / RT) o

where AH is the enthalpy of solution (-3.0 kcal/mole for
silicone). Therefore, the paint performance is inconsistent
throughout the paint layer where temperature variations exist.
As a result, care must be taken in designing the correct binder,
both for homogeneous performance and compatibility with the
probe molecule.

4.1 Paint Performance

After  screening numerous molecular  probes/binder
combinations, one prototype paint was selected for
demonstartion in a state-of-the-art transonic rotor. The selected
paint utilized a derivative form of pyrene (1-pyreneacetic acid)
in a white RTV (GE 734). While ordinary pyrene in RTV
typically yeilds satisfactory surface pressure measurements?, the
pyrene could not withstand the elevated temperatures of a
transonic compressor®. For the rotor under study the suction
surface blade temperatures and pressure were expected to

approach 140 °C and 2 atm, respectively’. By using a derivative’

form of pyrene, which has a higher boiling point compared to
pyrene, a paint which survived the extreme temperature was
developed.  The temperature surviability was, however,
obtained at the expense of some pressure sensitivity. As
presented in Figure 4.2, the Stern-Volmer calibration of the 1-
pyreneacetic acid (PA) paint at room temperature shows a
decrease in pressure sensitivity of ~ 15% as compared to
pyrene. Pyrene, on the other hand, vaporizes at ~80 °C°. The
calibration of the PA paint over pressure and temperature is
presented in Fig. 4.3. Figure 4.4 presents the calibration of five
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independently painted samples representing the sample to
sample repeatability.
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Figure 4.1  Calibration comparison of pyrene and 1-
pyreneacetic acid (room temperature).
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Figure 4.3 Performance  of PSP developed for
turbomachinery.
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Figure 4.4 Calibration variation of four independent PSP
samples at room temperature. (final data will be of 5 data sets)

As can be seen in Figure 4.3, despite efforts to minimize
temperature sensitivity the PSP remains quite sensitive to
temperature. In order to correct for the temperature-sensitivity
of the PSP, a temperature-sensitive paint was also developed.
Thus, in a rotor test, two blades would be painted and surface
pressure and temperature measurements could be obtained
sequentially. The design of a temperature sensitive paint is
similar to that of a PSP with the exception that the selected
binding medium was impermeable to oxygen. For the TSP a
fluorescent laser dye (1,3-bis(1 pyrene)propane) was
. suspendend in a marine caulk (Bostick). The Stern-Volmer
Calibration for the TSP is presented in Fig. 4.5.

Ireffl
)

10 60 110
Temperature (C)

Figure 4.5 Performance of TSP

turbomachinery.

developed  for

4.2 Paint Photodegradation

All luminescence-based paints display a common characteristic
referred to as photodegradation, whereby the paint-intensity
signal deteriorates as a function of time with continued exposure
of the paint to visible light. Figures 4.6 and 4.7 show the
photodegradation results of the PSP and TSP as a function of
input energy. (These plots will later be combined into one) The
paint photodegradation is expressed in terms of percent of the
initial intensity. In general, the PSP displayed a higher rate of
degradation than the TSP and absorbed a larger amount of input
energy before the rate started to decline. At 30 mJ of total
energy delivered to the paint the PSP degraded ~ 6.6% while the
TSP degraded ~ 1.3%. The rate of photodegradation
circumvents the advantage of using increased illumination
power to improve signal levels. Hence, the effect of
photodegradation must be considered when designing a PSP
experiment.
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-Figure 4.6 PSP rate of photodegradation as a function of total
energy delivered to the paint.
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Figure 4.7 TSP rate of photodegradation as a function of total
energy delivered to the paint.

4.3 Paint Pressure Sensitivity

A PSP image of a jet impinging on a flat plate will be presented.
Figure 4.8 will present an image of the pressure gradient created
by the jet and Figure 4.9 will show a cross section comparing
PSP data with transducer data. Examples of these figures are
attached. Final figures will include error bars etc.

18-5

5.0 TEST ARTICLE DESCRIPTION

For application demonstration, the selected pressure-sensitive
paints were applied to a state-of-the-art transonic compressor.
The compressor test was conducted from September 1996 to
January 1997 at the Turbine Engine Research Center (TERC)
located at Wright-Patterson Air Force Base. The primary
objective of this test was to obtain quantitative pressure
measurements from the suction surface of the first stage rotor.
The following paragraphs describe the test article description,
test set up, and data acquisition procedure. The two-stage test
compressor is presented schematically in Figure 5.1. The
general airfoil geometry for this rotor is described in Table 5.1.
At the aerodynamic design point, the relative Mach number was
supersonic over 75% of the blade span. Table 5.2 presents the
demonstrated baseline performance of this rotor at the design
condition where the rotor speed is 13,288 rpm.

Figure 5.1. Profile Schematic of Test Compressor.

Table 5.1. Airfoil Geometry Parameters for Rotor 1.

Parameter Value
Number of Blades 16
Average Aspect Ratio 1.22
Rotor Tip Radius, cm 35.24
Inlet Radius Ratio 0.33
Average Radius Ratio 047
Tip Solidity 1.5
Max. Thickness/Chord 0.028

Table 5.2 Rotor 1 Performance at 98.6% Speed,
Design Pressure Ratio and Flow.



Parameter Value
Total Adiabatic Efficiency, % 88.9
Total Pressure Ratio 25
Total Temperature Ratio 13
Corrected Tip Speed, m/s 480.7
Corrected Mass Flow, kg/s 71.8
Average Tip Clearance, mm 0.96
Tip Clearance to Actual Chord, % | 0.46

In this study, PSP and TSP data at peak efficiency (PE)
operating point at 85% corrected speed were obtained. Peak
efficiency at 85% speed was the overall peak efficiency of the
compressor'®.  Therefore, the first stage rotor was at least
moderately loaded for the peak efficiency condition used in this
demonstration.

5.1 Test Setup

The rotor test setup is shown in Fig. 52. A 305 x 25 mm
window was placed ~260 mm upstream of the rotor leading
edge. A 16-bit Princeton Instruments intensified charge-
coupled device (ICCD) camera (576 x 384-pixel Thompson
chip), fitted with a 50-mm f/1.2 lens, was located ~0.5 m
upstream of the rotor. The camera viewed the blades across the
flow path and was angled ~5 deg below the centerline to avoid
viewing the bullet nose. A 2-mJ nitrogen pulsed laser beam
(337 nm, 1-ns pulse) was launched into a fiber which was
mounted adjacent to the camera. The laser was used in the
pulse-on-demand mode—the laser only fired when the
command was given to the ICCD to acquire an image. The
beam (measured at 0.4 pJ at the exit of the fiber) was expanded
to illuminate the visible suction surface of the first-stage rotor.
With the presented viewing angle, the adjacent blade prevented
viewing beyond 52% chord at the tip, and the image size
restricted viewing inboard of 62% span.

CONTROL ROOM Flag Switch—»[—] '

PC Digital Delay Generator

Pulse __,
Generator
Filter
Camera _/ Flag
Controller
1/Rev Signal
Camera ¥
Cooling Flow 4
Unit —_—
\Rotor
TEST CHAMBER Plane

" Figure 5.2 PSP Test Set Up.

The Princeton Instruments detection system included the ICCD,
an ST-138 camera controller for image acquisition and readout
via the personal computer, and an FG-100 pulse generator for
triggering the camera. The camera system and laser were
mounted on an optical table inside the test chamber. A Neslab
cooling unit was used to maintain the ICCD chip at -20° C to
minimize readout noise. The camera and nitrogen laser were
remotely controlled from an adjacent room. As mentioned
previously, TSP requires a blue filter on the detector while PSP
does not. A filter arm (flag) was configured with a switch to
allow remote positioning of the blue filter. When switched on,
the current in the flag created a magnetic field which attracted
the flag towards another magnet mounted on the optical table.
Thus, the switch could be used to move the filter in and out of
the camera path.

The following procedure was used to image the blade and
acquire data images. Once the operator sends the command to
initiate image acquisition, the CCD camera was charged, and
the once-per-revolution pulse (1/rev) from the test article was
used to initiate the timing sequence. The l/rev signal was
delayed by the amount, At,,, , required to rotate the desired
painted blade into the image plane. A Stanford Research
DGS535 delay generator, triggered by the 1/rev, was used to send
out two pulses--the first to trigger the pulse generator, which in
turn triggered the camera, and the second to trigger the laser.
The second pulse trailed the first by 13 ps to take into account
the time required for the camera electronics to respond to the
trigger. This allowed synchronization of the arrival of the laser
light at the blade surface and the activation of the camera
intensifier for collecting the resulting fluorescence emission.
The period of operation of the intensifier (gate time) was



determined by the laser pulse width and subsequent
fluorescence emission of the paint. For this test a 1-ns laser
pulse was used, and the maximum fluorescence lifetime was
determined from calibration to be 323.5 ns (at vacuum and
room temperature). The gate time was selected to be 10 ps to
take into account laser jitter on the order of 1 ps. Therefore, the
timing required to image the blade (< 2 ps) was achieved by the
combination of the short laser pulse and the short-lived
fluorescence of the paint--not by the gate of the intensifier. The
camera “shutter,” or charge time, was preset to a minimum of
one rotor revolution. After the shutter closed, the acquisition of
another image could not be initiated until the CCD downloaded
the data to the computer. The readout time of the 221,184-pixel
CCD chip was 234 ms. This limits this particular camera to
steady state measurements since another image can not be
acquired until the readout is complete.

5.2 Data Acquisition Procedure

Four types of images were required in PSP and TSP
measurements: a wind-off reference image, a wind-on test
image, a black image, and a white image. The black images
were taken with the lens cap on to define the thermal noise of
the CCD array. The white image was taken of a uniformly
illuminated surface of arbitrary intensity. This image provided
a flat-field correction for the “honeycomb” pattern on each
image which results from the “minifier”--the tapered fiber-optic
coupling between the photocathode and the CCD chip. Both the
black and white images were only camera-dependent and could
be taken either before or after the test. Thus, during a scheduled
testing period, only the wind-off and wind-on images were
acquired.

Wind-off images were acquired both before and after each test;
pre- and post-test wind-off images could be compared to
determine whether oil might be present in the compressor and to
check for paint photodegradation. For acquiring the wind-off
images, the rotor rotated 150 rpm where the pressure gradient
was well below the current resolving capability of the paints.
This approach provided valid reference images while allowing
the timing circuitry to be used for accurate positioning of the

blade images. For acquiring the wind-off images, the camera -

shutter was set to 400 ms. Sequential images were acquired
using various timing delays until the desired painted blade
appeared in the image. Care was taken to determine the delays
required to place the TSP and PSP blades in the same location.
The locations were determined by the image pixel coordinates
of the blade leading edge. The delay and coordinates of each
blade were recorded. Fifty wind-off images were acquired fol
each paint for steady-state averaging. '

Once the wind-off images were acquired, the compressor was
throttled to a desired test speed and condition. For the wind-on
images, the camera shutter was reduced to 50 ms. To provide a
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constant background noise from image to image, the shutter
value remained constant for all of the wind-on images,
regardless of the rotational speed. From the coordinates
previously recorded during the acquisition of the wind-off
images, the delays required to superimpose the TSP and PSP
blades were determined, and the corresponding wind-on images
were acquired. Fifty wind-on images were acquired from each
blade at each test condition for averaging.

6.0 IMAGE PROCESSING

The post-processing was carried out mainly using PAINTCP, a
program developed for NASA Ames by Sterling Software,
Inc''. This package is used in PSP image analysis for wind-
tunnel aircraft model tests. For the purposes of this experiment,
many of the functions within the code were not required;
however, the program was used for its ability to register the
alignment marks in each image and transform the wind-off
image to align it with the wind-on image. A separate computer
program was used to perform basic functions such as image
averaging, subtraction, and division.

Each image captured by the ICCD camera can be described as a
product of ‘camera sensitivity, S(x,y), illumination power,

P(x,y), and the paint emission, E(x,y), plus thermal background
noise, B(x,y), as follows:

I(x, y) = 8(x, y)P(x, Y)E(x, y) + B(x, y) (4)

where each parameter varies spatially. As a result of equation 4,

- two corrections were required for the wind-off and wind-on

images prior to division and conversion to quantitative
temperature or pressure data: 1) a background correction to take
into account the thermal noise on the ICCD chip, and 2) a flat-
field correction to take into account the spatial variations in
camera sensitivity and illumination (attenuation). The thermal
noise was removed by subtracting the background image, which
only contained B(x,y), from the wind-off and wind-on images.
Removal of the camera attenuation was more difficult. A flat-
field correction was used to remove the attenuation caused by
the minifier--which results in a honeycomb pattern on the data
image. This pattern--a mechanical effect of the camera--was
fixed in all images; therefore, manipulation of the wind-on
image to align it with the wind-off image would skew this
pattern relative to the wind-on image, adding unnecessary
pattern noise to the final image, as illustrated in Fig. 6.1.
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Figure 6.1 Honeycomb-pattern noise caused by ICCD minifier.

To remove the honeycomb pattern caused by the ICCD minifier
prior to using PAINTCP, both the background-corrected wind-
off and wind-on images were divided by a white image--which
was also background corrected. The process is depicted by
equation 5:

X corrected

Ix - Iblack
Iwhile - Iblack '
_ S y)P(x,V)EX,y) + Bx, )} - {Bx, )}
{8(x,Y)P(x,¥)E, (x,y) + B(x,y)} - {B(x,y)}
_ Exy)
E,(x.y)

)

where x represents either the wind-off or wind-on condition and
the white image records the sensitivity, illumination power, and
a reference emission, E(x,y). All of the images (white, wind-
off, and wind-on) were corrected for thermal noise, B(x,y), by
subtracting the background image, I, Dividing the wind-off
and wind-on images by a white image should effectively
remove S(x,y) and P(x,y), leaving only the ratio of the paint
emission, E(x,y), and the reference emission used to create the
white image, E (x,y). Therefore, the final images should be free
of the thermal noise caused by the CCD and the honeycomb
pattern caused by the fiber-optic coupler of the camera. The
reference emission, E (x,y), cancels later in post processing

when the corrected wind-off image is divided by the corrected
wind-on image.

Once the wind-off and wind-on images were corrected, the
PAINTCP program was used to locate the alignment marks on
the corrected images and the program was used to “warp” the
corrected wind-on image to match the pattern of alignment
marks in the corrected wind-off image. The wind-off image
was then divided by the properly aligned wind-on image, and
the final-image ratio is written to an IEEE floating binary file.
This procedure was performed twice for each test condition--
once for the TSP data and once for the PSP data. In order to
temperature-correct the PSP data, the TSP image was also
aligned with the PSP image. Therefore, all of the pressure and
temperature images were aligned to the same wind-off PSP
image.

The output from the PAINTCP program was read into a
software package which allowed simple matrix and image
manipulation.  The equation determined from the paint
calibration for the TSP was applied to the temperature matrix to
convert the intensity ratio to surface temperatures (in ° C).
These results were output to a new matrix. Because the
temperature image was aligned with the pressure image using
PAINTCP, the temperature image could be used to calibrate the
pressure image directly. The surface-temperature information
and the intensity-ratio data from the PSP image were input into
the calibration equation for the PSP, and the resulting surface-
pressure information was output to a second matrix. The final
temperature image and temperature-corrected pressure image
were scaled and plotted with false-color.

7.0 TRANSONIC ROTOR RESULTS

Figure 7.1 depicts the area of the blade where temperature and
pressure data were acquired. The lines are used to outline the
physical image region of the blade because the photograph of
the blade was taken at a different point-of-view than the data
acquired from the paints. The approximate dimensions of the
viewable area of the blade where data were acquired are from 0-
52% chord at the tip and from 62-100% span at the leading
edge. Approximately 61,500 pixels were focused on the blade
for P/TSP measurements. Accounting for pixel blur, the actual
spatial resolution obtained was 1.2 mm in the direction of
rotation and 0.4 mm radiaily. Therefore, the PSP offers a
measurement point ~ 27% of the size of a 1.5-mm diameter
transducer. While the spatial resolution was maintained in the
radial direction, only 1/3 of the
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Figure 7.2 Calibrated TSP image at 85% Nc, peak-efficiency
operating condition.

The average of fifteen TSP and 15 PSP images obtained at the
85% Nc, peak-efficiency condition were processed as described
previously. Figures 7.2 presents the final TSP results. The
surface temperatures at the leading edge ranged from 25° C at
~62% span to 50° C at the tip. At ~52% chord the temperatures
ranged from 0° C at ~ 62% span to 50° C at the tip. Figure 7.3
shows the final PSP data corrected for temperature using the
TSP data. The two chordwise streaks are the result of some oil
present in the test article. The oil contamination was visible in
the wind-off TSP image. Because the oil was present in only
one image it was not ratioed out. Furthermore, since the oil
affected the TSP image, the streaks were propagated into the
PSP data when the data was corrected for temperature. Figure
7.3 also shows the CFD prediction for 85% Nc for qualitative
comparison. The CFD code used was developed by NASA
Lewis'.  The shock location in the PSP agrees with the
prediction.
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Figure 7.3 CFD prediction and temperature-corrected PSP
image, 85% Nc, peak-efficiency operating condition.

9.0 DISCUSSION

-prototype paints successfully endured environment and
adequately demonstrated the technology potential.

-paints need to be improved. “Off-the-shelf” RTVs are not
the binder of choice. It is very difficult to engineer crosslinked
polymers (RTV’s) to get desired binder performance (e.g.
temperature stability, oxygen permeability). Paint development
will continue using sol-gels and synthesized polymers.
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Paper 18
Author: Navarra

Q: Voigt

Since the honeycomb is a consistent pattern in the images that have been taken with an intensified CCD-camera,
it should be possible to suppress the effect in the frequency domain; where the pattern will appear as a peak at a
certain spatial frequency. Did you try this ? '

A: No, this was not attempted but, it is believed that this would not be sufficient to correct the data because of
the noise.

Q: Versluis

Referring to the poor quality of the images (in your paper attributed to the ICCD camera). Are you sure these
effects are not caused by pulse-to-pulse fluctuations of the pulsed N, - laser ?

A: No, the pulse-to-pulse fluctuation of the laser is ~1% and therefore was not a concern. Again, the major
noise source was from the intensified CCD camera.

Q:

_ Did you observe or have to correct for any self-illumination effects in your work within the confined spaces in
turbomachinery ?

A: No, the painted blades were not adjacent, they were sufficiently spaced such that self-illumination was not an
issue.
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Rotor Blade Pressure Measurement in a Rotating Machinery
Using Pressure and Temperature Sensitive Paints

Torgerson, S., Liu, T. and Sullivan, J.
School of Aeronautics and Astronautics
Purdue University, 3 Purdue Airport
West Lafayette, IN 47906-3371, USA

Summary
Pressure and temperature sensitive paints have been
utilized for the measurement of blade surface pressure
and temperature distributions in a high speed axial
compressor and an Allied Signal F109 gas turbine engine.
Alternate blades were painted with temperature sensitive
paints and then pressure sensitive paint. This
combination allows temperature distributions to be
accounted for when determining the blade suction surface
pressure distribution. Measurements were taken and
pressure maps on the suction surface of a blade were
obtained over a range of rotational speeds. Pressure maps
of the suction surface show strong shock waves at the
higher speeds.

Introduction
Pressure and temperature sensitive paints (PSP and TSP)
offer a unique and inexpensive means of determining
surface pressure and temperature distributions.
Continuous surface pressure and temperature
distributions, impossible to obtain using conventional
measurement techniqtes, are critical for understanding
complex flow mechanism and allow direct comparisons
with results from computational fluid dynamic
calculations (CFD). Not only is the cost of installing
these conventional probes an issue, but the aerodynamics
and structural dynamics of the model can be seriously
altered by modifications to accommodate the transducers
and static pressure taps. PSP measurements on rotating
machinery were conducted by Burns and Sullivan [1] with
a laser-PMT based system. They obtained pressure
distributions on a small wooden propeller and a TRW
Hartzell propeller. Their PSP-derived pressure
distributions across the blades show reasonable trends.
Bykov et al[18] have shown extensive pressure
measurements on propellers using a proprietary Russian
pressure paint. Bencic [19]at NASA Lewis has recently
completed a series of test using PSP for fan blade
pressure measurements on a model high-by-pass ratio fan.
Navarra and colleges [20]at Wright Patterson Air Force
Laboratory are also developing PSP/TSP systems for
large scale turbomachinery ‘

In this study, the PSP and TSP techniques are further used
to measure pressure and temperature distributions on

rotor blades in a high speed axial compressor and in an
Allied Signal F109 gas turbine engine.

PSP and TSP Theory and Measurement Techniques
The physical processes involved in behavior of PSP and
TSP have been thoroughly presented in literature [3-11],
but will be covered briefly in this section for
completeness.

The paint layer is composed of luminescent molecules and
a polymer binder material. The resulting ‘paint’ can be
applied to a surface using a brush or sprayer. As the paint
dries, the solvent evaporates and leaves behind a polymer
matrix with luminescent molecules embedded in it. Light
of the proper wavelength to excite the luminescent
molecules in the paint is directed at the model and
luminescent light of a longer wavelength is emitted by the
molecules. Using the proper filters, the excitation light
and luminescent emission light can be separated and the
intensity of the luminescent light can be determined using
a photodetector. Through the photo-physical processes
known as thermal- and oxygen-quenching, the luminescent
intensity of the paint emission is related to temperature or
pressure. Hence, from the detected luminescent intensity,
temperature and pressure can be determined.

Pressure Sensitive Paint

PSP operation is based on the principle that certain
fluorescent molecules are quenched by the presence of
oxygen. In the molecules of interest, oxygen interacts with
the excited molecules and the excess energy is transferred
to the oxygen in a collisional process, with no photons
being emitted. This process, known as oxygen quenching,
is the basis for the pressure sensitive paint method.
According to Henry’s law, oxygen concentration is
proportional to the partial pressure of oxygen, which is
proportional to static pressure. The result is that if there is
a locally high pressure area, the fluorescent molecules will
be quenched by oxygen.

The oxygen quenching process and can be modeled with
the Stern-Volmer relation:

I

'Ief = A(T) + B(T)-2

ref

where A and B are the coefficients to be determined
experimentally, I is the measured luminescent intensity,
I, is a reference luminescent intensity, p is the pressure,
and p,, is a reference pressure. In general, the coefficients
A and B are temperature-dependent. The PSP used in this

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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study is Ru(ph,-phen) + silica gel particles in GE RTV
118. Figure 1 shows the Stern-Volmer plots for this paint
across a range of temperatures useful in rotating
machinery. The temperature-dependent Stern-Volmer
coefficients are :

A(T) = ay(1+a,(T-T,,))

and -
B(T) =by(1+b,(T-T,,))

where

a,=0.13, a =282,

b,=0.87, b =432,

T is in Celsius, and 20 °C < T < 60 °C.

The temperature dependence of A is due to the thermal
quenching as in TSP. The temperature dependence of B is
due to the temperature dependence of diffusivity of the
polymer binder.( Torgerson [14], Schanze et al.[21])
Therefore, for accurate pressure measurements, surface
temperature must be determined. In this study, TSP is
used for temperature measurement.

Temperature Sensitive Paint

In TSP radiationless transitions in the molecule release
energy through vibrational and rotational motions of the
molecule. In certain molecules, these non-radiative
transitions are dependent upon temperature

For a TSP, it is assumed that the paint layer is not oxygen-
permeable so that [O2] = 0. Hence, the quantum yield is
simply given by

The deactivation term kp may be decomposed into a
temperature-independent part ko and a temperature-
dependent part k that is related to thermally activated
intersystem crossing (i.e. ko = ko + ki). The rate k; can be
assumed to have an Arrhenius form

ky = C exp(-E/RT)

where C is a constant, E is the Arrhenius activation
energy, R is the universal gas constant and T is the
thermodynamic temperature (in Kelvin).

The temperature dependence of luminescent intensity can
be approximated by the simple Arrhenius relation over a
certain temperature range

1(_1@_) - i(i _ LJ
Iref (Tref ) R g T Tref

where ! is the measured luminescent intensity, I, is a
reference luminescent intensity, T is the temperature in
Kelvin, T is a reference temperature in Kelvin, E is the
Arrhenius activation energy, and R, is the universal gas
constant. The constant E/ R, can be determined
experimentally.

The TSP used is Ru(bpy) in Shellac. Figure 2 shows the
Arrhenius plot of calibration data obtained over several
days. The constant E/ R is 1,070 for Ru(bpy)-Shellac

paint. The PSP and TSP were coated on alternating
blades by spraying or dipping the blades in the paint,
resulting in a thickness of approximately 20 microns.

In intensity-based PSP and TSP measurements, a
reference signal (image for a CCD camera system) is
taken prior to the experiment starting. This signal
(image) of the luminescence is known as a “wind off” or
reference signal (image) and is ratioed with the signal
(image) taken under test conditions. This ratio method
acts to remove nonuniformities in illumination and
luminescent intensity variations due to uneven paint
thickness.

Estimates of the error in the pressure and temperature
measurements are:

T=T+1°C
p = ptSpsi

Details of the error estimates are given in Refs. 10,13 and
14. In wind tunnel testing using PSP, several pressure taps
are used to perform an in situ calibration to significantly
reduce the pressure error. The pressure error in the
present case is primarily due to the lack of a known
pressure on the compressor blade with which to correct
the PSP results.

Axial Compressor Facility
The Purdue Research Axial Fan Facility features a 30.48
cm (12 in.) diameter, 2/3 hub-tip ratio compressor rotor
which is integral with the shaft. The drive system
consists of a 400 horsepower AC motor driving a
magnetic clutch with a variable speed output that drives a
gearbox, as shown in Figure 3. Eighteen inlet guide vanes
are twisted to produce a free vortex whirl into a 19 blade
axial flow rotor. Both the inlet guide vanes and the rotor
blades are designed with NACA 65 series airfoil sections
on circular arc meanlines. The aluminum rotor blades
have 2 in. chord and 2 in. span from the hub to tip.
Located downstream of the rotor are eight aerodynamic
struts that support the rotor bearing housing. Axial
spacing between the trailing edge of the rotor and the
leading edge of one of the struts nondimensionalized by
the rotor chord C, is L/C, = 3.47. For these experiments,
axial IGV-to-rotor spacing to chord ratio is set at Z/C, =

0.6 (10° IGV stagger angle). Note that the selection of
rotor speeds is dictated by the vibrational level of the
machine. The velocity measurements have been made
using hot-film sensors between the IGV and rotors. A
detailed discussion about hot-film measurements in the
compressor is given by Johnston and Fleeter [2].

Laser Scanning System

Instead of a CCD camera system commonly used for TSP
and PSP measurements in wind tunnels, a laser scanning
system was adopted for measurements in the compressor
where optical access is very limited. Descriptions of the
laser scanning system was given by Burns [1] and
Hamner et al. [12]. Recently, a two-dimensional laser
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scanning system has been developed for TSPs and PSPs
[13, 14]. The laser scanning system used is shown in
Figure 4. An air-cooled Argon laser with filtered output
of 488 nm was used as an illumination source for both the
PSP and TSP. It was mounted upstream of the inlet such
that the beam passed between the upstream inlet guide
vanes and arrived at the rotor blades. Using a computer-
controlled scanning mirror, the 1 mm diameter laser spot
was scanned across radial locations over each blade. As
the rotor blades rotate, the laser illuminated the painted
blades across the chord at each radial location. There was
a minimum of 100 data points in the chordwise direction,
depending on rotational speed. Luminescence was
detected with a Hamamatsu PMT after the excitation light
was filtered from the signal with a long-pass optical filter.
Data were collected by a PC with a 12 bit A/D converter
operating at a maximum of 500 KSamples/s. Pressure
and temperature distributions were calculated from the
calibration relations.

Results - Axial Flow Compressor
Typical raw intensity signals from the PSP and TSP on
suction surface are shown in Figure § for several
rotational speeds (1,000, 13,500 and 17,000 rpm). As the
rotational speed increases, the luminescent intensity of
the TSP decreases, indicating increase of surface
temperature. The PSP depends on both pressure and
temperature. The change in the distribution of the PSP
intensity as the speed increases can been observed in
Figure 5. The change in shape is mainly due to pressure
variations on surface. In particular, an intensity drop at
17,000 rpm occurs within a position range from the 90" to
100® data point (0.6 to 0.67 chord), which corresponds to
a large pressure jump produced by a shock.

In order to calculate temperature and pressure, the signal
at the lowest speed of 1,000 rpm was used as the “wind
off” intensity and the signals at the larger speeds as the
“wind on” intensity. Figure 6 shows radial surface
temperature distributions at mid-chord at different
rotational speeds The mean temperature on the blade
surface was found to increase with rotational speed. This
is attributed to friction heating on the rotating blade. The
highest blade surface temperature is about 43°C at 17,800
rpm.. Surface temperatures are higher at larger radial
distances since the relative velocity is greater near the tip.
Figure 7 shows measured temperatures at 50% span on
Mylar and aluminum surfaces at several relative Mach
numbers (several rotational speeds) along with stagnation
temperatures. Obviously, the insulating properties of the
surface affects surface temperatures.

Surface pressure distributions were obtained using the
Stern-Volmer relations with the temperature-dependent
coefficients by taking the temperature effects into
account. Figure 10 shows a surface pressure map at a
rotational speed of 17,800 rpm. This two-dimensional
maps clearly indicate the formation of a shock that
produces a rapid pressure rise across it. The black patch
at the right edge results from blade overlap near the root.
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A composite view of both the temperature blade and the
pressure blade is given in Figure 12.

A cascade analysis was performed at the 0.75 span of the
rotor blade using Rotor Viscous Code Quasi-3D from R.
Chima at NASA Lewis Research Center [15, 16]. This is
a Navier Stokes code that was used with a Baldwin-
Lomax turbulence model. A body-fitted C grid (301x61)
was generated by a companion code [17]. Figure 14
shows comparison between CFD results and PSP data at
75% span for different rotational speeds. The Pressures
are normalized with the upstream stagnation, wich is
atmospheric pressure for the experiment. The PSP-
derived pressure distributions exhibit the same trend as
those given by the CFD code. Quantitatively, the
measured pressure data are lower than the CFD results.

Allied Signal F109 Engine

The laser scanning system demonstrated in a high speed
axial compressor gave excellent results. In this section,
the technique is adapted for use on a modern gas turbine
engine. This test serves to illustrate the capabilities of
pressure sensitive paints using the laser scanning system
in a more complex test environment.

The F109 is a two-spool, contrarotating concentric shaft,
non-augmented, fixed geometry turbofan engine with a
bypass ratio of 5. It was designed to produce 1330 lbs. of
thrust. The fan section is 18 inches in diameter and
contains 30 compressor blades. The F109 was designed
for use as the propulsion unit for a jet trainer aircraft, but
was never put into production. The Department of
Aviation Technology at Purdue acquired several of the
engines from the Air Force and Allied Signal for
instructional use. The engine used in these tests is
mounted in an indoor test cell in the Aviation Technology
building at the Purdue Airport. The engine had 30 hours
of operation at the start of these tests. A schematic of the
F109 is shown in Figure 14.

Previous PSP experiments in the F109 [1] used a hollow
probe mounted in the bellmouth with a mirror attached at
the end with a 45° angle to pass the laser into the fan
section and also collect the fluorescence. Using this
method, only one radial location may be tested at any
moment due to the fixed angle of the mirror. Since the
objective is to measure full two-dimensional pressure
distributions, the laser and optics were mounted upstream
of the bellmouth This is an arrangement similar to Figure
4. In doing this, there are several factors that must be
considered. Due to the large mass flow into the engine,
the laser and optics must be placed far enough upstream to
not interfere with the engine intake air. Also the flow
velocities must be small around the optics so that
movement due to turbulence in not a problem. Placing the
optical setup far from the blades reduces the F number of
the basic system, so that a large collection lens must be
added to focus an acceptable amount of fluorescence on
the PMT. Also, due to the laser beam’s divergence, a long
focal length lens system must be used to focus the laser
onto the paint.
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Paint Adhesion -

One of the challenging aspects of applying the PSP to the
rotor blades is to make sure that the paint adheres at the
highest rotational speeds. Ideally, the paint should be very
thin, since the centrifugal force increases with thickness
but the trade-off is that the fluorescence intensity
decreases

The initial paints chosen for this test were bathophen
ruthenium chloride in G.E. RTV 118 for the pressure paint
and Ru(bpy) in shellac for the temperature paint, as in the
axial compressor tests.

When scanning across several different paints, as in this
test, it is important that the intensity levels of the paints be
very similar. This allows the full range of the A/D to be
utilized, maximizing sensitivity and accuracy. This
process is done by making one paint and then adjusting the
mixture and thickness of the other to result in similar
fluorescence intensity levels as seen by the PMT with the
appropriate long pass filter. This can be time consuming,
but is very important for good results.

Initially, four blades were painted, alternating between
PSP and TSP. The tests were conducted at 3600, 6000,
8000, 10000, 12000, 13000 and 14000 rpm, with the idle
position, 3600 rpm, used as the reference condition. The
pressure and temperature paints performed well at the
lower rotational speeds. However, as the speed reached
10,000 rpm, some of the paint began to come off. By
14,000 rpm, all of the pressure paint as well as some of
the temperature paint had been pulled off due to the large
centrifugal forces. The shellac-based temperature paint,
while not coming completely off of the blade became .
very uneven due to shearing of the polymer.

After researching the adhesion of various substances on
the titanium blades, it was found that the RTV-based PSP
produced a very strong and durable paint layer when
applied directly to the blades. The main drawback to
directly applying the paint directly to the blade is that the
fluorescent intensity is reduced without the normal white
undercoat. This did not present a large problem due to the
effectiveness of the large collection lens in front of the
PMT. A new binder for the temperature paint was used to
solve the shearing problems. This consisted of DuPont
Chroma Clear 7500s clear urethane paint. This paint
withstood the high forces better than the shellac-based
temperature paint. In subsequent tests both new paints
adhered well at all speeds.

Data Acquisition

A program written in Labview was used to move the laser
beam and acquire the fluorescence from the paints. The
program allows rapid setup of scanning and A/D
parameters with the ability to monitor the effects of these
changes immediately.

Since there was no once per revolution trigger signal
available to start the data acquisition, one of the blades
was painted with a temperature paint that had an
excessive amount of Ru(bpy), resulting in an intensity that
was several times higher than the other blades. The A/D
board could trigger off of this blade as the number of
counts went full scale.

Results - F109 Engine

In order to reduce the pressure data, the temperatures must
first be calculated. The temperature distribution at 90%
span is shown in Figure 15. As expected, the temperature
rises considerably at the higher rotational speeds, with a
maximum temperature increase of 30°C. The ambient
temperature during the tests was 11°C. Previous
temperature results [1] on the F109 gave a temperature
increase of about 27°C.°

Using the measured temperature distributions and the
Stern Volmer equation, the pressure distributions can be
calculated. Figure 16 shows the results 14,000 rpm. The
compressor blade outline and the damper blade are
outlined in the figure for reference. A shock waves is
clearly visible at this high speed.

Pressure distributions are plotted in Figure 17 at 70% of
the span. Shock waves are located between 15% and 30%
chord. As expected, the shock waves move aft as the
speed is increased

Conclusions
Pressure and temperature sensitive paints have been used
for the measurement of blade surface pressure and
temperature distributions in a high speed axial
compressor environment and an Allied Signal F109
Engine. Measurements of the suction surface pressure
were made from the hub to tip at several rotational
speeds. The surface pressure maps clearly indicate the
presence of a shock wave at higher rotational speeds and
are in moderate agreement with CFD results..
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Figure 14. Allied F109 turbofan engine.
40 . .
I —— 6,000 rpm
r ] —— 8,000 rpm
I ——- 10,000 rpm
12,000 rpm
o ¥ TP — — 13,000 rpm
i\ — — 14,000 pm | _
g b ‘
o | ) & b = B
5 v y i ,
s _ ! \
G 20 4 PG O % g
E \ e i \
=] | \I ‘
5 |l |
g I | |
E Y
£ o [ g e b
/1 [ O L N N
## el oot S B iy o T e
A
0 L/ | f
0.0 02 04 06 08

xlc

Figure 16. Fan blade pressure distribution at 14,000rpm
(scale in psia).

Pressure, P/P,

0.8

0.7

0.6

0.5

04

6,000 rpm
8,000 rpm

- 10,000 rpm

12,000 rpm

- 13,000 rpm

14000 rpm |0 .

0.0

0.2

x/c

0.6

Figure 17. Pressure distribution at 70% span

0.8



Paper 19
Author: Sullivan

Q: Greenhalgh

Is there any chemi-sorption effect which could result in a hysteresis for the absoption/desorption processes for
D,in PSP ?

A: For a uniform polymer near staridard temperature, the permeability of the polymer to oxygen dominates the
time response of the PSP. If solid or porous silica particles are added to the polymer then absorption may be an
issue, especially at low temperatures.

Q:

Is there a limitation across the blade chord where you can no longer measure the surface pressure due to the
large angle between the surface normal and the angle of incidence of the illumination laser beam and detector
location ?

A: We have calibrated PSP and TSP up to an angle of 90 degrees from the normal. So for the measurements
presented, we obtain data to within 1mm of the leading edge of the blade before losing the signal.

Q: Weyer

Is the unusual radial position of the shock-wave within the transonic rotor related to shock boundary layer
interaction ? The shock strength is much higher at tip than at hub. Thus, the pressure rise affects the boundary
layer more intensely near the tip, forming most likely A-shoots ?

A: The shock boundary layer interaction may propagate radially affecting the shock position. Also the thickness
of the blades varies with radius, so the local Mach number depends not only on rotational Mach number but
blade properties.
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HEAT TRANSFER AND EFFECTIVENESS
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ABSTRACT

The transient liquid crystal technique has been used to measure the heat transfer coefficient
and cooling effectiveness over heavily film cooled nozzle guide vanes (NGVs). The
measurements were performed in the complex environment of a transonic annular cascade
which simulates the flow in the gas turbine jet engine. Engine-representative Mach and
Reynolds numbers were created and the aerodynamic and thermodynamic characteristics of
the coolant flow (momentum flux and density ratio between the coolant and mainstream)
have been modelled by using heavy foreign gases (SFe /Ar mixture).

The Red-Green-Blue (RGB) components have been separated from the colour response of
wide-band encapsulated liquid crystals which react to changes of the NGV surface
temperature during the transient experiment. Optical access to the test NGV was
problematic and the thermochromic response of the crystals was sensitive to both the
lighting and the wide range of viewing angles subtended at the camera. An in situ
calibration is used to translate the RGB histories to measurements of the surface
temperature history, and hence local heat transfer coefficient and adiabatic wall
temperatures were obtained. The colour data has been gathered using a miniature CCD
camera and recorded directly to computer memory without the use of video tape recorder.

The transient liquid crystal technique is shown to be capable of accurately gathering data
over any portion of the NGV surface visible to the camera used. As the data is collected in
an environment which models the engine, the data is of benefit for both CFD code
validation and directly to the engine designer.

" Present address: Advanced Research Group, Korea Atomic Energy Research Institute

P.O. Box 105, Yusong, Taejon 350-600, KOREA

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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NOTATION

c Specific heat at constant pressure
h Heat transfer coefficient
k Thermal conductivity

q Heat transfer rate

t Time

T Temperature

GREEK SYMBOLS

P Density

n < Film cooling effectiveness
S Dimensionless time

¥ Ratio of specific heats
SUBSCRIPTS

aw Adiabatic wall

c Coolant

m Gas, mainstream

r Recovery

s Surface

1 INTRODUCTION

The power output and level of efficiency of gas turbine engines improves with increased
turbine entry temperatures. In the modern aeroengine, such temperatures can exceed the
metallurgical limit of blade materials. To achieve acceptable durability, both temperature
levels and temperature gradients can be controlled in the engine components exposed to the
hot gas stream by using coolant which has been diverted, at cost, from the engine
compressor. An efficient cooling system uses a minimum amount of coolant and the
optimisation of such a system is one of the primary goals of the engine designer.

There is a vast quantity of experimental and computational work on the topic of gas
turbine film cooling, dating back to the 1940s (Kercher 1996; Goldstein 1971; Hartnett
1985). The main quantities of interest in film cooling experiments are the convective heat
transfer coefficient (h) and the film effectiveness (7). The former is the constant of
proportionality between the local heat flux (¢) and the difference between the surface
temperature (7;) and convection driving temperature of the gas (Tuw, or adiabatic wall
temperature) at that point:

q=MT,-T,,) M

The adiabatic wall temperature is chosen since it is desirable to define, and measure, a heat
transfer coefficient which is independent of the temperature boundary conditions and a
function of the aerodynamic character of the flowfield alone. This is not strictly possible as
there are well known and predictable differences between an isothermal wall situation and
a constant heat flux boundary condition (Eckert et al. 1957, Butler and Baughn 1996).
However, for small streamwise gradients in temperature and constant fluid properties a



wall temperature variation has only a minor influence on local convective heat transfer.
For two-temperature convection cases (i.e. without a separate coolant flow) Ta, is the local
gas recovery temperature. In film cooling, with two flows present, T,, is intermediate
between the coolant (T,:) and mainstream (7,m) total temperatures, and depends upon the
geometry and degree of mixing between these gases upstream of the point of interest on the
surface. To eliminate the temperature dependence a conventional dimensionless adiabatic
film effectiveness is defined for constant property compressible flow on an adiabatic
surface: :
¢= ——?ﬁ'"’ ; @
oc r
where T, is the local mainstream gas recovery temperature. An alternative definition of
cooling effectiveness, based on superposition (Jones 1991) and similar to the isoenergetic
definition of Eckert (Goldstein 1971), is used here:
Taw -T, r '
n o= (3)
Toc -T om
where T, corresponds to the temperature of an isothermal wall which is adiabatic at the
local point of interest. In practice there is only a small difference in the results using either
definition.

The cooling effectiveness and heat transfer coefficients are a function of the following:
cooling geometry (the angles of inclination and orientation, the relative spacing of the
coolant holes, the hole shape); the state of the oncoming boundary layer; the freestream
turbulence intensity; the surface curvature; and the ratios of the coolant-to-mainstream
density, mass and momentum fluxes, and specific heats. Most film cooling studies are
conducted using a flat-plate geometry. There are very few film cooling studies where
measurements are made in an engine-representative environment.

This paper will demonstrate the application of the transient liquid crystal technique to
measure heat transfer coefficient and film cooling effectiveness in a transient, short-
duration tunnel which creates engine-representative conditions in a transonic annular
cascade. The test section of the cascade is a scaled nozzle guide vane typical of that used
in a modern aeroengine. Optical access to the test section is difficult and complex surface
curvature makes the use of liquid crystal techniques difficult. The data demonstrate the
capability of accurately gathering data over any portion of the NGV surface visible to the
camera. As the data are collected in an environment which models the engine, the data are
of benefit for both CFD code validation and directly to the engine designer.

2 TRANSIENT EXPERIMENTAL TECHNIQUE

Several different measurement techniques have been employed to obtain film cooling data.
The heat-mass transfer analogy is used in the Swollen Polymer (Hay et al. 1984) and
Naphthalene Sublimation (e.g., Cho and Goldstein 1995; Richter et al. 1996) techniques to
determine heat transfer coefficient and effectiveness. Effectiveness alone may also be
found using gas concentration techniques of which the Ammonia and Diazo (Friedrichs et
al. 1995; Haslinger and Hennecke 1996) technique is an example.
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The transient method determines the heat transfer coefficient and effectiveness by
measuring the transient response of surface temperature to a change in fluid temperature.
By assuming that uniform, semi-infinite flat plate boundary conditions apply, it is possible
to express the instantaneous heat flux as an analytical function of this transient surface
temperature (Schultz and Jones 1973; Jones et al. 1993). Effects of surface curvature can
also be taken into account (Buttsworth and Jones 1997). Thin film gauges or
thermochromic liquid crystals (TLC) can be employed to measure the surface temperature
history. The TLC method has a great advantage over thin film gauges as it provides such
temperature histories on the entire wetted surface visible to the camera, rather than an
average over the gauge width at fixed locations.

The application of thermochromic liquid crystals to heat transfer experiments is described
in detail by Ireland et al. (1993). TLC can be bought commercially in micro-encapsulated
form and in the work reported here are spray-painted onto a acrylic (perspex) test piece.
The crystals display colour from blue to green to red as the surface temperature cools from
a temperature above the high threshold level (or in reverse if the surface is heated from
below the lower threshold temperature.) Above this upper threshold and below the lower
threshold level, the TLC is clear. They are air-sprayed onto the test piece which has
previously been spray-painted black to create a contrasting background for the TLC colour
changes. The thermal response of TLC has been measured to be of the order of 3 ms
(Ireland and Jones 1987). '

Both narrow-band and wide-band TLC are available. Narrow-band crystals typically make
the transition from red through green to blue over a change of about 1 C, and a single
colour within that range can be used to determine the surface temperature to an accuracy
of about 0.1 C. The use of such a crystal accurately identifies when the surface
temperature reaches a particular value if the surface colour play has been monitored using
a CCD camera, video recorder and image-processing system. The use of more than one
narrow-band TLC on the surface identifies multiple moving isotherms as the test surface
heats or cools. If the thermal transient is produced by a step-change in fluid temperature,
measurements of the time taken for the surface to reach temperatures identified by two
narrow-band crystals from a known initial temperature can lead to measurements of both A
and Taw. Here the classical solution of the one-dimensional conduction equation with a
semi-infinite boundary condition is solved (Schultz and Jones 1973):

hyt T -T. . 2
= vt , st _1—e? erfe( B) 4)
ka Taw_Tinit

where ,/ pck is the thermal product of substrate density, specific heat and thermal conductivity and ¢
is the time.

The two unknowns (4 and T,.) can be obtained from the simultaneous solution of a pair of
equations of the form above. If the coolant mainstream and recovery temperatures are
known, equation (3) then yields the effectiveness. The conditions necessary for the valid
application of this equation are as follows: lateral conduction is negligible; the gas
temperature change can be represented by a step function; and the substrate is semi-
infinite, i.e., the TLC colour response is short compared with the time taken for the
transient thermal response to penetrate through the thickness of the acrylic model.



If the RGB response of the narrow-band TLC is used, rather than information at a single
colour, then the solution of the transient heat equation is over-determined and regression
analysis can be used to improve the accuracy of the data. The accuracy can be further
improved if wide-band TLC is employed as the temperature history can be gathered over a
greater range.

3 EXPERIMENTAL APPARATUS
3.1 FILM COOLING TEST FACILITY

set
pressure
balanced ® bypass high pressure
regulator _) air reservoir

from

COMPressors
NGV
 blade row deswirl ejector
I’"‘ X vanes
/ exhaust to
—_—
choke atmosphere
L e
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i ful}y q high pressure ® ball valve
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:J blade (either air or | —H- calibrated
. metering
¥ foreign gas) orifice plate

Figure 1: Schematic Diagram of the CHTT

The measurements were conducted in the Oxford University Cold Heat Transfer Tunnel
(CHTT). The test section of the tunnel is an annular cascade of 36 NGVs at 1.4 times
larger than engine scale, and described in detail elsewhere (Martinez-Botas et al. 1993).
The NGV instrumented with the liquid crystals and its four immediate neighbours can be
either preheated or precooled before the test begins. The tunnel is part of a blowdown
facility with the main reservoir at room temperature. The test duration is typically 3-5
seconds. The tunnel allows an independent variation of Reynolds and Mach numbers, or
equivalently the upstream and downstream pressures of the cascade can be independently
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and continuously varied. All of the results presented here are at an engine design condition
(Reynolds number and Mach number at exit of 2 x 10° and 0.96, respectively) and with a
freestream turbulence intensity and length scale of 13% and 21 mm at NGV inlet. Figure 1
is a schematic view of the facility. One of the main features is a balanced upstream
regulator which maintains a constant pressure within the tunnel while the main reservoir
pressure falls.

3.2 NGV COOLING GEOMETRY

The NGV under investigation is from the first stage turbine (downstream of the combustor)
of a modern Rolls-Royce aeroengine. The cooling configuration consists of fourteen rows
with a total of approximately 350 cooling holes. The holes are fed from one of two internal
cavities, as illustrated in figure 2. These cavities are independently supplied with coolant
s0 as to maintain the engine coolant-to-mainstream total pressure ratios. This pressure
ratio is fixed and determined by the loss in pressure between the compressor exit and vane
compared with that lost for the flow which passes through the combustor. The forward
cavity supplies twelve of the fourteen rows, a total of almost 300 cooling holes, positioned
around the leading edge, the early regions of the pressure surface and suction surface. The
rear cavity feeds two rows, a total of approximately 50 cooling holes, nearest the trailing
edge on the pressure surface.

Figure 2 : Cross-Section of a CHTT NGV having the Full Film

Cooling Geometry, lllustrating Row Positions

The NGV was manufactured on a five-axis NC milling machine from engineering drawings
supplied by Rolls-Royce. Two film cooling geometries are to be tested. The first is with all
holes cylindrically shaped. The second was with rows 1-4 and 11-14 fanned. Only the
former geometry has been used for the research presented here.

3.3 COOLANT MODELLING

The experiments were designed to model the engine situation where the coolant is at a
lower temperature, and hence more dense, than the mainstream flow. It has been
demonstrated (Teckaram et al. 1989) that this density ratio can be simulated using a heavy,



foreign gas. A mixture of SFs (30.2% by weight) and Ar (69.8% by weight) is used here
which has the same ratio of specific heats (y = 1.4) but is 1.77 times more dense than air.
By matching the total pressure ratio of coolant to mainstream, the velocity ratio and
density ratio can be made to correspond to engine conditions. Thus mass flux ratio and

momentum flux ratio are also identical. Table 1 compares operating conditions between the
CHTT and engine.

Table 1 Engine/Tunnel Comparison

Parameter Engine Tunnel
Inlet Total Pressure 32 bars 2 bars
Coolant/Main Stream 1.02 1.02
Pressure Ratio
Coolant/ Main 1.77 1.77
Stream Density Ratio
Turbine Inlet 1750-1800 K 290 K
Temperature
*Exit Reynolds 2.02x10° 2.02x10°
Number
Exit Mach Number 0.96 0.96
Mass Flow Rate 120 kg/s 38 kg/s

& Based on axial chord and downstream flow conditions

Coolant is supplied to the 36 NGVs through calibrated metering orifices as illustrated in
figure 1. Thirty-three of the vanes have a simplified coolant geometry, while three test
vanes have the full coolant geometry discussed below. Both air and foreign gas are
available as coolant from high pressure reservoirs. The gas in these reservoirs can be
preheated to satisfy thermal boundary conditions in the heat transfer experiments. Because
the external heat transfer is the subject of the study, the coolant temperature was set equal
to the initial temperature of the NGV to minimise internal heat transfer within the film
cooling holes. The coolant total temperature varied by less than 2° C over the course of the
experiment. The influence of such variation in the measurement of external heat transfer
can be taken into account (Drost et al. 1997) but with such small variation the influence
was ignored.

3.4 HEAT TRANSFER CASSETTE

Three NGVs with the full coolant configuration, and two guard vanes with the simplified
coolant geometry, have been machined from perspex and form a cassette which can be
removed from the test section. The NGVs are preheated before the experiment by isolating
four passages of the annulus with a shutter mechanism. The shutters, upstream and
downstream, are removed during the experiment once steady flow conditions have been
achieved. The tunnel requires about 1.5 seconds for an initial start-up transient to end and
steady freestream temperatures and pressures to exist through the transonic cascade. The
shutters are used to create the boundary conditions for a step-change in gas temperature.
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Figure 3 is a photograph of the heat transfer cassette. Two independently driven shutters
are used to isolate the five NGVs in the annulus. The upstream shutter seals against the
leading edge of the two outside vanes and along the inlet contraction to the NGVs on the
inner casing. The downstream shutter seals by registering along the inner casing behind the
vanes and touching the trailing edges of the two outer vanes, creating a sealed volume.
There is a difference between the outer and inner casing radii and a spring-loaded step has
been designed so that the shutter plates are able to preserve the curvature of the outer
casing when retrieved and seal against the inner casing when deployed. The springs are of
sufficient stiffness to ensure the steps restore the inner casing curvature before the shutters
arrive at the outer casing.

The shutters are driven by two pistons. The heat transfer cassette is placed in the side of
the CHTT test section (see figure 4) so that the motion of the shutters is horizontal. In
order to absorb the momentum of the shutters efficiently and without mechanical damage,
heavy-load oil dampers are coupled with the double-ended pistons. The shutter plates move
on two heavy-duty bearing-rail assemblies capable of withstanding the large forces the
shutters experience during normal operation. The large forces exist when they open during
experiment where the pressure difference across them is about 1.5 bar. The position of the
moving shutters are recorded using four miniature proximity switches. These yield
measurements of the times when the shutters leave the inner casing and arrive at the outer
casing. Thus travel times of the shutters are obtained and time markers are available to
assess any disturbances of the flow caused by their motion. To create the step-change in
gas temperature, the piston and shutter assembly was designed with the intention of
opening as quickly as possible. During actual operation, with flow through the cascade, a
travelling time of less than 100 ms was achieved.

Figure 3: The heat transfer cassette



Figure 4: Photograph showing the shutters deployed in the CHTT

As mentioned above, the enclosure is preheated. This is achieved by using a system of
pipework which re-circulates hot air. There are four air inlets to the cassette through which
the air passes into twelve internal passages within the shutter plates. By introducing the
hot air into the enclosure in this manner the shutter plates themselves are preheated,
eliminating the possibility of disturbing the temperature uniformity of the NGV surfaces by
the proximity of a cold surface.

The coolant is introduced into the cassette from a separate feed system which has itself
been preheated. The coolant flow begins as the tunnel operation starts and passes through
the NGV coolant holes with the shutters in place. The coolant operates at a constant total
temperature equal to the initial temperature of the NGV, which eliminates any internal heat
transfer and also helps maintain the surface uniformity prior to the shutters opening.

4 EXPERIMENTAL PROCEDURE
4.1 LIQUID CRYSTALS AND IMAGE PROCESSING

As discussed above, the test NGV is preheated to a known initial temperature (at all
depths) and the colour response viewed by cameras. Two wide-band crystals have been
employed, active over a 40 C range. The RGB histories are translated into temperature
histories via in situ calibration which is discussed in the next section.

To observe the colour changes during the experiment, three miniature CCD cameras are
placed inside the tunnel. Two are located upstream to view the pressure surface and
leading edge, and a third is located downstream and observes the suction surface via a
mirror mounted on a sting designed to minimise aerodynamic disturbances. The head
diameter of the cameras is 17.4 mm and each body is 60 mm long. The upstream cameras
are staggered considerably to avoid shedding a wake into the passage under study. The
lighting for the enclosure comes from both inside and outside of the cascade, the latter
through the transparent perspex outer endwall. This lighting is supplied by a series of 50
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W miniature Halogen lamps. Only data from one of the upstream cameras was used in the
results presented in this paper.

The RGB images are stored digitally, rather than the conventional method of recording the
images onto video tapes which results in a loss of image quality. A frame-grabber card is
used together with a PC holding 192 MBytes of RAM. This system is capable of recording
images at 25 frames per second for 5 seconds. The RGB histories at any pixel location
within view can then be extracted.

A typical image of the pressure surface and shower-head region, recorded with the system
during an experiment, is shown in figure 5. The outer and inner casings have been
identified. The trailing edge of the NGV is not visible in this view. The cooling footprints
downstream of many of the film cooling holes are clearly visible. The view from the
camera monitoring the leading edge gives more detail in the shower-head region. Close-up
lenses are available to gain more detail when required.

The RGB history at a single pixel, converted to hue (Gonzalez and Woods, 1993), is
shown in figure 6. Here the RGB has been scaled between 0 and | and the shutter
operating times are marked. In this example only the first 20 C band crystal has been
activated. As the camera view and lighting angles are identical to those during calibration,
these RGB values can be converted to temperature. Any of the three colours can be used
for this conversion and that which is located at its most sensitive colour-temperature
response is usually chosen. It should be noted that the colour response can not be
monitored during the first (approximately) 0.25 seconds as the shutters are opening and the
camera iris takes a short time to react to the resultant change in lighting. Consequently
part of the surface temperature history is not obtained.

\
L

A \\\\\\\\\\

Figure 5: Liquid crystal colour image during the test
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Figure 6: RGB and Hue versus time at a pixel

4.2 IN SITU TLC CALIBRATION

The thermal response of the RGB signals from wide-band crystals are sensitive to both the
lighting and camera viewing angles, which makes calibration difficult. The calibration of
narrow-band crystals is much more straightforward as the active thermal range is very
small. Different parts of the NGV subtend a range of angles at the camera. An accurate
calibration was only possible if it was conducted in situ and under identical lighting
conditions to that which will occur during experiment.
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Figure 7: Surface temperature versus Hue for a single pixel
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Such a calibration was performed by heating the NGV within the heat transfer cassette
enclosure to a uniform temperature, monitored by thermocouples around the surface. With
the shutters open, images were recorded and the RGB matched carefully to these
temperatures. As the TLC response is sensitive to viewing angle, each pixel (or area of
pixels) requires its own individual calibration for the camera used. A calibration is
performed before each experiment to eliminate any degradation of RGB response as the
crystals age. A typical calibration of 7 versus hue (for the location corresponding to the
data for figure 6 is shown in figure 7.

4.3 TEMPERATURE HISTORIES

Surface temperature history measurements around the central NGV within the cassette,
coolant temperatures within the forward and rear cavities of the NGV and the total
temperature of the mainstream are shown in figure 8. These have been recorded using
thermocouples. The following times are marked: when the tunnel begins operation, when
the coolant is introduced, and when the shutters begin and end their travel. The
temperature on the NGV surface, up to the point where the shutters are opened, is seen to
remain constant at its initial value near 55 C and is not influenced by the hot ‘coolant’ or
cold mainstream air passing through the 32 passages outside the cassette. The total
temperature of the mainstream has two initial peaks associated with compression heating
of the gas upstream of the test section. The shutters are opened once this mainstream
temperature has stabilised, and over the 3 seconds course of the experiment this total
temperature decreases by less than 1 C. The NGV surface temperature is observed to fall
rapidly once the shutters have opened.
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Figure 8: Coolant cavity and NGV surface temperature



A typical temperature history obtained using the TLC is shown in figure 9. The initial
temperature is accurately known but the first short segment of the data is missing as the
iris of the camera requires a short time to adjust to the changes in lighting when the
shutters open. A curve fit through the data of the form of equation (4), obtained by
regression, is also shown. The heat transfer coefficient around the NGV was calculated

from the fitted curve. The curve fits appropriate to a step-change response matched the
data well.

60

| —— curve fitted temperature |
| o TLC reading |

Atemper%ture (C)

o

35
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0.0 05 1.0 15 20 25 3.0 35

Figure 9: Temperature history from TLC and the fitted temperature curve

5 EXPERIMENTAL RESULTS AND DISCUSSION

Figure 10 illustrates the isentropic Mach number distribution measured around the
midspan on the pressure and suction aerofoil surfaces with film cooling in operation.
Similar data is available at 10 and 90% span. The local mainstream recovery temperature
T, is calculated from an interpolation of these Mach numbers, the upstream total
temperature and a recovery factor based on the Prandtl number to the third power.

The cooling effectiveness is plotted against fraction of surface distance along the midspan
streamline in figure 11. These measurements have been averaged over areas which cover
the width of three film cooling holes and thus give a spanwise average effectiveness. The
maximum resolution for the image processing system and from the camera position used in
the experiment was over 50,000 points. The data in figure 11 has been averaged over a
region of 120 square pixels. The vertical lines in the figure (and in those figure following)
are the positions of the film cooling holes. The effectiveness is seen to reach local peaks
downstream of each film cooling row, though not necessarily immediately downstream,
indicating that films may be lifting off the surface. Liquid crystal data is only presented on
the pressure surface between rows 2 and 7 (see figure 2). In future, data will be available
from the leading edge and downstream camera views and the entire surface will be covered.
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The heat transfer coefficient around midspan is shown in figure 12. Here the heat transfer
coefficients for the solid blade (i.e., no film cooling) are plotted for comparison (Martinez-
Botas et al. 1995). The ejection of coolant into the turbulent boundary layer generally



increases the heat transfer coefficient with some significant local increases in regions
downstream of the cooling rows, as would be expected. The heat transfer coefficient is
seen to obtain maximum between the film cooling rows at positions which coincide with
those of maximum effectiveness. Again this indicates that some of the films may be lifting
off the surface and impinging downstream of the rows. Away from the influence of the film
cooling, the heat transfer coefficients fall to those levels obtained without film cooling.

To illustrate the detail available from the TLC data, figure 13 show the heat transfer
coefficients and film cooling effectiveness span-wise across five holes, rather than the
average across this area. The detailed area (50 pixels in width) is marked in the figure.
Figures 13 show clearly the peaks along streamlines aligned with the centre-line of the
holes and the regions of low effectiveness and heat transfer coefficient between them. It is
notable that the variations in peak height are similar in the plot. These spanwise variations
in effectiveness are important to the engine designer since they provide information about
the magnitude of local metal temperature gradients on the NGV, ultimately leading to
calculations of thermal stresses. Further analysis will provide detailed data everywhere on
the wetted surface in view of the camera.
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6 CONCLUSIONS

The transient liquid crystal technique has been used to measure the heat transfer coefficient
and cooling effectiveness over the midspan of a heavily film cooled nozzle guide vane. The
measurements were performed in a transonic annular cascade at engine-representative
Mach and Reynolds numbers. The RGB components of the temperature response of two
wide-band crystals have been recorded directly onto computer without the use of video
tape, and matched to a surface temperature from an in situ calibration at each pixel
location on the NGV. A regression method, based on curve fits appropriate for a step-
change boundary condition, has been used to obtain the data from the measured surface
temperature histories. The data compares well with measurements made without film
cooling present. Data is presented along the midspan of the pressure surface and some
examples of the detailed data off the NGV midspan are presented, demonstrating the
powerful advantage of this measurement technique over thin film gauges.
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Paper 20
Author: Guo et al

Q: Leboeuf

The RGB calibration curve seems to give two values of temperature for one value of RGB. How do you
distinguish between the two temperatures 7

A: Two wide-band liquid crystals were used in the experiment. The first was active between 55 to 35C, and the
second between 40 to 20C. In the experiments the test NGVs were preheated to a temperature at the top of the
higher band. The gas temperature was always ambient and hence the NGV surface always cooled during the
short duration of the experiment. This cooling was recorded at 25frames/second and hence the cooling could be
followed and it was clear which liquid crystal band was active at any time.

Q: Weigand
How accurate is your temperature measurement using liquid crystals ?

A: The double wide-band liquid crystals were calibrated in situ in the heat transfer cassette under identical
lighting and camera viewing angles to those used during the experiment. The recorded hue at each pixel
location was matched to the nearly uniform surface temperature (in steady state) which was obtained from 10
surface mounted thermocouples around the NGV. The calibration was conducted immediately before and after
the test. Such a calibration reduces uncertainty associated with variations in the recorded hue with viewing the
lighting angles. Thus the error in temperature arises from the uncertainty in the calibration of hue versus
temperature and also the accuracy with which the hue was determined in the test. The former was
approximately +0.1 C and the later +0.4C giving an estimated error of +0.5 C.
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Surface Temperature Measurement In Turbines

C Bird, J E Mutton, R Shepherd, M D W Smith and H M L Watson

Rolls-Royce Commercial Aero Engines Ltd, P O Box 31, Derby, DE24 8BJ, UK

1 SUMMARY

This paper reports on some of the turbine surface
temperature measurement techniques and
instrumentation currently in use and under
development in Rolls-Royce. Firstly, thermal paints
are reviewed highlighting the development of new
computer aided analysis and interpretation techniques.
Thin film thermocouples are described with their
applicability to gas turbine engine components,
especially those with thin skins. Finally, the novel
technique of photoluminescence thermometry using so-
called “thermographic phosphors” is described.
Examples of measurements on static engine
components and developments for measurements on
rotating turbine blades are given.

2 INTRODUCTION

Future gas turbine engines will have higher component
and gas temperatures in order to increase their thermal
efficiencies. In order to achieve this, new designs and
materials including ceramics and thermal barrier
coated components will be increasingly employed.

Accurate  temperature  measurement of these
components is needed in order to validate the computer
models used for their design and to determine the
expected life of these components during operation.
Accurate models are a prerequisite for cost effective
engine development programmes helping to ensure that
new designs conform to the ever more stringent safety
and environmental regulations.

Currently, temperatures of components in gas turbine
engines are measured in a variety of ways. Thermal
paints give a “one shot” temperature map of most of
the required engine components at one operating
condition. However, at present the interpretation of the
results can take a long time. Conventional, surface
mounted thermocouples are approaching their limit of
serviceability at the higher operating temperatures,
especially on high speed rotating components, and
bonding to the new materials can prove problematic.
Additionally, the signal lead-outs on rotating
components can be unreliable and expensive to install.
Radiation pyrometry can be used in gas turbine
engines, but accuracy can be severely compromised, for
instance by the lack of knowledge of the component

emissitivity and reflected radiation, especially from the
combustor.

Novel instrumentation and analysis techniques are
being developed in order to provide accurate and cost
effective component temperatures. These techniques
include:

o the automation of the analysis of thermal paints;

¢ the replacement of conventional surface mounted
thermocouples with thin-film devices offering the
potential for lower acrodynamic drag and high
bonding reliability; and '

o thermographic phosphors which have the potential
to provide “non-contact”, accurate temperature
measurement on the new materials in close
proximity to the combustor without errors resulting
from reflected radiation.

3 THERMAL PAINTS
3.1 Background

Engine development at Rolls-Royce has, since the late
1950's, involved extensive use of thermal paints to
establish temperature profiles of combustion and
turbine components.

Early techniques involved the use of proprietary paints
obtained from Thermindex in Great Britain, Faber
Castel in Germany and the Temple Corporation in
America. However, most of the paints used only gave a
single temperature  indication. Therefore,
combinations of paints had to be used to obtain
temperature profiles e.g. five different temperature
paints on five turbine blades of the same standard to
yield a composite result with five temperatures.

Meaningful information could therefore be obtained
from rotating components but a large sample was
required to generate the results. Problems with paint
adhesion to the pressure surfaces of blades were also
experienced. However, this approach could not be used
on static components such as combustor hardware or
nozzle guide vanes where a multi-change thermal paint
was required to provide full profile information.

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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In the mid 1960's, Rolls-Royce commenced the

development of a range of multi-change paints to meet | PAINT [ USE LIMITATIONS
the growing needs of the RB211 development | TYPE
programme. All of the early HP nozzle guide vane and | TP5 Nozzle Guide Vanes, [ None on a short
HP turbine blade cooling programmes relied heavilyon | TP 6 Turbine Blades, | dedicated test.
the information gleaned from the first two multi- | TP 11 Combustor  (Internal),
change high temperature thermal paints, TP5 and TP6. Discharge Nozzles,
These early tests were often marred by the loss of paint Burners, Variable Area
due to erosion on the leading edges and pressure Nozzles.
surfaces of vanes and blades; the blades being | TP12 Combustor  (Internal), | Prone to flaking
especially affected. Discharge Nozzles,
Burners, Vanes and
Over the years, development has continuously taken Bladess and limited
place to improve the range, quality and strength of the running conditions.
paints. On a 3 minute thermal paint engine test, a | TP8 Turbine Blades, | Extended  running
100% paint coverage can now be confidently expected. Casings, Support | leads to bleaching.
Structures, Jet Pipes,
3.2 Current Use Thrust Reverser Units
TP9 Combustor (External), | Subject to
Rolls-Royce uses several types of paint and the current | TP10 Discharge Nozzles, | detrimental  effects
standard range is shown in Table 3. The paints are Discs, Blade Shanks, | from gas
normally calibrated for 3, 5, 10, 30 and 60 minutes Gas Leakage Detection | contamination, can
using painted coupons at 10°C increments. A cause metallurgical
calibration is illustrated for paint TP8 in Table 1. interactions (Ti
Some examples of the use of the different thermal specifically)
paints are given in Table 2. Single- | Casings, Supports, | Time consuming to
Change | Discs, Tail Bearing | interpret, less
Calibration Time (Mins) Housing, Bolts, | accurate in
Code |Colour |} [2 |3 |5 10 130 |60 Accessories, Low | providing an overall
N Light 440 440430430420 (410|400 Temperature Areas, | pictorial result.
Mauve Thrust Reverser Units
T Fawn 550|540 530(530{520] 500 [ 480
P Blue 640 16201610 1610 1600570 | 560 Tab.le .2 - Examples of Use of Temperature
G White | 790|780 | 770 760 | 750 | 740 720 | 1ndicating Paints
M Il;'lil:li:lght 880|870 | 860 | 850 [ 840 | 820 | 810 Paint Type Range (3 mins) Noof
Y Matt 940 [ 920910 | 900 [ 880 | 860 [ 840 Change
Black Points
R |Black |950]930|930920910]890]870]| IF> 510-1110°C 7
Glaze TP6 550-1180°C 7
TP8 430-930°C 7
TP9* 470-1170°C 9
Table 1 - Calibration of Paint TP8 TPIO 280-1050°C 10
TP11 480-1020°C 8
(All calibration data are in °C. Temperatures quoted ?:1121@ ch 530-1090°C Z
for 1 and 2 minutes duration are based on a computer ng ange | 130-580°C

curve fit from actual recorded values).

* Not suitable for combustion gas environments.

Table 3 - Current Range of Temperature Indicating

Paints




The main attraction of using thermal paints is the
ability to obtain a global temperature profile of the
component under test. Achieving this level of detail
using more conventional techniques would be
extremely difficult.

The main limitation is associated with the effect of
running times on the calibration accuracy and overall
quality of the paints. To achieve good results a
dedicated test must be carried out and the time at
maximum condition be limited to 3 or 5 minutes.

Because of the high costs associated with an engine
disassembly required for a dedicated thermal paint test,
development of boroscope interpretation of thermal
paints is currently being carried out. However, the
quality of information obtained from a dedicated
thermal paint test is such that it has always been a firm
policy to continue with this dedicated testing in the
authors’ Company.

Increased engine temperatures and the use of non-
metallic  components have  necessitated  the
development of paints with higher temperature ranges.
The current development paints have a temperature
capability of around 1380°C and high temperature
paint development work continues.

3.3 Digital
Thermal Paints

And Automated Analysis Of

3.3.1 Background

The widespread use of thermal paints in Rolls-Royce
with large sections of the engine painted in dedicated
engine runs leads to large transient workloads.
Thermal paints provide data from large surface areas of
the engine. This means that the analysis and
interpretation process is very labour intensive with
consequent long turn around times. In addition, the
manually interpreted data is not in a form which is
easy to transfer to the 3D temperature/structure
analysis packages currently used. A system that
automates part or all of the process would drastically
reduce interpretation time and speed manipulation of
the temperature data ready for input into thermal
models.

Paints appear coloured'” by selectively scattering
different wavelengths of the light incident on the
surface. This is illustrated in Figure 1.
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Figure 1 - Light reflection of pigmented dielectric
materials

In this model the pigment containing particles are
embedded in the surrounding medium. These particles
are the bodies responsible for the characteristic colour
of the paint. The surrounding medium is considered
colourless and only contributes to the appearance of the
surface by dielectric reflection. This reflection is
governed by the refractive indices of the air and the
dielectric medium. In general, these refractive indices
are not strongly dependant on the wavelength of the
light, so the surface reflection will have the same
colour as the incident light, generally white. The
colorant particles do not contribute to this as they are
evenly distributed in the media and not present on the
surface in significant quantities. This surface
reflection is unwanted as it contains no information on
the paint colour. Indeed, for some incident angles
when a paint glaze occurs, this reflection can become
dominant for surface illumination and viewing angles
that conform to the reflection laws.

At present, analysis techniques rely on the manual
interpretation of paint colour. This will be strongly
influenced by the characteristics of the human eye and
visual interpretation of the image by the brain. In
general this is strongly biased towards edge detection

and difference detection. This is because the human

eye is capable of detecting subtle colour changes when
the colours are in close proximity, but very bad at
absolute colour perception. Thus thermal paints have
“change points” where the colour/luminance value
changes rapidly. This yields an isotherm which at
present is marked out manually.
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The present work on automating the thermal paint
analysis process relies on either:

I. Reading in isotherms from components that have
been marked out manually.

II. The direct interpretation of thermal paint colours
into temperatures. :

Method 1. still requires the manual identification of
each isotherm line with a temperature. Method II. is
more challenging, but has greater rewards. The current
approaches to this problem of direct interpretation
differ from the way the human/manual interpretation
method operates. These have relied on interpreting the
absolute colour values of the surface and, for a specific
camera, red (R), green (G) and blue (B) values are
generated. To maintain consistency between images,
control and compensation of the illumination are now
required.

It is interesting to note that thermal paints have
developed to have sharp colour-value change points,
which may not be necessary for automatic digital
interpretation of thermal paints. The digital
interpretation technique does not rely on sharp colour-
value change points and so paints could be developed
to exploit this.

3.3.2 Illumination

Both analysis methods requite control or compensation
of illumination and some examples are shown in
Figure 2. Some methods rely on light boxes, in which
the 3D component is located, to provide a uniform
illumination ( Figure 2 (a)). Another approach
involves viewing the surface at a normal angle with the
light source illuminating this area at 45° (Figure 2 (b)).
For cylindrical type components, for example turbine
blades and combustors, the cross section is relatively
constant. The imaging can be performed using a line
scan camera. However, compiex 3D shapes would
require data to be recorded normal to every point on
the components’ surfaces. A further approach is to
provide consistent known illumination which is not
necessarily uniform. This should reduce shadows to a
level where compensation can be applied (Figure 2 (c)).

3.3.3 Direct Thermal Paint Colour Interpretation

The ‘digital' interpretation of thermal paints must
contend with the above difficulties, but the image
consistency is much more critical. Calibration cards
with reference white and dark patches are required to
normalise acquired images to a known standard and to
correct for colour casts.

a) light box illumination

object ./ [

camera

- QQ y

b) 45 degree illumination

camera

light

¢) normal illumination

:

Schemes a) and c) are susceptible to surface reflections
or ‘highlight' type reflections.

Figure 2 - Illumination Schemes
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The colour curves of a thermal paint are shown in
Figure 3. It can be seen that these curves are complex
and multivalued which can lead to ambiguities. This
poses difficulties in assigning temperatures to sections
of those curves as more data must be obtained for each
condition to provide a sufficiently accurate digital
calibration of the paint. Note that thermal paints are
affected by pressure and gas composition, especially
combustion gases.



The Rolls-Royce Thermal Paint Laboratory is pursuing
a programme to develop this technology and has
already developed a Thermal Paint Analysis System
which uses a 2D approximation and neglects
illumination corrections. The capabilities of the system
are:

s Normalisation and initial processing of
images.

e Colour data acquisition against temperature
for:
- room temperature (atmospheric)
calibration coupons
- engine run components with known
temperature distributions

e The manipulation of this data to give colour
versus temperature calibration files for
each condition.

o The interpretation of normalised images
with this calibration file to give a
temperature array/image.

An example of a painted turbine blade heated in the
laboratory is shown in Figure 4.

3.3.4 Future Work

Future Work will extend this technique to produce a
genuine 3D system that establishes a mapping between
the 2D colour image and the 3D CADDS image. This
mapping will allow for different views of the

component and incorporate correction for the
illumination.
The relationship between paint colours and

pressure/atmosphere conditions will be investigated.

To take advantage of the differences in analysis of this
system over the manual method a “digital thermal
paint” is also being developed, using the lessons learnt
from the 2D work.

4 COMPONENT SURFACE TEMPERATURE
MEASUREMENT USING THIN FILM SENSORS

4.1 Background

During engine testing it has been common practice to
measure the component temperature using surface
mounted thermocouples to validate advanced
combustion and turbine cooling designs and thermal
barrier coatings.

21-5

Figure 4 - Digital Interpreted Engine Component.

TPS Digital Analysis

On air washed surfaces the conventional method would
involve machining a groove in the component to bury a
small diameter NiCr/NiAl (Type-K) mineral insulated
thermocouple cable. The cable would be ¢$0.3 mm and
the slot 0,45 mm deep and wide. The slot would be
filled with a Ni based vacuum furnace braze if possible
or with a NiAl alloy flame spray. The excess would
then be ground off to produce a smooth surface finish
to cause minimum disturbance to the air flow.

However, the grooves cause problems with the
stressing of the component and alter the heat transfer
through the component. This limits the number and
locations where sensors could be installed. The
temperature measurement may be inaccurate since the
measuring point is below the component surface and
surrounded by a large thermal mass. Several research
blade designs have also had thin section walls where
the application of these thermocouples would be
impossible.

4.2 Thin Film Development
An alternative technique is to use a physical vapour

deposited thin film sensor. Previous work conducted
for Rolls-Royce has demonstrated thin film platinum
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resistance grids up to 800°C. Also, a limited amount
of work on Pt-Rh/Pt thermocouples to 1200°C has been
performed. This was on a thin skinned component
where the use of conventional wire thermocouples was
not possible. Figure 5 shows a thin film sensor array
deposited on a thin skinned nozzle guide vane.

Figure 5: Pt resistance temperature sensor array
on thin skinned nozzle guide vane

A further step was taken in a Brite Euram funded
European Collaborative research programme’. This
demonstrated thin film thermocouples of Platinum
Rhodium/Platinum and Platinel types on Ni based
super alloys to 1000°C using a NiCoCrAlY plus
thermally grown oxide insulation system.

The intended technique would prepare the component
surface by polishing prior to depositing an electrical
insulating thin film layer over the whole component.
The components would then be prepared for the
formation of the sensor patterns using a "lift off"
patterning technique or a physical mask depending on
the size and definition of the pattern required. For the
"lift off" technique, a photoresist material would be
applied to the component and then exposed to
ultraviolet light through a contacting mask. On
development of the photoresist the required pattern
would be defined on the surface of the component. The
first leg of the sensor would be deposited onto the
component. When the photoresist is removed the
excess material is lifted off leaving the required pattern
on the component. The second leg would then be
applied using the same method.

The insulator and sensor material coatings would be
applied using a vacuum deposition magnetron
sputtering technique from ‘'targets' of the required
materials. The ability to achieve good electrical
insulation at the measuring temperatures is one of the
most challenging areas of this technology.

Connection to the films have been made by a number
of methods, including parallel gap welding of lead-out
wires.

Problems experienced have included the differences in
EMF between films and standard tables, due to
differences between bulk and film properties, and
adhesion of the sensor materials to the component.
Annealing of the deposited thermocouples in a neutral
gas allowed the achievement of sensitivities as high as
97% of the bulk values. The difference between film
and bulk properties may necessitate a 3, or perhaps a 4,
lead output so that compensation can be made for the
Jjunction temperature.

In addition thermal ageing of the thermocouple due to
inhomogenities result in changes in EMF versus
temperature curves. This may include a change in
composition by selective oxidisation or environmental
contamination. This was found to be a problem with
the Platinel thermocouples in particular. Thus it is
necessary to protect the sensors in contact with the air
from oxidation at high temperatures.

Rolls-Royce has established an in-house facility to
produce thin film sensors and has recently started its
own development of thin film thermocouples of
Platinum-Rhodium/Platinum for turbine applications.
Future developments may include the development of
sensors for components with thermal barrier coatings
where the conventional method of buried mineral
insulated cables produces a poor yield of satisfactory
SEnsors.

5 REMOTE THERMOMETRY USING
THERMOGRAPHIC PHOSPHORS

5.1 Background

Photoluminescence thermometry using so-called
“thermographic phosphors" is an emerging optical
non-contact surface temperature  measurement
technique which promises to overcome many of the
traditional problems of radiation pyrometry. The
technique uses the optical properties of thermographic
phosphors which consist of high temperature
crystalline materials doped with rare earth metals. The
resulting high temperature photoluminescent materials
absorb light at one wavelength, usually ultraviolet
(UV) and emit light at a longer wavelength, usually



visible. If the phosphor material is illuminated using a
pulsed UV light source at a suitable wavelength, the
phosphor will emit a pulse of light which decays
exponentially in time. Many phosphors exhibit a rapid
variation (generally a decrease) of decay lifetime with
temperature. Such materials may be suitable for
accurate temperature determination of a phosphor
coated surface by calibration of the luminescence decay
lifetime with temperature.

Fibre optic and optical non-contact methods have
demonstrated numerous advantages of over existing
instrumentation. Amongst these, immunity from
electromagnetic interference, electrical isolation, non
intrusiveness of the measurement, freedom from lead-
outs and increased capability have lead to a rapid
increase in the use of optical and laser based
techniques. Luminescence decay time thermometry
offers several potential advantages over existing
surface  temperature  measurement  techniques
commonly applied to gas turbine engines.

Bonded on and embedded thermocouples can achieve a
good accuracy of around 1% at temperatures in excess
of 1000°C and can measure temperatures in areas
inaccessible to line of sight instruments. However,
leadouts can be difficult and unreliable, especially on
rotating components where slip rings or radio
telemetry are required. Bonding to ceramic and
composite surfaces can be problematic and many
thermocouples may be required to provide the required
coverage of measurements.

Radiation pyrometry offers a much simpler installation,
requiring only line of sight access. It can have a fast
speed of response (less than lus) and a reasonable
temperature resolution (of the order of a degree
Celsius) and can produce measurements for all blades
in a turbine stage from the single instrument. However,
knowledge of the surface emissivity is required and
variations in this can produce significant errors,
particularly with ceramic surfaces where emissivity can
be low and variable. Radiation from hot particulates in
the gas stream produces very low signal to noise ratios
and can cause problems in signal processing. Reflected
radiation from nearby objects (such as the combustion
chamber) and attenuation of radiation due to
contamination of optics and atmospheric absorption
can produce large errors which are difficult to quantify.
The resulting measurement may therefore offer a high
resolution but often a large uncertainty (possibly up to
+ 30°0). The technique is only suitable for
measurement of high temperatures, having a lower
limit of around 600°C when using a silicon detector.

5.2 The Luminescence Technique

The luminescence thermometry technique does not
require measurement of absolute intensities as with
radiation pyrometry. As such it should prove immune
to signal attenuation and spurious reflections as long as
the shape of the decay curve can be resolved. The
resulting technique therefore promises a relatively
simple installation similar to radiation pyrometry but
with a high unbiassed accuracy similar to
thermocouples.

A number of systems based on luminescence decay
lifetime variation have been reported over the past
several years. Several systems which utilise a sample
of phosphor encapsulated onto the end of an optical
fibre have been reported by Grattan et al % These
have exhibited good sensitivity and repeatability up to
800°C, and systems are commercially available. Work
on remote non-contact thermometry has been carried
out by several groups’-!! at Oak Ridge and Los Alamos
National Laboratories, EG&G Energy Measurements,
Allison Engine Company and the Ontario Hydro
Research division. Most notably, measurements were
performed at high temperatures on a Pratt & Whitney
first stage nozzle guide vane in an operating gas
turbine”®, and on a coupon in an atmospheric burner
rig!® Measurements have been performed at ambient
temperatures on a turbine disk in a spin pit and an
electrical power generator rotor!! and signals were
observed from coated turbine blades during non-fuelled
windmilling of a gas turbine!2.

The phosphor intensity generally becomes weaker at
higher temperatures as well as having a faster decay
time. For a particular system the maximum
temperature capability is therefore reached when the
luminescence signal becomes too small compared with
the collected blackbody radiation and other spurious
signal sources. Decays have been measured in the
laboratory? up to 1600°C and to around 1100°C in gas
turbine environments!%13 and the technique is equally
suitable for cryogenic temperatures.

53 Luminescence Development

A system is being developed at Rolls-Royce with the
aim of accurately measuring turbine blade surface
temperatures. The system uses a Nd:YAG laser
operating at 266nm (UV). It is coupled into a fibre-
optic which transmits the excitation pulse to a probe
similar in construction to that used in radiation
pyrometry. The laser pulse is projected onto the
turbine blade which is coated with the phosphor
material. The visible luminescence signal emitted by
the phosphor is collected by the probe and transmitted
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by a fibre-optic to detection and data acquisition and
analysis equipment.
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Figure 6: Decay lifetime variation with
temperature of YAG:Tb phosphor.

Figure 6 shows the decay lifetime variation with
temperature measured from YAG:Tb phosphor up to
1050°C using this instrument. Figure 7 shows
residuals from a fit to this data. Note that the laser
stimulation in this case was 355 nm. The instrument
has been demonstrated on a thermal barrier coated
nozzle guide vane shown in Figure 8 in an operating
engine. The phosphor was applied using a chemical
bonding technique and survived for long periods (a few
hundred hours) on the guide vane.

Application of the technique to a rotating turbine blade
measurement requires the consideration of several
additional factors. The optical probe must have an
extended field of view to allow observation of a wide
range of decay lifetimes in order to provide the
instrument with sufficient temperature range. The
phosphor must be sufficiently bright and the decay
lifetime must also be shorter than the transit time of
the blade through the field of view. Work is
continuing to address these issues and apply the
technique to a turbine blade in an operating gas
turbine.
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Figure 7: Residuals from polynomial fit to YAG:Tb
decay lifetime.

Figure 8: Phosphor coated nozzle guide vane used in
engine testing.
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Q: Pink
For thermally-painted combustors, how long would they typically be run in order to access colour changes ?
A: Usually for a combustor tested in an engine, the standard run time of 3 minutes at condition would be used.

Time calibration of the points, however, allows running for up to 20 minutes at condition for use in combustor
rigs where it is necessary to run for longer to allow other measurements (e.g. emissions analysis) to be made.
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Effective Spectral Emissivity Measurements of Superalloys and YSZ Thermal Barrier Coating at ngh Temperatures Using a
1.6 um Single Wavelength Pyrometer

Sami Alaruri, Lisa Bianchini, and Andrew Brewington
Allison Engine Company, Rolls-Royce Aerospace Group,
Box 420, M/S WO03A, Indianapolis, IN 46206-0420, U.S.A.

1. SUMMARY

A method employing an integrating sphere and a single
wavelength (1.6 pm) pyrometer for measuring the spectral
effective emissivities of superalloys in the temperature range
(~650-1050°C) is described. The spectral effective emissivi-
ties for five superalloys, namely, MARM-247, MARM-509,
CMSX-4, Inconel-718, N-155, and two René-N6 samples
coated with YSZ thermal barrier coating were measured. Cor-
recting the pyrometer measurements for the variations in the
object emissivity would reduce the uncertainty in the tem-
perature measurements to <+1%.

2. INTRODUCTION

Single wavelength pyrometers are used extensively as a diag-
nostic and health monitoring noncontact temperature meas-
urement tool in the development and research of advanced
high-temperature military and commercial gas turbine engines
[1]. In addition, these intensity-based IR sensors are widely
used for gathering noncontact temperature measurements in
petrochemical, material processing, and laser-machining in-
dustries [1]. In contrast with the widely used temperature
sensors, namely thermocouples, pyrometers have several ad-
vantages over thermocouples. First, the absence of wires
makes pyrometers attractive for noncontact surface tempera-
ture measurements of rotating parts (i.e., blades). Second, the
temperature measurements gathered using pyrometers are
immune to the electromagnetic interference generated from
the surrounding environment. Third, temperature measure-
ments can be collected nonintrusively and without perturbing
any of the system parameters (i.e., gas flow patterns).

In spite of these advantages single wavelength radiation ther-
mometry instruments (i.e. single wavelength pyrometers)
suffer from three major problems:

1. Inferring the object temperature from the spectral ra-
diance measurements without knowing the emissivity
of the object at different temperatures.

2. Correcting temperature measurements for the extrane-
ous reflection and emission components (i.e., back-
ground radiance) that can be produced by flames,
walls, or particles in the field of view.

3. Correcting for the attenuatjon of the optical signal due
to the variable transmissivity of the optical path.

To circumvent some of these problems multiwavelength [1,2]
and reflectance (1] pyrometers were developed. Despite the
several advances in the development of these instruments in
recent years, measurements gathered using these instruments
lack accuracy, especially when used in flame environments
for viewing low emissivity (i.e., high reflectivity) components

such as ceramics [1]. In view of these difficulties, the development
of algorithms for correcting the measurements gathered using py-
rometers for the emissivity variations and the contribution due to
the reflected radiation components was deemed necessary.

In the work herein, a practical method for determining experimen-
tally the effective spectral emissivity of engine components at high
temperature using a single wavelength pyrometer is described.
Emissivity measurements pertaining to Ni, Co, Ni-Fe, and Ni-Co-
Fe based superalloys and yttria-stabilized zirconia (YSZ) thermal
barrier coating (TBC) are discussed. In addition, an error analysis
for the collected measurements is piesented.

3. EXPERIMENTAL

The spectral effective emissivity for selected superalloys, namely
MARM 247 [3], MARM 509 [3), CMSX-4 [4], Inconel 718 (3],
N155 [3], and YSZ TBC deposited on René-N6 superalloy (coated
with a thin layer of platinum aluminide [PtAl] bond-coat) was
examined in ajr over the temperature range ~650 to 1050°C. The
TBC layer was applied to the PtAl bond-coat using an electron
beam physical yapor deposition (EB-PVD) technique. As illus-
trated in Figure 1, a disc (~2 cm in diameter) made from the alloy
under investigation was instrumented with two type K thermocou-
ples (nickel-chromium versus nickel-aluminum alloy). The sensing
ends of the two thermocouples were spot welded into the center of
the disc. In the case of the YSZ TBC disc the sensing ends of the
two thermocouples were adhered to the center of the sample using
ceramic cement (Ceramabond 569, Aremco Products, Inc.). For
commercial type K thermocouples a calibration tolerance of $0.4%
is specified over the temperature range 0-1250°C by ASTM stan-
dards. Furthermore, a block of metal was spot welded to the back
of the disc to ensure the generation of.a quasi-isothermal surface
area. The surface area of each superalloy disc was roughened be-
fore instrumenting the disc with thermocouples using a fine sand
blaster. To prevent the infrared radiation generated from the sur-
rounding environment from interfering with the collected signals,
the disc was mounted at one of the open-ends of a 30 cm long
alumina tube (~4.6 mm wall thickness). The other open end of the
alumina tube was coupled to the entrance port of an integrating
sphere (Newport-P/N 819-1S-2). The integrating sphere inner sur-
face is coated with a Spectralon, which has a 0.991 reflectance (p)
at 1.6 um (8 deg hemispherical) {5].

It is worth noting that the integrating sphere was introduced to the
measurement setup to ensure the nonlambertian radiant flux emit-
ted from the surface area of the disc [6] is transformed into a cir-
cular lambertian source at the exit port. During all experiments the
monolithic thermoplastic integrating sphere was air cooled by
blowing air at the surface area facing the furnace to maintain the
thermal stability of the sphere. By placing the disc and the iso-
thermal block inside a three-zone furnace (Lindberg, model
55347), the photons emitted from the surface area of the coupon at
different temperature settings were measured. The temperature of

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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Figure 1. Schematic Diagram of the Experimental Setup Used for Measuring the Effective Spectral Emissivity of the Superalloys and
the YSZ Samples Using a Single Wavelength (1.6 pm) Pyrometer.

the three-zone furnace was controlled via a programmable
temperature controller (Eurotherm model 818). Further, the
analog output of the pyrometer amplifier-filter module and
the readings of the two thermocouples were monitored using
a data acquisition system (HP 75000 B) equipped with 16-
channel thermocouple and high-voltage relay multiplexer
cards (HP E1345-66201). During each data collection cycle
the data acquisition system was programmed to calculate the
average of ten readings for each channel. Additionally, the
standard error was calculated for each measurement.

A commercial pyrometer system (Land Turbine Sensors, Inc.,
Type 699.057) consisting of three major components, collec-
tion optics, detector, and data acquisition electronics, was
used to measure the throughput of the integrating sphere. All
measurements were gathered with the pyrometer emissivity
setting set at 1.0. Before any measurements were collected,
the pyrometer system was calibrated with respect to a black-
body cavity (Mikron-model 330). The blackbody cavity was
heated with molybdenum disilicide elements and the tem-
perature of the cavity was monitored using a platinum B-type
thermocouple. The accuracy of the blackbody was rated at
10.25% of the 1 digit for temperature readings above 600°C,
whereas the emissivity of the cavity was rated at 0.9901+0.005.
Figure 2 depicts the calibration curve of the instrument used
in this work.

As shown in Figure 1, the radiant flux emitted from the
heated disc was collected and coupled into a bundle of 200 u
m core-diameter waveguides by means of a short focal length
sapphire lens (/=12.5 cm). Radiation emerging from the distal
end of the waveguides was coupled into a InGaAs detector.
By placing a band-pass filter in front of the detector, the out-
put of which was fed into an amplifier-filter module for signal
processing, the spectral response of the detector was restricted
to a 75 nm spectral band centered at 1.6 um.

4. RESULTS AND DISCUSSION

Using least-squares linear regression analysis, a functional rela-
tionship expressing the temperature of the blackbody cavity as a
function of the pyrometer spectral radiance temperature was cal-
culated. The calculated functional form illustrated in Figure 2 is
given by

Tpp=(1.012£0.005)T; - 17.400+2.462 )

where Tgp is the temperature indicated by the blackbody cavity
and T is the spectral radiance temperature indicated by the py-
rometer. The calculated coefficient of determination (r2), the stan-
dard deviation of the slope, and the standard deviation of the inter-
cept were 0.999, +0.005, and +2.462, respectively.

Next, the calibrated pyrometer was used to measure the spectral
effective emissivities for each alloy over the temperature range ~
650-1050°C. The relationship expressing the effective spectral
emissivity in terms of the pyrometer spectral radiance temperature
and the temperature of the alloy as indicated by the thermocouples
(Equation 5) is deduced from the arguments that follow.

The spectral radiance (sterance), L(A,T), of a blackbody radiator
(i.e., emissivity = 1) at temperature T is described by Planck's
equation

L\, T=(2hc2)r=5/[e(he/AKT)_y @

where h is Planck's constant, ¢ is the speed of light in vacuum, A is
the wavelength in meters, k is Boltzmann's constant, and T is the
absolute temperature of the blackbody in degrees Kelvin.

In the case of a greybody (i.e. emissivity <1) the output signal of
the pyrometer system, ¢ (A, T), may be expressed, as a first order
approximation, as [7]

O, D)=¥e( Dl greybodyT) ()
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Figure 2. Calibration Curve for the Pyrometer Used in this Work. The Solid Line Represents the Straight Line Calculated Using the
Calibration Measurements.

where Y is the instrument constant and (A, T) is the effective
spectral emissivity of the greybody at a given temperature and
spectral band width. Further, the emissivity depends on sur-
face quality and geometry of the object. The instrument con-
stant, ¥, which appears in Equation 3 is generally evaluated
in terms of the path transmittance (t,), the detector detectivity
(D*), the detector effective area (Ay), the spectral band width
of the system (A%), and the solid angle subtended by the de-
tector ().

Likewise, the output signal measured for a blackbody by a
pyrometer may be represented as

(A, T)="YL(A.T) )

From Equations 2, 3, and 4 the effective spectral emissivity of
the greybody can be written as

e T)=el(1/T-1TH)Co/M)] )
where the value of C; is 14,388 um K, the value of A is 1.6 u

m, T is the temperature of the greybody as indicated by the
thermocouples, and Ty is the spectral radiance temperature

indicated by the pyrometer. Consequently, the temperature of -

the greybody can written as
T=(MCy Ln gL, T)+1/Ty)"! (6)

It is worth noting that the derivation of Equation S implies the
replacement of Planck's law (Equation 2) by Wien's approxi-

matijon, which is valid for short wavelengths and low temperatures
(i.e., Cy >> AT). Wien's approximation introduces an error of the
order of 0.1% and does not affect the correctness of the results
significantly.

By employing Equation 5 and utilizing the temperature measure-
ments, the effective spectral emissivities for the alloys noted previ-
ously were determined experimentally. The results are presented in
Figures 3, 4, 5, 6, and 7. The solid line in each graph depicts the
calculated empirical fit using the relationships listed in Table I.
The calculated coefficients of determination for these empirical fits
ranged between 0.90 and 0.85. Table I also tabulates the elemental
percentage weight composition, the calculated average effective
spectral emissivity, and the standard error of the emissivity meas-
urement for each alloy. Since the standard deviation of the emis-
sivity measurements did not exceed £5%, it can be assumed as a
first order approximation that the emissivity for each alloy was
constant over the temperature range ~650-1050°C.

By comparing the measured average effective spectral emissivities
for CMSX-4 (¢=0.80610.003), MARM-247 (£=0.817+0.002), and
Inconel-718 (e=0.853£.009) as a function of the percentage weight
concentration of Ni, it can be seen that the value of the spectral
effective emissivity increased with the decrease in the alloy's Ni
concentration. As shown in Table I, the percentage concentration
of Ni for CMSX-4, MARM-247, and Inconel-718 is 61.7%,
59.0%, and 52.5%, respectively.
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_Figure 3. Scatter Diagram Showing the Measured Effective Spectral Emissivity for MARM-247 Over the Temperature Range ~650-
1050°C.
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Figure 4. Scatter Diagram Showing the Measured Effective Spectrai Emissivity for MARM-509 Over the
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Figure 5. Scatter Diagram Showing the Measured Effective Spectral Emissivity for CMSX-4 Over the Temperature
Range ~650-1050°C.
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Figure 6. Scatter Diagram Showing the Measured Effective Spectral Emissivity for Inconel-718 Over the Temperature
Range ~650-1050°C.
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Figure 7. Scatter Diagram Showing the Measured Effective Spectral Emissivity for N-155 Over the Temperature
Range ~650-1050°C.

Table I.

Regression Fits, the Percentage Elemental Composition, Average Effective Spectral Emissivity and Emissivity Standard Errors Cal-

culated for Each Superalloy.

52.5 Ni-18.5 Fe

Alloy — % composition Empirical fit Average emissivity
MARM-247 (Ni-based alloy) £=3.5x1079T) 4.7x1070T) 2+2.1x10~°Ty 0.817 +0.002
59.0 Ni-10.0 Co-<0.5 Fe

MARM:-509 (Co-based alloy) £=4.8x107Ty~7.1x10-0Ty +3.21x 10T > 0.926 + 0.006

10.0 Ni-54.5 Co

CMSX-4 (Ni-based alloy) €=3.9x107T)~5.7x1070T *+2.6x10~T; > 0.806 + 0.003

61.7 Ni-9.0Co

Inconel-718 (Ni-Fe based alloy) [ €=2.5x1072Ty-2.5x107°T) #+9.7x107"T) > 0.853 £ 0.005

20 Ni-20 Co-30 Fe

N-155 (Ni-Co-Fe based alloy) | £=39.9/T +2.5x107°T)~3.2x107°T) 2+1.4x10T) 3 | 0.697 £ 0.002

To test whether the three mean emissivities (i.e.,
£cMSX-4' EMARM-247 Elnconel-718) aT€ sigpiﬁcantly different or
not, two hypotheses were tested by subjecting the emissivity
means (o a t-distribution test (i.e., Hy [null hypothesis]: e1=¢
2 for critical region ¢ ,1.1aeq < feriricar -aCcept hypothesis Hg
and reject Hy; Hy: gy#€; for critical region ¢ ;;c.ieq > feritical
-reject hypothesis Hg and accept Hy)[8]. As such, ¢, 12ed
was greater than Leriticat for the three possible emissivity mean
combinations, that is €cpgx 4 VEISUS Eyapm.247' ECMSX.-4

VErSUS €1conel.718% AN Eparm-247 VETSUS €1coper.71g- THus, the

null hypothesis was rejected and the alternative hypothesis was
accepted for the three possible emissivity combinations. This re-
sult, at 85% confidence level, implies that the emissivity values are
indeed significantly different. Based upon this result, one may
conclude a 14.9% decrease in the Ni concentration would result in
a 5.5% increase in the value of the measured spectral effective
emissivity. It is worth noting that throughout this work the hy-
pothesis tests were carried out under the assumption the emissivity
measurements were random samples drawn from a normal distri-
bution.



Likewise, the emissivity measurements were examined as a
function of the Co weight percentage concentration in three
alloys, namely MARM-509 (54.5% Co), MARM-247 (10.0%
Co), and CMSX-4 (9.0% Co). Clearly, a decrease in the per-
centage weight concentration of Co resulted in a decrease in
the measured spectral effective emissivity of the alloy. In a
similar manner, the three mean emissivities were tested by
assuming a null hypothesis (Hy: €)=¢5) and an altemative
hypothesis (Hy: €3#€;). The results of the statistical inference
indicated that €y ,pp509 VETSUS €yqapm.247 ANA EpARM. 509
Versus €cpgox.4 Were significantly different and the null hy-
pothesis was rejected for each combination. In the case of €
MARM-500 VETSUS Ecpax 4 the null hypothesis was accepted at
a 99.5% confidence level. Consequently, €yapm.247 and €
cMsx.4 are not significantly different in value. As shown in
Table I, it can be seen that a decrease of approximately 81.6%
in the Co percentage concentration yields a decrease of 11.8%
in the value of the spectral effective emissivity of the sample

[9].

The effective spectral emissivities for two YSZ TBC coated
samples were measured as a function of temperature using the
apparatus shown in Figure 1. The obtained results are de-
picted in Figure 8. Each set of data (i.e., run) was collected

1+

22-7

over an 8-hour time period. As shown in Figure 8 and listed in
Table II, an average increase of approximately 45.3% in the meas-
ured effective spectral emissivity values was observed after the
first heat cycle. After run no. 1 (i.e., 8-hour heat cycle) the effec-
tive spectral emissivity values for both samples ranged between
0.70 and 0.78. Such an increase in the measured emissivity values
between the first run (i.e., run no. 1 for S1 and S2) and the later
runs was attributed to the migration of aluminum and aluminum
oxide from the PtAl bond-coat into the TBC layer. The migration
of aluminum from the bond-coat into the surface area of the TBC
structure was detected using a scanning electron microscope (JXA-
35, JEOL). As illustrated in Figure 9, the elemental surface struc-
ture measured for a fresh YSZ sample does not indicate the pres-
ence of aluminum in the surface area. Whereas the presence of
aluminum in the surface area of a sample heat cycled for 32 hours
(82 {run no.4)) is evident (Figure 10). It was reported that the
migration of aluminum and aluminum oxide from the bond-coat
into the TBC leads to the spallation of TBC, thereby leading to
temperature rise of the airfoil and premature failure of engine
components [10].

To test whether the three mean emissivities (i.e., €, €;3, and €54,
where ¢;; i = sample number [i = 1,2] and j = run number
[1,2 ...4]) are significantly different, two hypotheses were tested
by subjecting the emissivity means to a t-distribution test

o
09t
)
)
o8¢
o (]
o o
b )
© © ,0 © © e o 0o ° 0 0 o o
o o o
¥ om o, oo a 0O + o+ o+
074 5’—,-&--’-3++++"’""'+
£ L °
3
H
¢ o
06 °
°© w
. o
0.5:- X
x
x X
04+ ° x x X x x x «
° X x
° °
° 6o o o6 o o o °
0.3 + + + + +— + + —
650 700 750 800 850 900 950 1000 1050

Pyrometer Readings (°C)

|0 Run # 1(S1) RN ¥ 2(S1) X Run# 1(S2) O Runk 2 (S2) © Runk 3 (S2) 4 Runt 4(s2)|

TE97-625

Figure 8. Scatter Diagram Showing the Measured Effective Spectral Emissivity for the Two (S1&S2) Heated YSZ Samples.
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" Table I1.

Calculated Average Effective Spectral Emissivities and Their
Standard Errors for the Two YSZ Samples After Each Heat

Cycle.

~ Sample | Run | Duration of heat Average

no. no. cycle ~hours emissivity
Sl 1 8 0.3582
0.0189

S1 2 24 0.7248 +
0.0136

S2 1 8 '0.4399 +
0.0766

S2 3 24 0.7576 £
0.0089

S2 4 32 0.7038 +
0.0075

LIS DGRE Coreverr - DEPT. 2023
Cursor!i9 720keV = 4

THY  3-FPR-0T 1437

47w ST 4O

TE97-626-2

Figure 9. Relative K-Ratio Scanning Electron Microscope
Output Showing the elemental Composition of a YSZ Sample
Before Exposing the Sample to Heat (Zr = Zirconium; Hf =
Hafnium; Y= Yttrium).

(i.e., H, [null hypothesis]: g;; = g;; for critical region ¢
<t

calculated
riticalr 8CCEPL hypothesis and reject Hy; Hy: g # g for
critical fo51cuiaed > ferieat €810N, Teject hypothesis Hy and
accept Hy). As such, ¢ ... Was greater than £ .., for the
three possible emissivity mean combinations, that is €, 5 ver-
SUS €13, €2 VErsus €4, and €,3 versus €4 Thus, the null
hypothesis was rejected and the alternative hypothesis was
accepted for the three possible emissivity combinations. This
result, at 99.5% confidence level, implies the emissivity val-
ues are indeed significantly different and the surface area of
the TBC layer did not reach stability after several heat cycles.
For practical purposes an average emissivity value of 0.7287
+ 0.0128 (average for €/5 €13, and €.4) can be used as the
effective spectral emissivity for the YSZ layer at 1.6 um.
Based upon these findings one may conclude the optical char-
acteristics for TBC change drastically due to the migration of
aluminum trom the bond-coat into the TBC layer. After a
short heat cycle the emissivity values for the TBC layer

ALISOH ©0IME COrvredy - OEPT . =033
CuracritQ.92Cxoev + 4

THS  3-fPR-597 14 43

TEQ7-627

Figure 10. Relative K-Ratio Scanning Electron Microscope Out-
put Showing the Elemental Composition of a Heat Cycled YSZ
Coupon (Al = Aluminum; Zr = Zirconium; Hf = Hafnium; Y=
Yttrium).

become comparable in value to that measured for superalloys over
the same temperature range. Consequently, the transmittance of the
YSZ layer, which is very high at long wavelengths (Figure 11),
will be reduced drastically. Such a result suggests that using long
wavelength pyrometry measurements for monitoring the surface
temperature of TBC coated engine parts does not offer a clear ad-
vantage over short wavelength TBC pyrometry measurements. In
an actual turbine engine environment the columnar structure of the
TBC layer would allow particulate matter from the engine flow
path to be deposited between the YSZ columns. As a result the
optical properties of the TBC layer will be transformed into prop-
erties similar to that obtained from metallic surfaces. It is also
worth noting that due to the high thermal expansion coefficients of
these particulate matters relative to the YSZ columns, they can
contribute in a significant manner to the spallation of the TBC
layer.

Lastly, we examined the percentage relative errors that resulted
from setting the pyrometer emissivity control at 1 (i.e., assuming €
=1). The relative errors were calculated by normalizing the differ-
ence between the pyrometer and the thermocouple readings by the
temperature measurements obtained using type K thermocouples.
As illustrated in Figure 12, such an assumption as the data for N-
155 alloy suggests can lead to £6.3% error (~£63°C at 1000°C) in
the temperature measurements. The magnitude of such errors can
be reduced to <+1% when the correct emissivity of the superalloy
is selected. As shown in Figure 13, the percentage relative errors
for the first two heat cycles of the two YSZ samples varied be-
tween 10% and 16% over the 650 to ~1000°C temperature range.
The values of the percentage relative error dropped to an average
value of 4.98+0.08% (average for run no. 2 [S1], run no. 3 [S2],
and run no. 4 [S2]) after the first heat cycle. This result implies
that a reduction in the magnitude of the percentage relative error
can be achieved by heat cycling the TBC coated turbine engine
components before gathering temperature measurements in an
engine. However, the impact of the heat cycle on the lifetime of the
engine part and the integrity of the TBC layer is not clear at this
stage.
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Figure 11. Transmittance and Reflectance Measurements for the YSZ Layer (~ 0.330 mm Thick) Deposited on a Sapphire Disc Using
a EB-PVD Method. Also, the transmittance Measurements for a Imm Thick Sapphire Disc Over the Spectral Region 250-2750 nm
Are Shown.

5. CONCLUSIONS

Analysis of the emissivity measurements indicated that at 1.6
pum a decrease in the Ni concentration (61% - 52% weight
composition of the alloy) would result in an increase in the
value of the measured emissivity. Whereas a decrease in the
Co concentration (54.5% -9.0% of the weight composition of
the alloy) would result in a decrease in the emissivity of the
alloy. Further, the average effective spectral emissivity of
YSZ thermal barrier coating increased from 0.3991 + 0.0289
to 0.7287 + 0.0128 after a short heat cycle. A significant re-
duction in the contribution of the emissivity error component
and consequently the reflection component can be achieved
by heat cycling YSZ TBC coated engine parts prior to taking
any temperature measurements using pyrometers.
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Have you made tests in order to check the influence of the view angle on the spectral emissivity? What will the
influences be?

A: Unfortunately, I have not measured the spectral emissivity as a function of view angle. There shouid be a
dependence between the view angle and the emissivity.
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Development and application of laser induced incandescence (LII)
as a diagnostic for soot particulate measurements

D. R. Snelling, G. J. Smallwood, I. G. Campbell, J. E. Medlock and Q. L. Giilder
National Research Council of Canada
Building M-9, Montreal Road
Ottawa, ON, Canada K1A ORé6

1. SUMMARY

LIl is a promising diagnostic for in-situ measurements of
particulates. The LII signal is shown to be proportional
to soot volume fraction. Due to the large dynamic range
of the LII technique, we have been able to measure time-
averaged soot concentrations in the part per billion range
with a spatial resolution of ~0.5 mm in each dimension.
The decay of the LII signal in the post evaporative region
is shown to be a sensitive measure of primary particle
size. A numerical model has been developed which
accurately predicts post evaporative LII signal decay
rates, The prediction of the excitation curve is
unsatisfactory, with more work needed to correctly model
the particle behaviour during the soot evaporation phase.
Also, the model predicts that the prompt LIl signal will
vary as the 3.33 power of particle diameter. However,
this predicted departure from strict proportionality
between LII signal and soot volume fraction was not
experimentally observed.

2. INTRODUCTION

Soot volume fraction measurements are important for
studies of soot formation, radiation processes, and for
monitoring post-flame particulates. Light extinction is a
commonly used diagnostic technique for measuring soot
volume fraction. However, it suffers from the drawback
of measuring a line-of-sight average, and while
tomographic reconstruction can be used to calculate soot
profiles in radially symmetric flames, this is not possible
in turbulent flames. Elastic scattering of light has been
widely investigated for soot measurements but the fact
that the signal is proportional to the square of the particle
diameter means that the technique is more useful for
particle sizing than volume fraction measurements. More
importantly, for agglomerated soot particles (which are
definitely not spherical), it has become increasingly clear
in the last few years that the approach of applying Mie
theory by assuming spherical soot particles results in large
errors',

Laser induced incandescence (LII) has emerged as a
promising technique for measuring spatially and
temporally resolved soot volume fraction in flames*'*. In
LII the soot is heated by a short duration laser pulse to
produce incandescence. With sufficiently high laser

energies, numerical models of the heat transfer indicate
that the soot particles reach temperatures of 4000-4500
K 38101213 The resultant radiation, which is blue shifted
relative to soot radiation at normal flame temperatures
and is of short duration, can readily be detected. LII
typically has a temporal resolution of 10 ns and can be
used to perform both point measurements and 2-D planar
visualization.

In this paper we describe our development of the LII
technique for point measurement in flames. Since LII
provides only relative soot volume fraction
measurements, an absolute calibration is necessary. This
was performed in a simple laminar diffusion flame, where
the radial soot volume fraction profiles were measured by
Abel inversion of line-of-sight attenuation measurements.
We have implemented a numerical model of the LII
processes to aid in the interpretation of experimental
results. Model predictions and their comparison to
experiment are presented. Finally, the application of LII
to a confined C,Hy/air turbulent diffusion flame is
investigated.

3. EXPERIMENTAL

3.1 Laser Induced Incandescence .
The schematic of the LII setup is shown in Fig. 1. A
Continuum Surelite] Nd:YAG laser with Gaussian optics.
operating at its fundamental wavelength of 1064 nm was
used as the pulsed light source. The beam quality was
improved by inserting an aperture in the laser cavity. This
modification reduced the maximum energy to 40 mJ.
Further attenuation of the beam, by using a half wave
plate to rotate the plane of polarisation in combination
with a vertical polariser, was used to control the energy
delivered to the flame. The aperture resulted in a laser
beam whose near-field intensity distribution was
Gaussian.

The beam was then focussed through a beam expander
and a cylindrical lens to form a sheet with Gaussian fit
parameters (1/¢* full width) of 3.62 mm (height) and 0.44
mm (width). The beam intensity profiles were near
perfgct fits to a Gaussian distribution as measured with a
Coherent BeamView system. The LII signal from the

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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Figure 1.  Top-view schematic of LII apparatus

centre of the laser sheet was imaged at 2:1 magnification
with a 54 mm diameter lens of 190 mm focal length onto
apertures of 1.06 mm diameter in front of the
photomultipliers (PM’s). Thus the sample volume in the
flame was a cylinder of diameter 0.53 mm whose length
was the width of the laser sheet (0.44 mm).

The LII signal was split equally between two PM’s each
equipped with an interference filter centred at 455.5 nm
with a bandwidth of 11.0 nm. One of the PM’s was
connected directly to a gated integrator whose gate width
was set at 25 ns to measure the peak of the LII signal
(subsequently referred to as the prompt signal). The other
PM was connected to a charge-coupled amplifier which
measured the total charge collected during the LII pulse
and thus measured the time integrated LII signal.

3.2 Calibration

3.2.1 Flame :

The laminar diffusion flame used in these experiments
was similar to that used by Giilder'® except that the fuel
tube was 13.9 mm in diameter. The C,H, flow rate was
3.27 cm’/s and the surrounding air flow rate 170 SLPM.
The visible flame height was 67 mm.

3.2.2 Line-of-Sight Attenuation

Both 532 and 1064 nm laser attenuation experiments were
performed, with a 3 times beam expander followed by a
I m focal length lens used to reduce the beam diameter
through the flame. At 1064 nm the focal beam diameter
in the flame, w,, was 0.24 mm (Gaussian 1/e? diameter);
and the confocal parameter (total distance between the
points at which the beam diameter had increased to
v2:w,) is 160 mm. This ensured that there was little
variation in beam size across the maximum flame
diameter, which was 6 mm at the heights investigated.

A beam splitter directed part of the pre-flame laser beam

onto a silicon photodiode detector (detector A) and the
transmitted laser beam was measured with a second
detector (B). Signals from both detectors were detected
with gated integrators whose outputs were ratioed to give
A/B on a shot-by-shot basis. In this way we were able to
correct for small changes in laser pulse energy, and the
flame transmission could be measured to an accuracy of
~0.25%. The transmission measurements were made
every 0.1 mm across the flame, at heights of 30, 35, and
40 mm.

4. RESULTS AND ANALYSIS

4.1 Attenuation Results

In the Rayleigh limit the soot volume fraction, f,, is given
by

__In(D)A
Uy | 1)

where T is the flame transmission, A the wavelength and
L the flame width. The complex refractive index is
denoted by m=n+ik, and E(m) = -Im{(m* -1)/(m* + 2)},
thus

6nk

Hm = (n2-k*+2)* + 4n2k? @

Using the dispersion relationship from Dalzell and
Sarofim'® to calculate the refractive index we obtain;
m=1.59+0.58i and E(m)=0.264 at 532 nm; and m=1.63 +
0.7i and E(m)=0.303 at 1064 nm.

The Abel inversion of the transmission measurements was
performed using the 3 point Abel algorithm of Dasch!’
with a data spacing at the recommended 0.2 mm. The
resultant curves are shown in Fig.2, where it can be seen
that there is generally very good agreement between the
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Figure2.  Comparison of radial profiles from Abel

inversion of line-of-sight attenuation data acquired at
532 nm and 1064 nm. Data was acquired at a height of
40 mm in an ethylene/air flame.



532 nm and 1064 nm data. This agreement is not
necessarily expected since the undesirable effect of
scattering is enhanced with decreasing wavelength,
increasing the laser attenuation beyond what would be
expected from absorption, and can thus lead to an
overestimate of the soot concentration.>'*'* For visible
wavelengths, errors of 30-100% in soot concentration are
expected depending on the size and morphology of the
soot agglomerates. The uncertainty in the refractive index
and its wavelength dependence can mask such effects.

4.2 LII Calibration

LII measurements were performed at the same locations
in the laminar diffusion flame. As the energy of the 1064
nm laser is increased (above the LII detection threshold)
there is an initial sharp increase in LII signal. With a
peak laser fluence (at the centre of the sheet) of 0.32
J/em? a further increase in energy produces very little
increase in LII signal as shown in Fig. 3. The LIl
detection is typically operated in this plateau
region.>*1>22! We have used a peak laser fluence of 0.48
J/em? for our LII measurements, which are shown in Fig.
4 with the 532 nm Abel inverted data for comparison.

In Fig. 4 the LII data has been scaled to the Abel data so
that the integrated soot volume fraction over the total
flame width is the same for all the curves. In general it
can be seen that there is good agreement between the soot
profiles from LIl and Abel inverted transmission
measurements, with the prompt LII data following the
Abel inverted data more closely. Thus in the soot
concentration range 0.5-5.0 ppm the prompt LII and the
extinction measurements are linearly related. This result
is in agreement with other studies that have found a linear
relationship over this concentration range.**"# Vander
Wal, using gravimetric sampling for calibration, has

| —o— Integrated (experiment) -
| --o-- Prompt (experiment) P
-------- Integrated (theory) e
191 ——— Prompt (theory) e
rd

A
04 05 oe o7 os e 10
Peak laser fuence (Jcm?)

00 0 02 03

Figure3.  Excitation curves indicating relative LII
signal as a function of the peak laser fluence for both
prompt and integrated signal detection. Measured and
predicted values are shown for the region of maximum
soot concentration (# = 2.1 mm) at a height of 40 mm in
an ethylene/air flame.
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observed good linearity in the 0.035-1.5 ppm soot
concentration range.”

5. NUMERICAL MODEL

5.1 Heat Transfer To and From Soot Particles

The numerical modelling of the transient heating and
subsequent radiation and cooling of soot particles
exposed to short duration (10 nsec) laser pulses is briefly
described below. The approach is similar to that used by
several authors 5!%!%1324 » QOur approach most closely
follows that of Hofeldt' and only the differences between
the two models will be emphasized.

The previous LII numerical modeling has assumed the
particles to be equivalent spheres and calculated the
absorption from Mie theory.>*!" In recent years it has
become clear that Mie theory based on equivalent spheres
introduces large errors in calculating the scattering and
absorption of real soot particles' (and references
contained therein), and that soot absorption is well
described by Rayleigh theory, provided that the primary
particle diameter is within the Rayleigh limit
(significantly smaller than the light wavelength).

The equations describing the soot heat transfer presented
here are for a more realistic soot morphology in that we
assume the soot particles to be agglomerates of N, just
touching primary particles of diameter dp.' This approach
has also been recently adopted by Mewes et al.'?

The heat transfer energy balance equation is:

2K, (T-TY)rN,d) H, apm
A + —
(Dgs* G Apgep) M, dt

1 dr
+ qrad - gnNPdl%pSc.\‘E =0 (3)
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The first term, C g, is the absorbed laser energy, where,
in the Rayleigh limit, the absorption cross section C, is
given by:

3
C = TN, d, E(m) @
a A
This will certainly be true in our experiments since we are
clearly in the Rayleigh limit, having used 1064 nm laser
excitation.

The second term involves heat transfer to the surrounding
medium for a particle in the transition regime between
continuum and free molecule (Knudsen) heat transfer.
Since the mean free path in the gas is typically much
larger than the soot particle diameter, the particle is
largely in the free molecule limit, and thus the heat
transfer coefficient is independent of particle size. G is
a geometry dependent heat transfer factor®, equal to
8f/(a(y+1)) where f is the Eucken factor (5/2 for
monatomic species), o is the accommodation coefficient,
and y=c/c, (= 1.40 for air). A value of 0~0.9 has
generally been adopted in previous work.5'%"

The third term is heat loss due to evaporation of the soot
and is given by:

ﬂ:&nDziiQ
d 2 dt
P(DN,y
- -nN,d? RT _ ©)
1{ 2nM (D) ’+ Dy
Bl RT, 2D,

Again the flux of carbon vapour is dominated by the free
molecule regime (the first term in the denominator of Eq.
5) and is independent of particle size. The soot vapour
pressure has generally been calculated using fixed values
of the heat of vaporisation H, and soot vapour molecular
weight M,. We have used the temperature dependent
values of these quantities P(T), M/(T) calculated using
the empirical relationships of Leider et al.?’ in solving the
equations.

The fourth term, representing radiative loss for a single
primary particle, can be approximated as:

E(m
qradp=4n2NPdlzoSBT4(_(A_)) ©6)
600

where the expression in parentheses is evaluated at some
average wavelength, 600 nm in this case. This
approximation, including the selection of evaluation
wavelength, is not limiting since soot particle heat loss
due to radiation is insignificant compared to the other
heat loss terms.

The particle equivalent sphere diameter dependence (D)
in the denominator of Eqs. 3 and 5 is the equivalent
sphere diameter given by D*;,=N,d’, and it reflects the
dependence of heat transfer and the flux of evaporating
soot on this soot size in the continuum limit. Since the
soot particle diameter is very much less than the gas mean
free path these continuum terms are not important and for
soot evaporation have been neglected in much of the
earlier modelling.>” In our approach, these equations
constitute a coupled set of differential equations for D
and 7 that have been solved numerically using a Runge-
Kutta integration routine. From this solution we can
calculate the time history of the LII signal using the
relationship:

he
2ncth . BT _qq-
I(A)=—n;5——[e BT 1) w N, dp K, (W) dr (7)

4 nd, E(m)

where K, = T

The LII signal / is a function of T, dp Np, time (), and
laser fluence (). To calculate values of I to compare
with experiment we must integrate / over the range of
laser fluence values encountered in the laser sheet. Since
our probe volume only occupies a region of the sheet 0.53
mm diameter the distribution of laser fluence is
essentially constant in the plane of the sheet. However,
there is a Gaussian distribution of fluence across the
thickness of the sheet (i.e. along the LII viewing axis).
This can be described by

x

x2
F(x) = FQ €Xp ——2- (8)

where the sheet half width w,=0.22 mm, and F, is the
peak fluence at the centre of the sheet. I(F,f) can then be
integrated across these fluence values to give a signal /()
that can be compared to our experiments. The prompt
and integrated L]I signal for a given laser fluence can be
obtained by the appropriate time integration of I,(¢).

5.2 Comparison Of Model To Experiments

5.2.1 LII Excitation

To compare our experimental results to the predictions of
the numerical model we need information on both the
primary particle diameter and the agglomerate size in our
burner.  Megaridis and Dobbins® have used
thermophoretic sampling of an C,H,/air flame, coupled
with electron microscopy, to measure the soot primary
particle size in the regions of maximum soot
concentration. Their burner is very similar to ours but
because of small differences in flow rate and burner
diameter our flame height (67.5 mm) lower than theirs (88
mm). We have scaled their measurements accordingly to



our flame heights to obtain the values shown in Table 1.

We have used the method of solution outline above to
calculate the expected dependence of the prompt and
integrated LII signal as a function of laser energy. The
theoretical curves are shown in Fig. 3 where the predicted
LII signals are shown as a function of peak laser fluence.
Since the LII signal is in arbitrary units, the experimental
and theoretical curves have been scaled to a value of 1 at
a peak fluence of 0.3 J/cm®.

Although the model satisfactorily predicts the onset of the
sharp rise in LII signal, it does not predict the observed
fall-off at higher fluence values. The shapes of the
experimental excitation curves reported in the literature
vary widely. With the exception of Ni et al.?!, in no other
study has the excitation fluence been directly measured
and reported. Ni et al.*' used an aperture close to the
flame to ensure constant fluence. They observed an LII
signal (measured with an 18 ns gate) that peaked at 0.35
J/em® and decreased a factor of 2 with a further twofold
increase in fluence. Vander Wal et al.® observed a similar
qualitative behaviour with an imaging system that largely
limited the effective fluence variation to that of a
presumably Gaussian distribution along the LII collection
axis. Other workers®®*** have generally observed a
monotonically increasing LII signal with an abrupt
decrease in slope at higher fluences.

Our experiences in setting up our experiment was that it
was quite difficult to obtain a simple Gaussian
distribution of intensities in the LII excitation region.
Laser beams whose intensity profiles were markedly non-
Gaussian in the near field produced focal images with an
intense central spot surrounded by more diffuse, weaker
wings. This was particularly true if screens or hard
apertures were used to control the laser beam intensity
profile. With this type of excitation one would expect an
excitation curve that does not saturate since, with
increasing laser energy, the weaker radiation in the wings
will continue to produce large increases in LII signal after
the intense centre core saturates. This points to the
necessity of carefully measuring the laser fluence in the

Table 1. Primary particle size (d,), number of
primary particles per agglomerate (V,), and the
equivalent sphere diameter (D).

Height dp Np Dy
(mm) (nm) (nm) (nm)
20 13 8 26
30 29.5 35 96.5
35 32 45 113.8
40 325 60 127.2
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region of LII excitation if one is to compare LII saturation
behaviour.

The failure of the LII model to successfully predict the
saturation at high fluences is quite dramatic and remains
to be explained. It should be remembered that the
equations describing the evaporation of soot are only
correct in the limit of low vaporization rates'® which may
not be true at the largest excitation fluences used in this
and other experiments.

5.2.2 LII Decay

It is interesting to compare the experimental LII time
decays with model predictions. The experimental decays
measured at various radial positions at a 40 mm height in
our burner are shown in Fig. 5. The decay curves are, to
a good approximation, logarithmic in the time range 300
to 1000 ns. The time constant of these decays decreases
dramatically as we go from the region of maximum soot
to the centre of the burner. The results of the numeric
modelling show that the decay of LII signal in this time
range is almost totally dominated by heat transfer to the
surrounding gas. Evaporation of soot has ceased to be
important with the large drop in particle temperature and
radiation is unimportant in this time range. Thus the
faster decays are expected since elastic scattering
experiments have shown a large decrease in soot particle
diameter between the flame centreline and the region of
maximum soot.

Using the data in Table 1 we have calculated theoretical
decay curves for the region of maximum soot and for the
Gaussian excitation used in our experiments. The
theoretical curves are shown in Fig. 5 for values of the
accommodation coefficient of 0.26 and 0.9. The 0.9
accommodation coefficient curve incorrectly predicts a
very fast decay whilst the 0.26 accommodation coefficient
curve is in quite good agreement with experiment. The
value of 0.9 has been widely used in the literature®'®'*!*

======= Experiment; R = 2.1 mm
——— Experiment; R = 1.5 mm
———-- Experiment; R =0 mm
—— Theory; a« =0.26

....... ~ Theory; @ =0.9

E

3

= . Tan_

001 - ST S
ﬁﬁ—"ﬁ'ﬁ

1] 100 200 300 400 500 600 700 800 200 1000
Time (ns)
Figure5. LIl signal decay curves indicating

variation in time constant in post evaporation (>300 ns)
region. Measured and predicted values are shown for a
height of 40 mm in an ethylene/air flame.
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but recent measurements of the accommodation
coefficient of nitrogen on solid graphite in the
temperature range 300-1000 K give the value of 0.26.
Interestingly, a similar calculation assuming an equivalent
sphere diameter for the particle and an accommodation
coefficient of 0.9 also give good agreement with
experiment. This results from a cancellation of errors in
that the equivalent sphere model under predicts the heat
transfer rate by almost a factor of 4 compared to the
agglomerate model, but this is compensated for by the
almost 4 times increase in accommodation coefficient.

Will et al." have used LII imaging and ratioed images of
LII signals taken at different times to obtain 2-D maps of
particle size. The particle size estimation was based on a
comparison of the measured decay rate with that
calculated from numerical modelling of the soot cooling
assuming the particles to be single spheres. It is apparent
from our modeling that the size determined from these
decays is much closer to that of the primary particle size
rather than some average agglomerate size. This
conclusion is also supported by the recent analysis of
Mewes et al.'?

We can use our decay data to estimate the primary
particle size at the burner centreline. At a height of 40
mm, the ratio of the time constant at =0 mm (230 ns) to
that in the region of maximum soot at r=2.1 mm (375 ns)
is 0.61. Since the decay is dominated by heat transfer to
the medium, where the heat loss scales as primary particle
area,

dy,

A |--a

- ©)

2
a',,1
where T is the LII signal decay time constant. This result
implies a primary particle size of 25.5 nm (0.61" x 32.5
nm) at burner centre.

6. APPLICATION

To demonstrate the feasibility of eventually applying LII
in a gas turbine combustor, preliminary experiments were
made in a confined bluff-body stabilized turbulent
diffusion flame. This burner was fuelled by propane
burning in air at an overall equivalence ratio of 0.65. The
flame was stabilized by a weak recirculation zone
attached to the bluff-body, and reached a mean peak
temperature of 1980 K (Pt/Pt-Rh thermocouple type S)
along the centreline of the 100 mm diameter, 400 mm
long chamber. The steel walls of the burner were
blanketed by insulation to minimize heat transfer losses.
A clever window design allowed LII measurements to be
made in a grid pattern over an axial range of 57 to 370
mm, at approximately 25 mm steps, and radially at each
axial station in 5 mm increments. A weak nitrogen purge
minimized soot buildup on the windows.

The incident beam (1064 nm) was unattenuated while the
scattered light signal detected at 440 nm suffered
attenuation up to 40% in heavy sooting regions. At each
grid location 5000 samples of prompt and integrated
signals were collected. The mean of the soot volume
fractions recorded at each location is reported, providing
a time-averaged result in this turbulent flame. Soot was
observed to first form at the outer tip of the recirculation
zone, approximately 100 mm from the nozzle.
Downstream of the 100 mm point the soot levels
increased with axial distance along the centreline and the
width of the sooting zone also increased with axial
distance, as shown in Fig 6. The highest level of soot,
averaging 4 ppb, was located on the centreline at the
furthest axial location. From gas chromatography
measurements, it is known that the bulk of the fuel and
lighter hydrocarbon remained within the “recirculation™
zone. However, some fuel penetrated the recirculation
zone, to form soot in the slow moving high temperature
Zone.

Over the measuring region a maximum of only 4% of the
5000 samples produced a measurable LII signal. The
probability of a single shot recording a signal significant
enough to determine soot volume fraction is indicated in
Fig. 7. Unlike the soot volume fraction measurements,

400~
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100§

50

EJ50 0 50

Radial (mm)

Figure 6.  Distribution of time-averaged soot
volume fraction (parts per billion) acquired by LII in a
confined turbulent diffusion flame. Data at each grid
location is the mean of 5000 single-shot measurements.
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Figure 7. Probability (in percent) that measurable

quantities of soot are present in the probe volume on a
single-shot basis. Data acquired in a propane/air
diffusion flame by LII.

this probability did not increase beyond 200 mm from the
nozzle, although the width of the zone was observed to
expand.

7. CONCLUSIONS
Significant progress has been made in the characterization
of the LII process, and in development of LII for single-
shot time-and-space resolved quantitative measurement of
particulate concentration in practical applications, such as
turbulent combustion.

1. The LIl signal has been shown to be proportional to
soot volume fraction over the range 0.5 - 5 ppm.

2. Due to the large dynamic range of the LII technique
we have been able to estimate soot concentrations in
the 10 part per billion range while maintaining a
spatial resolution of ~0.5 mm cubed. A further
factor of ten increase in sensitivity could be obtained
by relaxing the dimensions of the probe volume to a
1.0 mm cube.
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3. The rate of decay of the LII signal in the post
evaporative region (>300 ns after excitation) is
shown to be a sensitive measure of particle size. For
soot, the size measured appears to be the primary
particle size rather that some average agglomerate
size. While the numerical model was able to
successfully predict post evaporative LII signal decay
rates.

4. More work needs to be done before the currently
available LII models can correctly predict the soot
particle behaviour during soot evaporation.

5. The application of LII to measure soot volume
fraction in a turbulent diffusion flame has been
successfully demonstrated.

8. FUTURE WORK

It remains to be demonstrated that the LII signal is strictly
proportional to soot volume fraction over several orders
of magnitude change in soot concentration. Both our
results and the original modelling of Melton® predict that
the prompt LII signal will vary as the 3.33 power of
particle diameter (for LII detection at 450 nm). This
predicted departure from strict proportionality between
LII signal and soot volume fraction has not been
experimentally observed in this work or by others.
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Nomenclature:

- speed of light

- soot particle absorption cross section

- specific heat at constant pressure

- specific heat of carbon

- specific heat at constant volume

- interdiffusion coefficient for soot vapour into
surrounding gas

- diameter of soot equivalent sphere

- diameter of soot primary particles

- Eucken factor

- geometry dependent heat transfer factor

- heat of vaporisation

- thermal conductivity of ambient air

- absorption efficiency (for primary particles)
- Knudsen number (K,=A,:» /D)
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M - mass of carbon

M, - molecular weight of carbon vapour
M, - molecular weight of air

N, - Avogadro’s number

Np - number of primary particles in agglomerate
P«(T) - pressure of soot vapour

q - laser fluence

T - soot surface and vapour temperature
T, - gas temperature

o - accommodation coefficient

Y - ¢/,

A - wavelength

Agp - mean free path

P, - density of soot

Ogp - Stefan-Boltzmann constant

i - LII decay signal time constant

T - light transmission through flame
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Application de la Fluorescence de I’lode Induite par Laser

aux Mesures de Pression, Température et Vitesse.

Lefebvre X., Leporcq B.

Office National d’Etudes et de Recherches Aérospatiales,

Institut de Mécanique des Fluides de Lille,
5, Boulevard Painlevé, F- 59045, Lille - Cedex, France.

1. SOMMAIRE

La fluorescence induite de I’iode par laser notée F.LLL., est
une méthode optique non intrusive qui permet non seulement
de visualiser un écoulement, mais aussi d'accéder aux
grandeurs locales et instantanées telles que la pression, la
température et la vitesse. Aprés validation dans °une cellule
statique ou les parametres P et T sont facilement mesurables,
des mesures des trois paramétres ont été réalisées sur un jet
supersonique et dans une boucle aéraulique en utilisant un
laser multimode gaussien et un laser & colorant monomode
accordable.

2. INTRODUCTION

Le développement de la fluorescence de 1'iode par laser a
débuté dans le cadre de la qualification des zones de mélange
des lasers chimiques [1, 2, 3]. Le champ d’application de
cette technique s’étend de la simple visualisation par
tomoscopie, permettant par exemple d’étudier le mélange de
jets [4 a 6] aux véritables moyens d’investigation
métrologiques [7, 8]. La fluorescence de 1’iode induite par
laser permet en effet d’effectuer des mesures locales et non
intrusives de concentration [9], de vitesse [10, 11], de
température [12, 13] et de pression [14 a 17]. Ensemencé de
fagon homogéne avec des molécules d’iode dont la
concentration est de quelques parties par million,
P’écoulement est éclairé par un rayonnement laser absorbé
par I’iode, le rayonnement fluorescent émis dépend des
grandeurs caractéristiques locales de 1'écoulement.
L’ensemencement par un traceur gazeux permet un suivi
parfait de I’écoulement, méme dans les zones de forts
gradients de pression. Le volume de mesure peut étre réduit &
10-3 mm3. Le découplage entre les réflexions parasites du
rayonnement excitateur et la fluorescence est réalisé
facilement au moyen d’un filtre en verre coloré. Des mesures
sont possibles jusqu’a une distance d’environ 100 um d’une
paroi.

3. PRINCIPE DE LA METHODE

D'une maniére générale, le phénomeéne de fluorescence
correspond & la désactivation d'un état excité d'un atome, ou
d'une molécule, par émission lumineuse spontanée. L'état
excité peut étre atteint par absorption d'un rayonnement laser
dont la longueur d'onde est accordée sur l'une des raies
d'absorption de I'espéce fluorescente. Dans le cas de I'iode la
fluorescence se produit dans une bande de fréquence comprise
entre 520 nm et 1000 nm, le maximum de fluorescence se
situant dans la partie jaune du spectre électromagnétique.

La réaction de pompage de I’iode correspondant a
I’absorption des photons, s’écrit pour un rayonnement a la

longueur donde A :

X (a0 = jy + WV-->1B e 5 oy
A
ol v’ représente le niveau vibrationnel et J’ le niveau
rotationnel de 1’état excité I,B, ;X le niveau fondamental,

v” un de ses niveaux vibrationnels et J” un de ses niveaux
rotationnels (figure 1).

_ L’émission lumineuse due a la fluorescence correspond a la

réaction :

Ty

avec I'p, probabilité d’émission spontanée.

La désactivation sur un niveau vibrationnel v’ de 1’état X
s’effectue suivant une probabilité donnée par le facteur de
Franck-Condon.

L’émission fluorescente est limitée par la désactivation non
radiative due aux collisions avec d’autres molécules :

IzB (v'ei; I'=j") +M---> IZX(V"-k iy} +M

Kq

ol M est une molécule de I’écoulement et Kq la constante de
désactivation dépendant de la température [14]. La
compétition entre 1'émission fluorescente des molécules
d’iode et leur désactivation collisionnelle, permet de rendre
compte de 1’évolution de la pression statique dans un
écoulement. La détermination de la température s’appuye sur
I’évolution de la fraction de Boltzmann en fonction de la
température.

Etat B (v',J") Etat excité
3 =
/ Fluorescence
Désactivation hv
2 collisionnelle
8
g
<
w
Etat X (v"J") ‘J # Etat fondamental

Figure 1 : Mécanismes d’absorption et d’émission

La résolution des équations gouvernant la cinétique de
I'absorption du rayonnement laser par un niveau
d’absorption de l'iode, ainsi que la désactivation de l'état

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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excité conduit 4 la détermination de la concentration en iode
dans 1'état excité [18 & 22). Le signal de fluorescence est
directement proportionnel 4 la concentration en iode excitée
{I,B] qui dépend de la pression et de la température.

Le rayonnement laser absorbé dépend de la nature de celui-ci,
en particulier de sa fréquence, mais aussi de son caractére
monomode.

L’iode est un traceur moléculaire intéressant, sa pression de
vapeur saturante est de I'ordre de quelques Pascals & la
température ambiante [23], ce qui permet un ensemencement
de 1"écoulement principal suffisant pour assurer la présence
de quelques parties par million. Le spectre d’absorption de
I'iode dans la partie visible du spectre électromagnétique est
riche de plusieurs milliers de raies dont chacune a été
parfaitement caractérisée par Luc et Gerstenkorn [24, 25].
Chaque raie présente une sensibilité & la pression et 2 la
température plus ou moins significative.

3.1 Cas d’un rayonnement laser multimode

Le moyen le plus simple de réaliser des mesures par
fluorescence de l’iode induite par laser est d’utiliser le
rayonnement vert & A=514,5 nm multimode & large bande
spectrale du laser & argon ionisé puisque 1’émission coincide
fortuitement avec la double raie d’absorption P13-R15 (43-
0). La largeur de raie d’un laser & argon ionisé multimode
gaussien s’étend sur une bande d’environ 10 GHz (0,33 cm-!),
elle couvre un domaine spectral d’environ 0,165 cm-! de part
et d’autre du centre de la raie laser [26]. La raie d’émission
laser 2 A=514,5 nm est décalée de 2 GHz du centre de la double
raie d’absorption P13-R15 (43-0) du spectre d’absorption de
I’iode. Il peut donc y avoir transfert résonnant d’énergie.

Le rayonnement laser excitateur a large bande spectrale a
caractére multimode est susceptible d’€tre absorbé par des
raies adjacentes a la raie P13-R15 situées dans le domaine
spectral défini par la largeur de la raie laser. Le signal total de
fluorescence est égal & la somme des contributions pondérées
par leur facteur de force de raie, apportées par chaque raie
compte tenu de sa position spectrale Av;. Le facteur de la
force de raie est égal au produit de I’intensité et du facteur de
Franck-Condon. Chaque raie étant indicée i, le signal de
fluorescence total s’exprime par la relation :

L

X
Q © T

§=C,V.B, -R_-f--—
21

Y f(TJ"YFFCP (P, T, Av)
i

avec :

Aj), coefficient d’émission spontanée

B,,, coefficient Einstein d’absorption

Copt, constante liée a la chaine optique

FFC; facteur de Franck-Condon caractérisant la raie i

f; (T,J”), fraction de Boltzmann de la raie d’absorption i 4 la
température T

k, constante de Boltzmann

P, pression

P, densité spectrale du rayonnement incident

Q, taux de désactivation collisionnelle

Sy, signal de fluorescence

T, température

Ve, volume de collection

X2, fractikon molaire d’iode.

Av;, décalage spectral

Le signal de fluorescence théorique est calculé a I’aide des 35
raies d’absorption contenues dans une bande spectrale de 2
cm-! correspondant a4 la zone spectrale soumise 4
I’élargissement collisionnel dont la manifestation est
significative pour des pressions élevées. Cet élargissement
collisionnel diminue également I’intensité de fluorescence.
11 a été montré que le signal de fluorescence induit par un
rayonnement laser multimode gaussien est trés dépendant de
la température avec la fraction de Boltzmann f|(T) et de la

pression 2 travers le terme de désactivation collisionnelle Q.

3.2 Cas d’un rayonnement laser monomode
Lorsque le signal de fluorescence est le résultat de
I’absorption par I'iode d’un rayonnement issu d’un laser
monomode de largeur de raie faible (500kHz) exactement
accordé a une raie d’absorption de l’iode, I'expression de
celui-ci est considérablement simplifi€é puisqu’inversement
proportionnel a la pression :

S;=C,V.B,A, P, f(TJ") X12 %
avec : Pj,q.(, puissance laser.
L’analyse de I’expression du signal de fluorescence montre
une double dépendance aux paramétres de pression et
température. L’exploitation de cette propriété conduit a la
possibilité de mesure simultanée de ces deux grandeurs de
I’écoulement par découplage paramétré,

4. APPLICATION AUX MESURES DE PRESSION
Le signal de fluorescence est le résultat de la compétition
entre la fluorescence et la désactivation collisionnelle.
L’exploitation de ce signal permet donc d’effectuer des
mesures locales de pression.

4.1 Mesure de la pression avec un rayorinement
laser multimode

Pour déterminer la pression a partir du signal de fluorescence
mesuré expérimentalement, une connaissance de la
température locale est nécessaire. Celle-ci peut étre
déterminée soit par une mesure expérimentale
supplémentaire, soit en effectuant une hypothése sur
I’évolution de la température [27], soit par fluorescence
induite par laser en s’appuyant sur la méthide décrite au
chapitre S. -

Dans le cas particulier d’un écoulement supposé isentropique,
le signal de fluorescence pourra s'exprimer sous la forme
d'une fonction de la pression uniquement :
-1
S, = K.f(P, T) = K.f(P, Cte P( Y ))
Une approximation polynomiale de 1’expression du signal de
fluorescence a été déterminée en fonction de la pression et
pour une température T=(cte P(¥-1¥7), sur un domaine de
pression encadrant celui de 1’écoulement. Cette
approximation a été effectuée a l'aide d'un polynéme de
Tchebychev :
$;=K'g(®P)

La constante de proportionnalité K’ est déterminée a 1’aide
d’une mesure 3 un point de référence ou la pression est
supposée connue :

Strer=K' 8 (Pres, Trer)
L’équation S;= K’ g(P) est ensuite résolue par une méthode

itérative utilisant des dichotomies.



4.2 Mesure de la pression avec un rayonnement
laser monomode

Pour effectuer des mesures de pression dans des écoulements
ou il n’existe pas de relation connue a priori entre la pression
et la température, il est nécessaire de parvenir a découpler
l'influence de ces grandeurs. Pour minimiser la dépendance en
température du terme f|(T,J”) dans ’expression du signal de

fluorescence afin d’en extraire uniquement la pression, il est
nécessaire d’étudier I’évolution de la fraction de Boltzmann
fi(T,J”") en fonction de la température et du nombre

rotationnel fondamental J”. La fraction de la population des
molécules d’iode du niveau (v, J), est décrite par le produit de
la fraction vibrationnelle f, des molécules dans 1’état

vibrationnel v et de la fraction rotationnelle f, dans 1’état
rotationnel J” [20] :

8.\ (8, \
£(T, "= FGH(I").(2J" +1) (% ]e"“”"'” ('r'r' )e (T_ ,)(1- N ( T 2

avec :
J”, niveau quantique rotationnel de la raie d’absorption

v, niveau quantique vibrationnel de la raie d’absorption
FGH(J”), constante caractérisant la structure hyperfine de la
raie d’absorption

6, . température rotationnelle de la molécule d’iode

6, , température vibrationnelle de la molécule d’iode.

La possibilité de rendre minimale la dépendance en
température de la fraction de Boltzmann repose sur le choix
d’un état rotationnel dont la population est peu sensible a
une variation de température dans le domaine de température
de I'expérimentation (figure 2). Ceci est possible en
analysant la dérivée partielle de la fraction rotationnelle en
fonction de la température. Le niveau rotationnel optimal

noté Jo, est :
V=083 T "
B, (cm™)
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Fraction de Boltzmann ( U.A.)
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Figure 2 : Evolution de la fraction de Boltzmann en
fonction de la température pour différentes raies
d’absorption
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Le choix du niveau rotationnel optimal est trés important
pour plusieurs raisons [28, 29] :

- pour minimiser I'effet de la température sur la
fraction de Boltzmann ;

- pour avoir une population dans I’état absorbant la
plus forte possible et un facteur de Franck Condon [25] le
plus élevé possible, le signal de fluorescence étant
directement proportionnel a ces grandeurs ;

- pour sélectionner une raie d’absorption la plus isolée
possible des raies d’absorption voisines pour minimiser
leurs contributions sur le comportement global du signal de
fluorescence mesuré. En figure 2 les différentes raies
d’absorption présentent un plateau dans I’évolution de la
fraction de Boltzmann pour un domaine de température
donné. L’utilisation d’un laser 4 colorant accordable
s’impose.

La mesure de la pression est ensuite déduite du signal de
fluorescence obtenu par excitation d’une raie d’absorption de
I’iode présentant le niveau rotationnel J” optimal dans la
gamme de température donné.

Ainsi le signal de fluorescence est exprimé comme un terme
inversement proportionnel i la pression pour la raie
d’absorption principale, et des termes supplémentaires
décrivant la contribution des raies d’absorption voisines 2
cette raie principale :

Nb mies 1 Nb raies Adjacentes

Se= L S,=KfM—+ Y 5,

1 i P 1 i

La contribution des raies d’absorption voisines est connue.
Le signal de fluorescence expérimental est ensuite comparé a
la valeur du signal de fluorescence calculé (30 a 33]. Deux
techniques sont alors utilisées, d’une part celle utilisant une
mesure de référence suivie d’une résolution itérative, d’autre
part celle s’appuyant sur 1’évolution compléte du signal de
fluorescence par corrélation avec un signal théorique 2
pression et température connues issu d’une bibliothéque.
Cette seconde technique présente I’avantage de déterminer
également la température; cette technique est détaillée au
paragraphe 5.2..

5. APPLICATION
TEMPERATURE

Il a ét€ montré que la fraction de Boltzmann joue un réle
déterminant dans la mesure de la température par fluorescence
induite de 1'iode par laser.

AUX MESURES DE

5.1 Mesure de la température
rayonnement laser multimode

Pour des pressions supérieures a8 20000 Pa, 3 la température
ambiante le taux de désactivation collisionnelle Q étant trés
supérieur au taux d’émission spontanée A,;, le terme

A21/(A3+Q) caractérisant I'efficacité de la fluorescence se
réduit 3 A,,/Q [34]. L’expression du taux de désactivation

collisionnelle dépend de la température et de la pression et
d’une constante caractérisant le mélange air-iode présent
dans I’écoulement {35]:

avec un

P
Q = Cq (air-iode) ﬁ

A partir des approximations justifiées telle que la faible
influence en température du terme P ¢ dans le cas de la double

raie P13-R15 et des expressions du taux de désactivation
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collisionnelle et de la fraction de Boltzmann, I’expression du
signal de fluorescence normalisé par la puissance laser
mesurée localement se résume a une expression a une seule
variable, la température :

(J(J l)9 ) (e
. - +{)—2 - .
< T/-e Tl

avec @,, la température caractéristique vibrationnelle
(©,=308,62K) et ©,, la température caractéristique

rotationnelle (©,=0,0538K). C’, est une constante incluant

les constantes physicochimiques de la molécule, la fraction
d’ensemencement, le volume de collection du signal, la
chaine optique ainsi que les termes de degré 0 apparaissant
dans l’expression de la fraction de Boltzmann en ne
considérant que les raies d’absorption du niveau fondamental
v’= 0. La mesure de la température a partir du signal de
fluorescence expérimental est possible de fagon similaire aux
mesures de pression, la constante C’ est évaluée a partir d’un
point de I’écoulement ou la pression et la température sont
connues.

A partir de cette expression du signal de fluorescence il est
donc possible de déterminer 1’évolution de la température
dans I’écoulement puis d’utiliser ces valeurs pour déterminer
I’évolution de la pression. La pression est alors obtenue par
résolution itérative d’une équation relativement complexe
puisqu’il est nécessaire d’évaluer la fraction de Boltzmann de
chacune des trente cinq raies d’absorption. Les évolutions de
la pression et de la température dans un écoulement peuvent
étre connues A partir d’'une mesure unique du signal de
fluorescence.

5.2 Mesure de la température avec un
rayonnement laser monomode et couplage aux
mesures de pression

La mesure de la température locale d’un écoulement par
fluorescence induite-de 1’'iode par laser nécessite 1’emploi
d’un laser a colorant monomode accordable [36]. La
température est obtenue  partir du rapport des signaux de
fluorescence de deux lignes d’absorption moléculaire
excitées au cours d'un méme balayage en longueur d’onde.
Pour déterminer la température, il est nécessaire de faire le
rapport des maxima de deux signaux de fluorescence résultant
de I’excitation de deux niveaux rotationnels issus d’un méme
niveau vibrationnel v” :

T= B/ In((S¢,/ Sg)/ A)

Ou A et B sont des constantes définies par :
21,+1)
25+
B=[J,+1)-1,0,+1)]6,

A= (FGH (J,).Cte,/ FGH (J,).Cte,)

Dans le cas de mesures simultanées de pression et de
température, une raie d’émission laser accordable est utilisée
pour exciter sélectivement et successivement deux
transitions de 1'iode, la premiére correspondant 4 un niveau
rotationnel J”p,, 1a seconde présentant une évolution de la

fraction de Boltzmann sensible dans le domaine de
température de ’écoulement. Dans le cas choisi, le laser a
colorant balaye un domaine de fréquence de 30 GHz dans la
région spectrale de !'iode contenant les deux transitions

R97(28-0) et P60(27-0) proche de 543 nm. Ces deux raies
d’absorption présentent respectivement une bonne
sensibilité & la température et & la pression, pour un domaine
de température donné.
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Figure 3 : Evolution du signal de fluorescence &
température constante
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Figure 4 : Evolution du signal de fluorescence a pression
constante

Les figures 3 et 4 montrent 1’évolution du signal de
fluorescence théorique dans la bande d’absorption contenant
les raies d’absorption R97 et P60 a pression constante pour
différentes températures et inversement. Une bibliothéque de
spectres de référence a été construite pour ces deux raies, pour
des pressions comprises entre 10 000 Pa et 200 000 Pa par
pas de 2 500 Pa et pour des températures comprises entre 100
K et 400 K par pas de 5 K prenant en compte les raies
d’absorption voisines dans une gamme spectrale de 60 GHz
corespondant a ’élargissement collisionnel autour de ces
deux raies principales.

Le signal de fluorescence expérimental obtenu par excitation
successive de ces deux raies d’absorption est ensuite comparé
a la bibliothéque de spectres théoriques. La corrélation des
signaux théoriques et expérimentaux fournit directement les
mesures de pression et de température dans le volume de
mesure, sans recours a une mesure de référence en un point de
I’écoulement ol les paramétres P et T sont connus.



6. APPLICATION AUX MESURES DE VITESSE

I a été montré que la technique de mesure de pression et de
température par FIL pouvait €tre aisément couplée a des
mesures de vitesse par vélocimétrie laser interférentielle ou
bi-point [37, 38], le rayonnement laser étant identique.

Le décalage spectral Doppler d’une raie d'un traceur
fluorescent en mouvement dans 1’écoulement est
proportionnel 4 la composante de la vitesse dans la direction
excitatrice du rayonnement laser monomode accordée sur
cette raie d’absorption [12]. Le décalage Doppler est :

u
AV = —
o A
avec :
A vy décalage Doppler en fréquence,

u module de la composante de la vitesse suivant la direction
de propagation de la radiation,

¢ vitesse de la lumiére,

vo fréquence de la radiation laser.

Deux méthodes de mesure de vitesse par F.I.L. ont été
estimées.

La premiére méthode utilisant le balayage en fréquence est 1a
plus précise, mais son emploi doit étre réservé a des
écoulements stationnaires dont la .vitesse est limitée
inférieurement a4 20 m/s. Cette technique donne
simultanément une mesure de la pression et une mesure d'une
composante de la vitesse.

La méthode utilisant une fréquence laser fixe présente une
résolution temporelle bien supérieure a la méthode utilisant
le balayage en fréquence. Cette deuxiéme technique permet
d’effectuer des mesures de vitesses instationnaires inférieures
a 1000 m/s pour des écoulements dont la pression est
inférieure a 50000 Pa. Son emploi peut étre envisagé pour

I’étude d'écoulements instationnaires.

6.1 Mesure du décalage Doppler par balayage de
la raie laser

Le faisceau laser est divisé au moyen d’une lame séparatrice,
puis dirigé par un jeu de miroirs vers le volume de mesure
pour former un couple de deux faisceaux coaxiaux a
propagation opposée. La fréquence du laser accordable est
calée au voisinage de la position spectrale d’une raie
d’absorption connue, puis un balayage en fréquence est
effectué sur un domaine spectral correspondant & la largeur de
raie.

Le signal de fluorescence relatif 4 chacun des deux faisceaux
est obtenu de maniére indépendante par l’alternance du
passage du rayonnement vers le volume de mesure [39]. Deux
spectres correspondant & chacun des sens de propagation du
rayonnement laser sont obtenus et sont décalés en fréquence
du double du décalage Doppler. Ce décalage temporel de
I’excitation laser est réalis€é au moyen d’un obturateur
mécanique placé juste aprés le dispositif de séparation en
deux faisceaux. On en déduit la composante cherchée de la
vitesse, voire la pression et la température par exploitation
compléte du signal de fluorescence.

Lorsque 1’écoulement est bidimensionnel, il est nécessaire de
déterminer successivement les deux composantes du vecteur
vitesse u; et uy. Trois faisceaux laser & directions

lindairement indépendantes sont alors utilisés afin de
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décomposer le vecteur vitesse sur la base formée par les
faisceaux F1 et F2 et au troisi¢me F3, dont la direction est &
45° de F1 et F2 [40].

Cette méthode de détermination directe du décalage’ Doppler
présente 1’avantage d’offrir une bonne précision et de ne pas
étre limitée supérieurement en vitesse. La précision sur la
mesure du décalage Doppler étant de 25 MHz, soit la limite du
pas en fréquence de la raie laser, conduit a une incertitude sur
la mesure de vitesse de 1’ordre de 13 m/s. La résolution
temporelle de cette technique est limitée par le temps de
balayage en longueur d’onde de la raie laser, qui peut €tre
réduit au minimum 4 0,1 s pour une déplacement de raie sur 10
GHz dans le cadre d’une programmation interne du systéme
AUTOSCAN [41, 42]. Une programmation externe du
fonctionnement de ce laser a été développée permettant de
réduire I’acquisition.

6.2 Mesure a fréquence laser fixe

Cette méthode offre la possibilité de réduire le temps
d’acquisition, donc de réaliser des mesures instationnaires,
puisque le temps de balayage n’intervient pas directement
dans la détermination du décalage Doppler [43, 44]). La
technique de mesure de vitesse repose sur les propriétés du
spectre d’absorption de la molécule d’iode dont le profil est
décrit par I’intégrale de Voigt gia(v). Ce profil, dit de Voigt,
est une fonction de la pression et de la température. Il
présente une partie lin€aire située au maximum de pente qui
est trés sensible aux décalages fréquentiels. La raie laser doit
alors étre positionnée dans cette zone spectrale perceptible
en figures 3 et 4 afin de déterminer le décalage Doppler. La
fréquence laser est accordée au maximum de pente du profil
d’absorption dans la partie linéaire. Afin de lever
’incertitude sur la valeur de la longueur d’onde, 1'utilisation
d’un couple de faisceaux coaxiaux alternés A propagation
opposée de méme source, indicés a et b, est également
faite.Chaque faisceau est absorbé a des fréquences décalées
par effet Doppler d’une valeur respective de + Av, le signe
dépendant de la composante de la vitesse se trouvant dans la
direction de propagation laser. Les valeurs de la fonction de
Voigt aux fréquences décal€es par effet Doppler des faisceaux
a et b sont référencées respectivement par gy et gppp - Il est

possible d’exprimer g3 ., 812 b €t Av en fonction de la pente

dav

8122 ~ 8w g,
tga =—2 = o | S0
2 Av ov },

, . 98, .
locale du profil d’absorption :

On en déduit pour la composante de la vitesse :

c ¢ 8ina- Buv
U=— AVs— =ol2a SUD

Vo Vo o 981
ov Jo

Expérimentalement le paramétre mesurable est le signal de
fluorescence Sf qu’on exprime en fonction du profil
d’absorption par la relation :
Sf=KIgl2
avec :
Sf, signal de fluorescence mesuré
K, constante caractérisant la chaine optique
g2, fonction de Voigt, déterminée 4 la fréquence d’excitation
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laser
I, intensité laser.
Pour les faisceaux a et b, I’expression du signal de
fluorescence se résume a :

Sfa=Klagl2a

Sfb=KIbgl2b
L’intensité laser 1 est différente pour chacun des deux
faisceaux : elle peut varier selon le trajet optique et n’est pas
répartie uniformément dans la section droite du faisceau. La
constante K est identique puisqu’elle caractérise la chaine
optique. L’expression de la composante de la vitesse devient
alors :

Su S
¢ la Ib 2.
u=—-
Vo i E& 981
Ia Ib ov

L’adaptation de cette technique & un écoulement
bidimensionnel s’effectue de fagon similaire a celle énoncée
pour la méthode a balayage fréquentiel. La généralisation de
la méthode décrite précédemment a la détermination du
vecteur vitesse s’effectue par I’utilisation d’une excitation
laser & trois faisceaux afin de décomposer le vecteur-vitesse.
La seule détermination de l’intensité optique de chaque
faisceau permet a partir du signal de fluorescence d’exprimer
les composantes du vecteur-vitesse.

La pente normalisée du profil d’absorption ne dépend que de
la pression et de la température locale. Si I’écoulement est
incompressible et adiabatique, il est possible de déterminer
la pente normalisée en utilisant un point ol la vitesse est
connue. Pour un écoulement compressible la pente
normalisée du profil d’absorption varie d’un point de mesure
A un autre ; une détermination expérimentale est nécessaire et
elle peut €tre réalisée & partir d’'une mesure avec un quatriéme
faisceau a fréquence connue, légérement décalé par rapport
aux trois autres faisceaux [45].

La fréquence dquuatriéme faisceau vy doit appartenir au

domaine spectral correspondant a la partie linéaire du profil
d’absorption. Un modulateur acousto-optique permettant

d’obtenir un décalage Av,de 200 Mhz a été utilisé.
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Figure 5 : Exploitation du signal de fluorescence

7. MESURE SIMULTANEE DES PARAMETRES
PRESSION, TEMPERATURE ET VITESSE

La mesure simultanée des paramétres pression, température
et vitesse par F.LL. est possible par une méthode de balayage
en fréquence dans un domaine d’émission du laser monomode
accordable couvrant au moins deux raies d’absorption de
I'iode choisies en fonction des critéres précédemment établis
[46, 47, 48] telles que les deux raies d’absorption R97 et
P60. La figure 5 présente le principe de détermination des
parameétres.

8. DISPOSITIF EXPERIMENTAL
Le dispositif expérimental (figure 6) comprend trois parties
principales la source laser, |’ensemencement de

I’écoulement en iode moléculaire, et le dispositif de
collection et de traitement du signal de fluorescence.

des gaz

Lentllle de
focalisation
Falsceau 1

Falsceau laser Falscesu 2

Lame séparstrice
Lambdamitre
Pilotage et
traitement

Tréquence

Figure 6 : Dispositif expérimental

L’émission laser est obtenue soit par un laser multimode
gaussien a argon ionisé Coherent Innova 100, soit par un
laser & colorant Coherent 899-29 en anneau pompé par. ce
méme laser 4 argon ionisé. Ce laser a colorant accordable
est équipé d’un ensemble de mesure de la fréquence d’émission
et d’un systéme de calage et de pilotage en fréquence dit
Autoscan. En utilisant comme milieu actif le colorant
Pyrométheéne 556, le laser peut étre accordé a une longueur
d’onde comprise entre 520 nm et 560 nm correspondant & une
zone spectale du visible ol 1'on recense de nombreuses raies
d’absorption. La puissance du laser est supérieure 3 1W pour
une puissance de pompage du laser 4 argon ionisé de 6W. Le
laser A colorant 899-29 émet une fréquence monomode
stabilisée de largeur de raie inférieure a 500kHz grice a un
systéme asservi qui comprend des étalons intracavité et une
cavité de référence. La lame galvanométrique de Brewster
permet un balayage sur une bande de fréquence de 30 GHz. Le
systétme est équipé d’un lambdamétre haute résolution
permettant un recalage en fréquence de précision inférieur a
200 MHz. En sortie du laser, le faisceau est ensuite guidé par
un systéme périscopique, puis séparé en deux faisceaux
colinéaires et de directions opposées vers le volume de
mesure.

L’écoulement est ensemencé par passage sur un tube
thermostaté contenant un manchon d’iode. Une faible
fraction molaire d’iode (< 100 ppm) ensemence 1'écoulement
d’air sec.

Le systtme de détection est constitué par une lentille
achromatique permettant de faire focaliser le signal de



fluorescence sur un tube photomultiplicateur & comptage de
photons AsGa refroidi a -30°C par effet Peltier. La lumiére
laser diffusée par les particules et par les parois est bloquée
par un filtre optique passe-haut & 570 nm. Le nombre de
photons regu par le photomuitiplicateur est enregistré. Le
volume de détection a comme dimensions en considérant la
focale de I'achromat et le diamétre du faisceau laser, 100um
de long et 150pm de diametre. Celui-ci est positionné a
I’endroit souhaité par des tables de déplacement pilotées
correspondant généralement a un maillage prédéfini de
I'écoulement étudié. Le signal de fluorescence est enregistré
pendant un temps constant. Le signal du photomultiplicateur
est normalisé par la mesure instantanée de la puissance laser.
Les deux méthodes de mesures des paramétres pression et
température par fluorescence induite de 1’iode avec un
rayonnement laser multimode gaussien a4 514,5nm et
monomode accordé A des raies spécifiques de 1’iode ont été
testées dans des conditions statiques puis dans des conditions
d’écoulement sur un jet supersonique issu d’une tuyére sous
détendue de petites dimensions.

Une étude expérimentale a été menée afin de vérifier la
validité des principes théoriques énoncés et de tester la
possibilité d'obtenir des informations sur le champ de
pression et de vitesse d'un écoulement ensemencé en iode
moléculaire.

9. APPLICATION AU CAS D’UN JET SOUS
DETENDU

9.1 Description aérodynamique de la tuyére et du
jet
L'écoulement choisi est un jet issu d'une tuyére supersonique
sous-détendue. Ce jet qui présente d'importantes variations
spatiales des propriétés du fluide, notamment de la pression
locale et de la vitesse, est bien connu des aérodynamiciens.
Des modéles de calcul existent, permettant la détermination
de ces propriétés. Dans le cas présent, un calcul par
résolution des équations d'Euler a été mis en ceuvre.
Pour cela, une tuyére de révolution présentant un diamétre au
col de 4 mm environ est apparue comme un bon compromis
entre le débit d’air et la pression génératrice disponible,
conditionnant V’intensité des gradients de pression et de
vitesse dans le jet et les difficultés mécaniques liées a
I'usinage de la tuyére. Dans ce type d’écoulement, des
mesures intrusives sont impossibles.
Les paramétres de calcul suivants ont été retenus :

- pression génératrice : 5,5.105 Pa

- température génératrice : 293 K

- pression a la sortie : 1,5.105 Pa

- nombre de Mach de sortie : 1,5

- €jection des gaz a la pression atmosphérique.

Le calcul du profil de la tuyére est effectué dans un premier
temps en fluide non visqueux, a ’aide de.la méthode des
caractéristiques, puis un couplage avec un modéle de couche
limite a été mis en ceuvre, permettant ainsi de corriger la
géométrie de la tuyere de I'épaisseur de déplacement. Le profil
est peu divergent, puisque les diamétres calculés au col et
dans le plan de sortie sont respectivement :

- diamétre au col : 4,56 mm

- diamétre dans le plan de sortie : 5 mm.

La géométrie de la tuyére est réalisée avec une
précision de 2 um et le profil est rectifié jusqu'a obtention du
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minimum de défaut. Le matériau choisi, devant résister au
mieux & I'oxydation par l'iode est un acier spécial de type 316
TI. Un calcul des caractéristiques aérodynamiques du jet a été
réalisé sur une distance de huit fois le diamétre au col, afin
d'obtenir une représentation de la quasi périodicité des
évolutions de pression et de vitesse. Le calcul est effectué en
fluide non visqueux par une méthode pseudo-instationnaire de
résolution des équations d'Euler. Le jet présente une structure
alternée de détentes et de recompressions moyennement
intenses en raison du taux de détente modéré de la tuyére. Le
domaine de pression s’étend de 2.104 Pa 3 1,7.105 Pa. Les
températures locales varient dans la gamme 120K 3 220K,
Les vitesses calculées sont comprises entre 400 et 600 m.s-!-

9.2 Mesure de pression sur [’axe du jet
supersonique par fluorescence induite de 1’iode
par un rayonnement multimode et monomode

Les figures 7 et 8 présentent I’évolution de la pression
déterminée expérimentalement par la méthode multimode 2
large bande spectrale (figure 7) et la méthode monomode
(figure 8), sur I’axe du jet supersonique, comparée aux valeurs
issues du calcul d’Euler. Les deux méthodes expérimentales
révelent les oscillations de pression prévues par le calcul.
Pour chacune des deux méthodes, 1’évolution théorique du
signal de fluorescence montre que sa dynamique est plus
faible que la dynamique en pression. Le phénoméne est
d’autant plus marqué en multimode, ce qui signifie que de
petites variations de pression seront difficilement
détectables par cette technique. Dans le cas d’une excitation
laser multimode, la pression est déterminée a partir du signal
de fluorescence soit au moyen d’une hypothése d’évolution
de la température selon une loi d’écoulement isentropique Pt

isentropique)» SOit & partir d’une détermination de température
exploitant également le signal de fluorescence P (1 pipp).
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Figure 7 : Evolution de la pression sur I'axe du jet

L’évolution de P (7 gy ) est plus précise que I'évolution de P
isentropique)- Pour les mesures réalisées a partir du
rayonnement laser monomode (figure 8), les valeurs de
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pression déterminées par la corrélation de spectres théoriques
correspondent aux points notés P (g;plio) N nécessitent aucun

point de référence dans I’écoulement contrairement aux
points de la courbe Peef monomode)- Lécart observé est dit en

partie aux imperfections de ces méthodes et pour une autre
partie 3 I’hypothése de fluide non visqueux faite dans le code
Euler. Pour les deux premiéres structures de type détente
recompression, les minima et maxima de pression obtenus
expérimentalement coincident avec ceux déterminés par le
calcul Euler. L’incertitude en positionnement du faisceau
laser est évaluée a 0,Imm. Pour les deux méthodes,
I’amplitude de. |’oscillation présente une décroissance
réguliere de type décrément logarithmique, bien que la
pression Euler évolue sous forme d’oscillations
quasipériodiques et pratiquement de méme amplitude.
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Figure 8 : Evolution de la pression sur I'axe du jet

Expérimentalement il est remarqué que I’atténuation est plus
importante pour les maxima que pour les minima. Cette
atténuation des gradients de pression non prédite par le calcul
Euler, peut provenir du fait que les effets visqueux non pris en
compte par le modéle le sont expérimentalement. De plus il
est rappelé que la couche limite se développant dans le
divergent de la tuyére a pour effet de provoquer une
répartition du premier faisceau de détente sur I’épaisseur de la
couche limite. Il en résulte un étalement de la zone du premier
minimum de pression et une diminution de I'intensité de la
détente. L’écart entre théorie et expérience est aussi
imputable a la dimension trop importante du volume de
mesure (150 pm)3 par rapport & I'évolution locale de la
pression, surtout dans la zone ou le gradient de pression
s’inverse.

9.3 Mesure de température sur 1’axe du jet
supersonique par fluorescence induite de [D’iode
par un rayonnement multimode et monomode

Les températures déterminées expérimentalement par
fluorescence induite par laser dans le cas du rayonnement
laser multimode sont en bon accord avec les valeurs
théoriques du code Euler (figure 9). L’écoulement compte-tenu
des valeurs de pression et de température peut étre considéré
comme pratiquement isentropique.
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Figure 9 : Evolution de la température sur I'axe du jet

Les valeurs des mesures de température obtenues dans le cas
d’un rayonnement laser monomode sont présentées sur cette
méme figure pour une zone de I'écoulement. Les valeurs des
températures théoriques du code Euler sont comparées aux
valeurs expérimentales obtenues a partir du rapport des
signaux de fluorescence enregistrés lors du balayage en
fréquence de la raie laser sur deux raies d’absorption voisines.
Les écarts les plus importants observés correspondent aux
maxima de pression engendrant un élargissement
collisionnel conséquent. '

’axe du jet
de Piode

9.4 Mesure de vitesse sur
supersonique par fluorescence induite
par un rayonnement monomode

Les mesures de vitesses obtenues a partir d’un balayage en
fréquence de la raie laser présentées en figure 10 sont
comparées 3 la fois aux mesures de vitesses obtenues sur ce
jet par vélocimétrie laser Doppler (LDV) et par vélocimétrie
laser bipoint (L2F) ainsi qu’aux valeurs théoriques du code
Euler. L3, encore les effets visqueux et la taille du volume de
mesure comparée aux dimensions du jet peuvent expliquer les
différences. Les valeurs des vitesses obtenues par FIL sont
intermédiaires entre les valeurs expérimentales L2F et LDV
laissant supposer un suivi de I’écoulement plus facile par les
molécules que par des particules.

600.00

B Euler

o
550.00 Vet

@ L.1.F.

G FLLL ( bata
$00.00 ( bataysge)

*

® F.LLL. ( Nxe)

450.00

Vitease axiale (m/s)

¥
400.00 & ®» .!l '!

350.00
7.00 12.00 17.00

X (am)

Figure 10 : Evolution de la pression sur I'axe du jet




9.5 Mesures simultanées de pression, de
température et de vitesse sur 1’axe du jet
supersonique par fluorescence induite de 1’iode
par balayage en fréquence d’un rayonnement
monomode

La mesure des trois principaux paramétres d’un écoulement a
été réalisée a partir d'un spectre de fluorescence obtenu aux
cours du balayage en fréquence des deux faisceaux colinéaires
se propageant en sens contraire. La direction des faisceaux
fait un angle de 30 degrés avec ’axe du jet. Le signal de
fluorescence est simultanément normalisé par l'intensité
laser. Une mesure de bruit correspondant au signal de
fluorescence normalisé par l'intensité laser dans le cas d’un
écoulement non ensemencé en iode est réalisée. Le bruit est
retranché du signal de fluorescence normalisé par |’intensité
laser. La pression est obtenue par corrélation avec la
bibliothéque de spectres théoriques, la température par
exploitation du rapport des signaux de fluorescence des deux
raies d’absorption.

10. CONCLUSION ET PERSPECTIVES

L’utilisation de la fluorescence de I'iode induite par laser
comme outil en métrologie optique des écoulements a été
démontrée. Aprés avoir fait 1’objet d’une modélisation et
d’une validation dans des conditions statiques, la technique a
été testée dans des conditions d’écoulements externes et
internes. Outre son excellente résolution spatio-temporelle
et le parfait suivi de I’écoulement réalisé au moyen d’un
ensemencement moléculaire homogéne, la technique
présente l’avantage d’obtenir deux ou trois informations
essentielles sur 'écoulement étudié a savoir la pression, la
température et la vitesse a partir d’une unique mesure
expérimentale du signal de fluorescence [50].

Deux types d’excitation laser permettent la mesure coupiée
de la pression et de la température. Le laser & argon
ionisé multimode présente |’avantage d’émettre
intensément a la longueur d’onde de 514,5 nm coincidant
fortuitement avec la longueur d’onde de la double raie
d’absorption de l'iode notée P13-R15 (43-0). Ce type de
rayonnement permet de rendre compte de !’évolution de
pression a partir de la préconnaissance de I’évolution de
température soit par une loi d’évolution, soit par une
détermination expérimentale de la température réalisée par
F.LLL.. L’utilisation de ce type d’excitation impose une
mesure de référence ol la pression et la température sont
connues; ce qui permet de s’affranchir de la connaissance de
différentes constantes liées & la physico-chimie du
phénoméne et au type d’excitation laser.

L’autre type de source laser utilisable est un laser
monomode accordable a colorant permettant de
choisir une raie d’absorption de I'iode dont la dépendance en
température est négligeable; ce qui permet d’obtenir une
expression du signal de fluorescence simplifiée puisque celui-
ci est inversement proportionnelle a la pression. La mesure
de température est possible a partir du rapport des signaux de
fluorescence induit par deux raies voisines du spectre
d’absorption de la molécule d’iode. La détermination de cette
zone spectrale permet des mesures de température sur une
large gamme. L’autre avantage du choix de cette excitation
laser réside dans le fait qu’il n’est plus nécessaire d’effectuer
une mesure de référence puisqu’une corrélation entre le
spectre de fluorescence expérimental et ceux inclus dans une
bibliothéque de spectres théoriques issus de la modélisation
est effectuée permettant une détermination directe de la
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pression. Enfin I'intensité laser émise par le laser a colorant,
quoique inférieure a celle émise par le laser A argon ionisé,
offre désormais un bon rendement avec 1’emploi de colorants
tels que les Pyrrométhénes et Rhodamines.

Cette méthode peut également étre étendue a la mesure de
vitesse par comparaison du décalage fréquentiel Doppler
entre le spectre de fluorescence et celui obtenu a partie d’une
cellule statique a iode utilisée comme standard de fréquence.

Le champ d’application de cette méthode intéresse les
écoulements gazeux dont la pression évolue entre 0.2 et 5
bars avec une précision de 5 % et dont la température demeure
inférieure a 600 K avec une précision inférieure a 3 %.

Des mesures dans le champ d’un plan laser des mémes
grandeurs caractéristiques peuvent €tre réalisées assez
facilement, mais elles nécessitent des moyens adaptés de
visualisation par caméra intensifiée.

L’inconvénient majeur de cette technique réside dans le fait
que I'iode présente un caractére corrosif sous forme d’acide en
milieu humide nécessitant ’emploi de matériaux appropriés
tels que le téflon, le PVC, 'acier 316TI ou plus simplement
d’utiliser de I'air sec.
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Q: Schodl

How does your technique perform when used at pressure levels exceeding 1bar ?

A: For pressure levels below 510 Pa measurements are possible. See the table.

Q: Versluis

With this iodine technique, do you have any problems with fluorescence trapping ?

A: Nous sommes tres eloignes des conditions de saturation du milieu.

Q: Roehle

How do you achieve a homogenous and constant seeding of iodine ?

A: Par passage de ’écoulement dans une chaudiére a iode thermostatée, nous obtenons un ensemencement

homogene et constant.
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Development of Planar Laser Induced Fluorescence
for Fuel:
Application to Gas Turbine Combustion

D. A. Greenhalgh, D. J. Bryce, R. D. Lockett, and S. C. Harding.
School of Mechanical Engineering, Cranfield University,
Bedford, MK43 0AL. U.K.

ABSTRACT

Planar Laser Induced Fluorescence (PLIF) offers advantages over mechanical patternators, gas
sampling and other laser diagnostics in providing high resolution instantancous two-dimensional images
of liquid and vapour fuel concentration in operating gas turbine combustors. The technique has been
developed at Cranfield and successfully applied to three different situations. Firstly the power of the
method for fundamental mixing studies is illustrated with respect to a simple jet mixing experiment.
Secondly the practical application of the method to an atmospheric pressure LPP combustor and a high-
pressure double annular combustor are presented. Radial and axial imaging of both the liquid and
vapour phases has been performed with fuel markers that are capable of distinguishing between
different boiling-point fractions. Such data allows investigation of the fuel-air mixing in the combustor,
as well as the behaviour of the spray cone angle and patternation with varying fuel rate.

INTRODUCTION

In gas turbine combustion, new regulations
demand greatly reduced levels of emissions of
pollutants such as soot, oxides of nitrogen
(NO,), unburnt hydrocarbons (UHC) and
carbon monoxide (CO). Such emissions result
from inadequate mixing of the fuel and air; a
combination of the atomiser performance and
~ the aerodynamics of the combustor.

Two features of interest are the overall fuel
placement and the spray dropsize distribution.
A description of mechanical methods for
measuring these features is given in Lefebvre
(1989). Laser diagnostics generally offer
advantages over physical measurement devices
in that they measure a property directly without
perturbing the system. In addition, the
instruments can be remote from the system,
allowing measurements to be made in harsh
environments. Dropsize distributions can be
routinely acquired using pointwise Phase
Doppler Anemometry [Bachalo, 1980; Wigley,
1994]. As far as fuel placement is concerned, a
mechanical patternator could not be used in a
combusting system, since the fuel would be
consumed; an optical diagnostic is necessary.

Three-dimensional scalar measurement
techniques [Long, 1993; Maas and Gruen,
1995] are still some way from being applicable
to operating gas turbine combustors. However,
there are several two-dimensional fuel mapping
techniques that can be applied to various planes
within such a system. Typically, the
measurement region is illuminated with a thin
laser sheet, with orthogonally scattered light
being captured onto a two-dimensional device.
Photographic film can be used, offering
simplicity and very high spatial resolution
[Zheng et. al., 1996], but the response to
incident light is non-linear, the quality of
images cannot be determined interactively and
image processing involves extensive manual
effort. The use of a CCD camera, with its linear
response, prompt display and digital processing
techniques, overcomes these problems. Datasets
of hundreds of instantaneous images can be
captured, stored and processed electronically in
a matter of minutes.

The strongest scattering process is the elastic

- scatter of the laser light from the system - Mie

scatter from structures larger than about 1 um
(liquid phase) and Rayleigh scatter from small
particles (vapour phase). The signal strength

Paper presented at an AGARD PEP Symposium on “Advanced Non-Intrusive Instrumentation
for Propulsion Engines”, held in Brussels, Belgium, 20-24 October 1997, and published in CP-598.
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Figure 1 Schematic of general set-up for Planar LIF imaging experiment.

from elastic scattering varies in different size
regimes. For droplets larger than about 5 pm,
the dropsize dependence is d? [Bohren and
Huffman, 1983], indicating that Mie scatter
imaging over-emphasises smaller droplets.

Laser Induced Fluorescence (LIF) [Eckbreth,
1988; Seitzman and. Hanson, 1993;
Greenhalgh, 1994] can be used to image fuel
placement in both the liquid [Serpengiizel et.
al., 1992] and vapour phases [Tait and
Greenhalgh, 1992]. In an optically thin vapour
phase, the non-saturated fluorescence signal
will be proportional to the density of the excited
species. In the liquid phase, in the limit of no
laser absorption, the fluorescence signal is
expected to be proportional to the local liquid
volume fraction.

For most applications of PLIF a key factor is
the choice of fluorescent seed to mark the fuel
is critical. For light fuels such as gasoline
ketone type compounds have been widely
shown to be suitable and to give very good
PLIF data [Amold 1990, Berckmiiller, 1994,
1996 & 1997, Neij 1994]. Their main
advantages are that they are insensitive to
oxygen quenching and have simple temperature
dependence.

The studies reported here applied PLIF to three
different gas turbine combustors. One concerns

a cold gas-gas mixing study whilst the second
two experiments were performed under
combusting conditions. The first at nominally
atmospheric inlet pressure, the second at an
intermediate inlet pressure of 3 bar. The ability
to apply a measurement technique as closely as
possible to the normal operating conditions is
clearly advantageous in minimising the
uncertainty of the effect of scaling between test
flow conditions and those encountered in full
gas turbine cycle.

EXPERIMENTAL SET-UP

The general set-up for a planar LIF imaging
experiment is shown in Figure 1. The beam
from the laser was formed into a thin collimated
sheet using one spherical converging lens and a
combination of one diverging and one
converging cylindrical lens. In these
experiments, a Lambda Physik EMG-150 MSC
excimer laser was used in narrow band tunable
mode at 308 nm, producing up to 165 mJ of
energy per 20 ns duration pulse. Since this
emission is ultra-violet, fused silica sheet-
forming lenses were used. For the enclosed
combustors, the laser sheet was introduced to
the measurement region and the signal was
collected through windows.

An intensified CCD camera positioned
orthogonally to the laser sheet imaged the



(b)

25-3

©

Figure 2 (a) Raw PLIF image, (b) PLIF normalisation image (c) final mean PLIF image.

fluorescence signal. Such cameras have a linear
response to the fluorescence signal and allow
data sets of hundreds of single shot images to
be rapidly acquired and stored. The cameras
used in the two studies described had chip sizes
of 600 x 400 and 578 x 384 pixels respectively
and had 15 bit grey-scale resolution. Elastic
(Mie) scattering was discriminated out through
the use of a long-pass filter in front of the CCD
camera.

The PLIF images obtained were corrected for
background scatter, variations in the laser sheet
intensity profile and variations of the intensifier
gain function [Seitzman and Hanson, 1993].
The laser sheet profile was obtained by flooding
the combustor with homogeneous acetone
vapour. For the jet experiments a large thin
enclosure was filled with acetone vapour and
used to record the laser sheet profile of the
measured region.

PLIF MEASUREMENTS ON AN
ACETONE SEEDED JET

A simple theory for the mixing in a simple jet
into a stagnant fluid has been long established

[Hinze, 1959]. Theory predicts a Gaussian
radial distribution and for gasses experimental
evidence from Rayleigh scattering supports this
[Dowling and Dimotakis, 1990]. Recently
PLIF of acetone seeded gases has been
demonstrated to be a sensitive method for
detailed studies of mixing [Tait and Greenhalgh
1992, 1993, Lozano 1992]. The following
experiment was designed to explore the
application of PLIF to a fundamental study of
gas-gas mixing [Bryce 1996].

The experiment consisted of a 1.5 mm jet of
ambient temperature, approximately 2%
acetone in nitrogen issuing into stagnant
ambient air. Measurements were made for
three jet Reynolds numbers (Re = 5,000,
16,000 and 40,000). Each measurement
consisted of between 250 and 300 single pulse
images. Figure 2 illustrates the approach to
imaging and clearly demonstrates the essential
requirement of normalisation of the measured
image by an image including correction factors
for the laser sheet profile and image transfer
function (Figure 2b).
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Figure 3 Single pulse images: (a) Re=5000, (b) Re=16000, (c) Re=40000.



scale for mean images (fuel concentration)

scale for standard deviation images (fuel concentration)

Figure 4 Corrected mean (left of each pair) and standard deviation (right of each pair) images. (a)
Re=5000, (b) Re=16000, (c) Re=40000.
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To establish the precision of the data the
uncertainty was calculated for an ensemble
single shot data set of calibration images. The
uncertainty was found to be of order 5% which
is higher than the 3% observed for studies of
i.c. engines [Berckmiiller, 1997] where the
small imaging area assures an order of
magnitude higher laser fluence. This error does
not contribute significantly when using the
normalisation image to correction to the flow
images because a mean image is used. The
maximum error of the mean normalisation
image was 1.2%. The laser power was found to
be stable, with the fluctuation of order 3%
during measurement with a powermeter and
therefore the final single pulse images are
accurate to of order 5%.

Figure 3 illustrates some single pulse images
for the three Reynolds numbers and provides an
idea of mixture fluctuations. This data may
then be processed to reveal the essential
statistics of the mixing fluids, figure 4.

Following Dowling (1990) self-similarity in the
mixing predicts that radial concentration
profiles should be identical in form when
normalised and scaled by a cylindrical co-
ordinate system. The mean fluid concentration
of the jet fluid is then:

Cler)= g L] =xSostr)
0o \X¥ X, X

Eqn. .1

Where C, is the concentration at the jet pipe
exit, x,is a virtual origin, x the distance down
stream, r is radial distance and d* is the
momentum diameter of the jet given by:

d = 2m,
7pJ o

Eqn. 2.
where m, is the nozzle mass flux, J, the
nozzle thrust and p., the ambient density. For
density matched fluids this reduces to the
geometric nozzle diameter d with an assumed
top hat exit velocity profile; this assumption
was made in the following analysis. Equation 1
defines the similarity co-ordinates ¥ and nand
predicts matched smooth profiles g(n)

normalised by a constant k Note that and x0
are experimental parameters. Figure 35
compares this model with the experimental data
and gas sampling data analysed by a mass
spectrometer. The gas sampling data shows
general agreement however the data close to the
jet exit is likely to be distorted by probe
blockage effects. Equation 1 shows that along
the jet centreline (r=0) the concentration is
predicted to be inversely proportional to the
axial distance. The plots were fitted and values
of the virtual origin x and the constant x were
determined for each case.

The values extracted from the curves were k =
466, x, =-4.66d for Re=5000. This is
compared with the results x = 5.11, x, =-3.7d
of Dowling and Dimotakis (1990) (D&D).
Results at Re = 16000 were k = 3.64, xy, =-
3.64d, compared to k¥ = 4.73, x, =+0.5d
(D&D). At Re = 40000, k = 2.49, x, =-2.49d,
scarcity of measurements did not allow D&D to
quote accurate values at this condition.

The signal along the centreline departs from the
I/x dependence near the nozzle exit. This
departure is at least partially due to the spatial
resolution achieved in these experiments. The
images correspond to approximately 0.3 mm
per pixel which, including intensifier cross-talk
gives a resolution of about lmm. The plots of
figure 5 are for a single strip of pixels along the
centreline and hence spatial resolution is
inadequate close to the 1.5 mm jet. Residual
flare from the nozzle also compromises the
signal at this point. Fine scale, small sheet
imaging would be required to determine if there
is a genuine departure from theory. The
difference in  experimental  parameters
compared to Dowling (1990) at Re=5000 are
approximately 9%, this corresponds to the
uncertainty in the parameters of the fit to
centreline concentration. The fit was most
sensitive to the choice of the virtual origin. The
mean concentration profiles would come even
more in line with those of Dowling (1990) when
assigning the same values of x and x,. Dowling
(1990) discussed the difference in x and x,
between Reynolds number conditions and
suggested that the similarity variables are
specific to the level of turbulence. This is
confirmed in this study by the approximate
inverse proportionality between x and Re
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axial position (x/d)

Figure 5 Signal and theory along the jet centreline, Re=5000 (top), Re=16000 (middle) and Re=40000
(lowest). Gas sampling: diamonds Re=5000, crosses Re=16000, triangles Re=40000.

Figure 6 compares the scaled radial profiles for
mean concentrations. Apart from small
discrepancies at x/d=80, which is at the end of
the jet and close to the edge of the laser sheet
where image normalisation errors are largest,
all the profiles demonstrate a Gaussian self-
similarity.

In this study we find that the fluctuation
profiles do not collapse to self-similarity as
claimed by Dowling (1990). However the
fluctuations of Dowling required optimal
filtering of each time series and this could have
resulted in an overestimation of the fluctuation.
Note that the fluctuation profiles flatten at
higher Re. which is also seen in the fluctuation
images, figure 4. The mean concentration
profiles depart from similarity near the top of
the jet and these differences increases with Re.

The axial momentum in this region is low, and
large vortices roll over towards the centreline
probably resulting in the breakdown of the
simple theory. This feature is seen in the mean
images, where the distribution rounds off at the
op of the jet. The effect may be more
pronounced at higher Re., possibly due to an
increased crossflow associated with the higher
turbulence.

PDFs were determined for various regions
within the images. The PDF was normalised
such that the integral was unity and the
concentration was scaled by the mean
concentration at that point. The PDFs are
shown in figure 8. The PDFs are symmetric at
large x/d and become increasingly skewed at
lower x/d. The PDFs are self-similar the local
instantaneous concentration is normalised by
the mean. The squat PDFs at x/d=20 is partly
due to the finite size of the interrogation region,
giving an average over a convoluted flowfield.
The similarity between PDFs scaled in this
manner, over all Re, strongly suggests that the
scaled concentration is a general similarity
variable.

Although theses PDFs compare very well to
those of Dowling (1990) there is one important
difference. At r/d=8 the PDFs of Dowling
intercepted the y-axis at values as high as 0.5
and this intercept is used to estimate an
intermittency. There is some uncertainty in
Dowling's work due to a poor SNR associated
with the low signal levels of the Rayleigh
Scattering technique. By comparison the
intrinsic noise level with PLIF is much lower,
however we believe that the PLIF spatial
resolution is compromised by detector cross-
talk background.
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Figure 6 Scaled mean concentration (xC(x.m)/ ) versus scaled radial co-ordinate (n=r/(x-x,)) for
(a) Re=4000, (b) Re=16000 and (¢) Re=40000. Colour Key: blue x/d=20, gr