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Abstract

This contribution is about the development and trontion aspects of a spray test rig with multifoapac-
ity (kerosene, replacement fuels, surrogates)Hereixperimental analysis of liquid fuelled gas tebinjection
systems. It is capable to handle systematic cortiparmvestigations on the evaporation of hydrooa The
installation comprises high pressure and high teatpee air line feeds, two high pressure fuel linad an af-
terburner to oxidize unburned hydrocarbons. Thiedels comprises optical access. In case of evdiporanaly-
sis a laser-optical measurement unit that is bagethe Infrared Extinction method is used. Thisedepment is
part of a general investigation on the use of a#téve and bio-fuels in aeronautics called AlfadB{Alternative
Fuels and Bio-fuels in Aircraft Development), whiisha multi-disciplinary consortium with industriphrtners
from aeronautics, fuel industry and research omgitins consolidated by the 7th research framevpook
gramme of the European Comission.

Introduction

Due to an increasing oil price and the probablesichjpf the combustion of fossil fuel-derivativesaimate
change on one hand and the depletion of hydrocambatural resources and the steady growth of tratesjan
needs on the other, there is a need to develomaliees to oil also in terms of aeronautics.

For this purpose a specific research programmehenirtvestigation of adequate alternatives to oil fo
aircraft implementation has been founded by theopemn Commission’s Framework Programme. It is dalle
Alfa Bird (Alternative Fuels and Bio-fuels in Airaft Development). This consortium is made up ofsalin-
dustrial partners, research and educational itistitsl on aeronautics as well as oil companies &nd & inves-
tigate the adaptability of conventional aircrafgeres to the use of alternative fuels such as GILL, Napht-
enic Cut and blendings of GTL with HVO (Hydrogerthi¢egetable Oils). Due to the very long lifetimeooir-
rent civil aircraft and because of very strict gigmal constraints (e.g. flight in very cold camahs) it is a
great challenge to use bio-fuels and alternatie¢sfin aircrafts.

The main objectives of this project are an idecdifion of possible alternative fuels to kerosehe,ihvesti-
gation of the adequacy of the selected ones, dnai@n of the environmental and economical per@amoe of
those and finally the creation of a future perspedor the industrial use of the “best” alternatiihe main part
of the investigation activities in the DepartmehfTbermal Turbomachinery and Machine Dynamics atTh
Graz, in cooperation with ONERA Centre de Touloasd Fauga-Mauzac on these specific topics consists
the analysis of the evaporation of the previousigsen fuel types in comparison to conventionalAlefuel.
Therefore a highly versatile test rig has beeraitest in the combustion-laboratory of the Technidaiversity
in Graz. With this test rig it is possible on orent to use several different measurement technigue as
Phase-Doppler-Anemometry, Laser-Doppler-Anemomatrgi the Infrared-Extinction-Method to evaluate the
vaporisation and the atomization of fuels undertiomous hot-flow high-pressure conditions and oa dither
hand to simultaneously work on different projeat do its ability to switch test cells very quickiyhere is as
well a special fuel line feed installed which cavitsh immediately between fuel types, in case ef fifa Bird
project between a reference fuel (Jet Al) and ltosen replacement fuels.

This article details the technical aspects of sanstallations in the laboratory of our departtéts abili-
ties and the main objectives of our work in theaing Alfa Bird project. There will be a few prelinary results
presented but the main focus is set on a techdiesdription of the test rig, the test cell and tineasurement
techniques that will be used.

Test rig, Capacitiesand Structure

The test rig in the laboratory of the Institute Tdrermal Turbomachinery and Machine Dynamics is par
an open-circuit plant which had initially been alftd for experimental investigations on cold sutis@nd tran-
sonic flows.
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To fulfil the demands on a modern flow test fagilihe plant has been extended by an additionahgipart
which is able to lead the pressurized air flow caghermal air heater that has been installed erotliside of
the department building. The high pressure air-fiswelivered by a separate compressor station.

The maximum capacity of this compressor statioteisoted with MW electrical power. Leading the pres
surized air suchlike by the piping system overttie¥rmal air heater, whose maximum thermal poweeisoted
with 5MW, allows us to realize a maximum systemsptee level of 10 bar abs and a maximum temperature
level of 750 K in the test cell. The maximum aovil over the air heater at this test condition @uad 3.5 kg/s
hot air.

The additionally installed part of the open cirgpiiant is built in parallel of the current systefil opera-
tional modes of the compressor station [1] candslwas the adaptation comprises a connection toighe and

low-pressure lines.
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Figure 1. schematic of the test facility

The test rig circuit comprises mainly two line fegd hot flow and a cold flow line (Figure 1)[1]a¢h of these
consists of a main line and a corresponding byliass

The main line for the cold flow is leading directhpm the compressor station to the test cell wttike hot
main line is routed through the air heater firdieTypass lines are split from the main lines keethbe test cell
and are afterwards mixed with the gases obtainetthdyest rig. The main intention is to cool dowe £xhaust
gases. The pressure level can be set by a wate¥ecbatterfly valve. The air flow from the bypasgsels to the
test cell is regulated by electro-pneumatic valiggure 2)[1]. The bypass lines and the pipinghe &ir heater
are permanent installations. Depending on the egjidin of the test cell the remaining piping carrémrranged
or adapted. In case of the investigations for tifa Bird project an afterburner (Figure 1) is irkgd which is
run by methane in order to reduce unburned hydborer in the exhaust-tube, which will later be dethi A
vital arrangement in the whole circuit plant hasméhe installation of a new fuel supply concepe(below).
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Figure 2: 3D Design of thetest facility [1]
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Fuel Supply

Figure 3 shows ostensively the structure of the iesy supply concept. The main innovation here is
represented by the multifuel capacity of the circut is possible to handle two different fuel tgpe
simultaneously which aims to facilitate comparisovestigations. Pertaining to the Alfa Bird projeittwill be
necessary to switch between the chosen alternatidethe reference fuel if a certain test-conditi@s been
reached in order to assure comparability of theived results.

The circuit consists of two separate line feed® fon each fuel type. These feeds are both indepehd
operable and consist of a main feed and a rectionlfeed which leads the fuel back to the reserdepending
on the operation point.
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Figure 3: Schematic of the fuel supply

In the kerosene feed the fuel is aspired by a leeggure pump from the reservoir over a manuallyletgd
lock-valve and two electromangnetic safety-valves the surge tank. These valves avoid an ovedilbf the
tank and are as well connected to the fire pregantistallation of the combustion latoratory in @rdo block
the circuit in case of emergency. From this intediaie tank, into which also the recirculated figeldaded, the
mass flow is sucked by a low pressure toothed whaeip through a non-return valve and a fuel filér
micron) into the radial piston pump which is abte pgrovide a hydraulic pressure level of 40-100 bar.
Subsequently the flow passes a volumeflow-metesthen non-return valve avoiding a backflow into foel
pumps, a junction, which is connected to the retation feed (where the recycled fuel flow is regat by a
pressure balance) and an electromagnetic threevelag. This valve is used to connect the furthet pathe
circuit with its integrated nitrogen supply in orde flush the tubes in case of changing betweehtfpes.
After the nitrogen 3-way valve a further valve shigs between the fuel types. The latter part ofcihauit
consists of a combined Coriolis mass flow meteulatipn valve, another lock valve and a temperaand
pressure measurement device. The pressure is redassing a piezoresistive sensor and the temperaging
a Pt-100 resistance temperature sensor.

The replacement fuel feed is mostly build up corapby, the only difference to mention is that thereo
feed orifice to the kerosene reservoir. It is caiee directly to a barrel. The standard operating-§upply
capacity of this unit is denoted with 10 g/s fuel.

Test cell and After-burner

The main objective of the Alfa Bird project condemthe field of responsibility of the Technical Wersity
of Graz is to obtain qualitative results of the gamson of the evaporation mechanisms of seveedltfypes. As
a consequence it was decided to use an alreadiyngxisurner-geometry for these investigations. THhlE-
COP-AE injection system by TURBOMECA and the MERGATMoyen Expérimental de Recherche en Com-
bustion Aérobie par Techniques Optiques) flame ga@metry at ONERA Fauga Mauzac [6] have been chose
to be the best compromise. The burner design (Eighis based on a radial swirler with a hollowe@nessure
fuel nozzle [5].
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However some modifications have been made to #medltube, such as the change of the rectangulgndes
of the airbox to a cylindrical one for manufactgrireasons, also the Delavan pressure atomizer ders lie-
placed by an equivalent from Parker to fit a SMRu®r Mean Diameter) below 50 um.

The flame tube has been integrated into the egigihessure casing of the test
bench, allowing very quick changing intervalls imse of the necessity of
simultaneous investigations in the laboratory. Thds been acquired by using an
adapter-flange construction. The whole conglomesateeatstrain-insensitive due to
an axial-compensator integrated between the mairgél and the air-box (Figure 5).
This design can compensate the calculated heatstfaipproximately 2 mm, which
is important due to the highly displacement-sevsitilnfrared Extinction
measurement method [2] which will be discussed .late

The liner is rectangularly shaped and made of 2metal sheet which is bolted
to the flange of the air-box (Figure 5). It has rfqaerpendicular windows which
allow a centered optical access of 180 x 100 mreamt side flush with the entrance
plane. The window panes are made of quartz-glasehwik highly pressure and
temperature resistive and has a wide range of ligintsmission according to the
Figure4: Cross-section interesting wavelengths of 633nm and 3,39um usedte Infrared Extinction
of the burner geometry measurement method. The test specimen is appligdatad! piezoresistive absolute

pressure sensors detecting the rotational symmeieizn-value of the pressure and
15 thermocouples on the interesting positions (f€dy) as well as a Pt-100 total-temperature sepssitioned
in the middle of the flow.

[Clippen-Z

Figure5: Cross-section of the burner geometry

In the dilution zone an afterburner has to be Iresiain order to reduce the unburnt hydrocarbonsaby
controlled pyrolysis, which is necessary accordmthe Alfa-Bird-related isothermal vaporisationaéstigations
without combustion. Figure 6 shows the concepheftest cell and the afterburner.

The hot compressed air is guided through the maie-into the airbox and cooling air is passing gice
the flame tube. Passing the radial swirler, thefloot is mixed with the investigated fuel using equivalence
ratio of ® = 1. After the liner, the hot fuel / air mixture diluted by the cooling air. In order to avoidsfidack
the blend is attenuated tifi = 0,5. The suchlike conditioned flow is introdudatb the after burner. To produce
a pyrolysis the whole mixture has to be heatedougt teast 1100 K. The required thermal power eftibrner
has been calculated to be approximately 120 kWteBah this thermal power it is planned to useantiular
arrangement of three “Lang-burners” [10], which éagveen developed at the Combustion Department. The
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functionalitity and the stability of the existingitmer geometry is well known and the burner stgbhlias been
proven. The burners are operated with methane gedvby the internal gas circuit of the laboratdteg
operation point is regulated with a pressure redacel a V-cone flow meter. The mixture is ignitedthwa
lighting-up lance which is combined with a flamenaillance detector in the middle of the burnersbuilt-in
UV flame detector and a set of pressure taps aranbcouples serve for process control.

The exhaust gases coming out of the burner-conghmehave to be highly diluted because of the
uppermost allowed temperature level in the exhtovsér of max. 670 K. For this purpose compressédion
air is leaded into the exhaust tube coming fronde ginction.
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Figure 6: Schematic of thetest cell and the afterburner

Test Conditions and Fuel-selection

The chosen test conditions in the Alfa Bird projamt based on certain similarity rules, more pedgia
constant reduced mass flow-rate WR = 0.3, a coheté&rence velocity % = 33,36 m/s, a constant equivalence
ratio of® = 1 and a constant temperature of 750 K in otolenatch realistic gas turbine conditioBased on
this similarity rules the pressure levels in theteyn are going to be changed, varying between atneos
pressure level, 3 bar absolute pressure and Shsadude pressure. Each of the 4 chosen fuels isggm be
tested under these operating conditions.

P T Vref Mair Kero

Tests for 4 Fuels Pal K] ms] [0/s] 0/s]
TESTS LP 1,00E+05 750 33,346 10,9% 0,76
TESTS HP 3,00E+05 750 33,34 32,8p 2,2
TESTS VHP 5,00E+05 750 33,346 54,7Y 3,78

Table 1: AlfaBird test-matrix

Based on an initial fuel selection of 12 fuel-blerahd an evaluation of these in terms of theiriuas jet
fuel, the responsible department has selected I fhat will be tested in detail. The 12 blends sisted of
FSJF, FT-SPK, blends of FT-SPK with naphtenic-auh&xanol or furane or FAE, in different amounthe™
fuels selected are FSJF, a blend of FT-SPK witkéf@aphtenic cut and a blend of FT-SPK with 20 %anex
Because of Jet A-1 having a large variability adetg to the crude oil and the process (sweeterindroproc-
essing, etc.) which results in a variation in tieel of aromatics and sulphur, FSJF was choseepi@sent the
reference fuel due to its homogeneity and the ttaat it comes from an identified refinery with antmlled
process.

M easur ement techniques
For the investigations within the Alfa Bird projeedifferent measurement techniques are going taskd.
Firstly the Laser Doppler Anemometry (LDA) to arsdythe flow velocity components u v w as well as th
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turbulence levels, secondly the Phase Doppler Amesiy (PDA) to analyse particle-size and -numbedt an
thirdly the Infrared Extinction Method (IRE) to @et the concentration gradients in the flow. piesumed that
the first two measurement techniques are widelywknand don’t need any further explanation. Mainuof
attention in the AB-project is directed on the dhinethod.

The Infrared Extinction method is a line-of-sighgn-intrusive laser method that provides the retatuel
vapour concentration in a two-phase flow with evagon by comparing Intensity values of two laseaims
(visible L = 633 nm and infraredd = 3390 nm) directed through the investigated madiR]. A few different
configurations have been carried out since it wigirally developped by M.S.A.Skinner in the lat@'s’ The
Latest configuration known has been tested in #s fhree years at the Onera in Toulouse (B.Wagnair [8])
to investigate the fuel vapor concentration on tbtsp

1 (% ijs (@)

C=a.l" (%j

The principle is based on a simplification of theeB-Bouguer-Lambert law (Equation 1) ( Drallmeitale
[7]). The main Hypothesis is that if the line-ofist extinction due to Mie-scattering is similar fmoth infrared
and visible wavelengths because of the presenteedipray, only infrared light will be absorbedthg vapour
fuel, being transparent to visible light. A compgan between line-of-sight intensities of both wawegths
allows to estimate the vapour concentration C. &@Hegensities will always be normalised with a refece
signal in absence of the spray, which representditext transmission intensities that are marketh i "0”
underscript. As a consequence the line-of-siglanisities s, lo VIS, lr and IR have to be measuredy, is
the vapour absorption coefficient in the IR rangied L is the length of laser penetration through iedium.
While the producty L is constant at isothermal conditions, the re@ationcentration can be computed.
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Figure 7: IRE test configuration

In the usual set-up in former configurations a edotliode for the infrared and a photodetector fer t
visible range have been used in order to detectatber signal emmitted by the class 2 lasers. imtipe of
configuration it is necessary to place pinholeframt of the detector-entrance in order to enshe¢ the same
amount of scattered light fraction for both wavejs is detected. The problematics are a very high
displacement sensitivity on one hand and the digabf the system to detect a general diffractmnthe other.
Because of these facts the technology is problerfatiregular test bench operations.

Therefore, as figure 7 indicates, a new concepbkas developped, replacing the sensitive diodeSQiy
cameras. The optical setup has not been changedmparison to the configuration of the investigasiof
Giuliani et al.[2], only the pinholes in front dfi¢ detectors are being removed, which makes theraysore
stable concerning signal-diffraction and displacetm&he optical setup consists of four lenses (¢attimation-
and two collection-lenses with focal lengths of 38, 100 mm and 50 mm made of CaF2 for the IR aKd B
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for the visible range) and two semitransparentaenirwhich reflect visible light and are transparentiR-light.
Due to the sensitivity of CCD chips concerning lohdiog it is necessary to lower the light-intensitiferefore
variable filters are integrated into the systemimg@laced in front of the lasers. The analog CGineras are
connected to an external A/D converter module (&grabber) which is connected to an USB Interfacthén
test bench processor. The data acquisition is paed with a Labview 8.2 routine.

Preliminary Tests

In order to verify the the chosen operation poistsne preliminary tests have been made, all of them
adressing to the reduced mass flow rate WR = 08 (omenclature). The first investigation covered a
combustion test which was performed outside therktory at atmospheric pressure and ambient teriyperd
= 290 K. The burner was operated with ethanol dugynition problems using kerosene. The tests lman
made without liner (free-jet) and with liner (camgid-jet), in the pictures below a variation of thdlow can be
seen at constant fuel mass flow being regulateédet@equired reduced mass flow rate.

m_air = 6.08 g/s m_air =11.3 g/s m_air2=69 g/s
v_ref=7.16 m/s v_ref=13.4 m/s v_ref = Birh/s
m_eth=1.2 g/s m_eth=1.2 g/s m_eth = 1s2 g/

Figure 8: Free-jet combustion-test varying air-mass flow

At ambient conditions and in absence of cooling aipart load operation was chosen which expldies t
relatively low reference velocities in comparisorthe test case. The flame attaches in free-jetenaddhe tip of
the pressure nozzle at part load and stabilisamdrthe internal recirculation zone. When augmentire load,
the flame gets a lifted structure (Figure 8). Unclemfined conditions, the absence of ambient sading air to
be entrained allows the flame to attach to theradigemeter of the injector.

m_air = 10.42 g/s m_air = 13.5 g/s m_air3=6Y g/s
v_ref=12.2 m/s v_ref=15.9 m/s v_ref = Tori/s
m_eth =0.87 g/s m_eth = 0.87 g/s m_eth = Q/87

Figure 9: Confined-jet combustion-test varying air-mass flow

Furthermore LDA measurements of the flow have beetriormed on free- and confined-jet mode under
atmospheric conditions. The measurements were noegfb using a two-component LDA system (Dantec
FiberFlow with two BSA processors) and the dataugition was done using the BSA-Flow software. Detg
of DEHS oil (Di-Ethyl-Hexyl-Sebacin-Ester) with aminal diameter of 0.3 um were added to the flofoise
the entrance of the airbox. The mass flow rate (W®3) has been regulated with a V-cone flow-matet a
manual pressure reducer. Figures 10 and 11 showath@l distribution of the axial velocity in thegitions 6
mm, 26 mm, 56 mm, 86 mm and 116 mm measured dogsamatof the entrance plane for free- and confined-je
configuration. The compressed air was taken fragriiternal air circuit of the department.
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For further investigations the compressed air cgnfiiom the circuit plant will be used. The Swirlmber

(see nomenclature) at the position 26mm from thieaaoe plane has been calculated S

and S

0.78 for nedjet

0.74 for free-jet.
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Figure 11: Radial-distribution of the velocity-componentsu, v and w in confined-jet configuration



ILASS — Europe 2010, 23rd Annual Conference onidli§tomization and Spray Systems, Brno, Czech Rep8eptember 2010

Conclusion

Compared to existing well-established fuel sprest tigs at realistic operating conditions [3][4het
concept offers a multifuel capacity and is equipp@dtransient as well as modulated operation fgedtor
stability analysis. The test rig is under consinrgtthe Test cell and instrumentation are ready te fuel
supply is soon being completed. The IRE measurertenitnique is under development of Onera Centre
Toulouse. The effort is being put at the momenttlos design freeze of the afterburner, which is idcat
milestone of this part of the Alfa-Bird project.

Nomenclature

FSJF Fully Synthetic Jet Fuel
FT-SPK Fischer Tropsch Synthetic Paraffinic ksenoe
FAE Fatty Acid Ester
3 TtZ pN
WR=m_U|==— Reduced Mass Flow
Ty P
Pn Atmospheric Pressure (1.01325 Pa)
TN Atmospheric Temperature (288.15 K)
P Systempressure
Te Systemtemperature
Xmax
2
-([WEL'D( dx Swirlnumber
R
juzx [eix
0
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