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ABSTRACT

Within the German Energy Research Programme “500M W on a single shaft”, Rolls-Royce Deutschland Ltd & Co
K G and the German Aerospace Center DLR have carried out detailed investigations of different liquid fuel injectors
for the main stage of a lean burner. The main injection principle follows a jet in cross-flow arrangement. Two other
concepts with a prefilmer and a trailing edge injection were additionally derived. Planar non-intrusive measur ement
techniques e.g. Mie-scattering, chemiluminescence of the OH* radical, L1F and PDA were applied up to P,,=6bar and
Tr=822K in a single sector combustor. Emission measurementswere carried out up to P;,=20bar and T,,=822K in a
high-pressuretest facility.

It was found that the fuel split between pilot and main injector has a significant effect on flame structure, the loca-
tion of the reaction zone, and the evapor ation behaviour of the “mixed” pilot and main flame. Low NO, emissions are
observed with main burners with a low fuel penetration into the central recirculation zone. The use of trailing edge
injection at the atomizer lip and a combination of fuel swirling and increased fuel flow number has shown significant
NO reduction of ca. 68% compared to central fuel injection.

1. INTRODUCTION

In recent years, a notable decrease of pollutant emissions for aero-engine combustors was achieved due to the
reduction of specific fuel consumption and a continual optimisation of diffusion flame combustors. As a conse-
guence, today’ s aero-engine gas turbines meet the emission limits established by the International Civil Aviation
Organization (ICAO) with some margin. However, new legisation for nitrogen oxides NO, for new engines
became effective at the beginning of January of 2004 (CAEP 1V) and a further tightening of NO, emissions will
be introduced in 2008 (CAEP VI). To further improve the thermodynamic efficiency and the specific power,
future aero-engines and stationary gas turbines will consequently operate at a much higher pressure-ratios and
increased combustor inlet temperatures leading to a higher production of thermal NO,.

A main challenge in the development of modern aero-engine gas turbine combustors is therefore the continu-
ous reduction of pollutant emissions. Significant reduction of NO, emissionsis offered by the application of lean
premixed and prevaporised (LPP) combustion. The limited operating range and inherent technical problems of
LPP combustion, e.g. self-ignition and combustion instability, implies a significant restriction for aero-engine
combustors. To overcome the shortcoming of the classical LPP design a promising concept is alean combustion
with either a partial premixing of the fuel and oxidizer prior to combustion or direct injection of the fuel into the
primary zone of the combustor. One of the most important tasks is an optimisation of the liquid fuel placing.

Within the German Energy Research Programme “500MW on a single shaft”, Rolls-Royce Deutschland
Ltd& Co KG and the German Aerospace Center have carried out detailed investigations of different liquid fuel
injections for the main stage of a lean burner. Through a comprehensive sensitivity analysis of the main injection
the aim of the work was to achieve further NO, reductions compared to conventional diffusion burners. In the
following section, the burner concept and further variants will be described. To improve the understanding of the
underlying fuel placement mechanisms and their influence on global combustion parameters, non-intrusive
measurements in a single-sector rig and emission measurements within a high-pressure sector rig were carried
out and some of the main results are presented below.

2. LEAN BURNER CONCEPT

The burner design is based on the so-called “swirl cup” concept. Former investigations regarding burner siz-
ing and injection optimization are reported by Rackwitz et a. [1], other issues e.g. flame stability and cooling
requirements are described by Bake et al. [2]. Fuel is mixed with an excessive proportion of air i.e. the resulting
burner air-to-fuel-ratio (AFR) is very lean. Two co-rotating radial air swirlers provide a high swirling until the
burner exit leading to a centralized flame stabilization. The fuel injection device consists of two parts. a main



fuel injector optimized for low emissions and a pilot fuel injector to enable high combustion efficiency and to
improve the stabilization of the flame. Fig. 1 shows a schematic of the lean burner from RRD and a photograph
of an observed flame. The image was taken at a combustor pressure of Py=6bar, an air inlet temperature of
T4=700K, afuel split of 20%, i.e. only 20% of the total fuel is feed though the pilot injector, and a burner AFR
according to 92% of the design point air-to-fuel ratio (AFRy).

The main fuel is injected in liquid phase
with discrete jets at the atomizer lip. A jet in
crossflow arrangement offers the possibility of
a rapid break-up of the liquid columns. The
fuel is injected into regions with highly turbu-
lent shear stresses leading to an intensified
mixing of fuel and air. Detailed experimental

1 — outer swirler
2 —inner swirler

results of the breakup and penetration of plain 3 —pilot injector
liquid jets in crossflows can be found in the 4 —main fuel supply
literature e.g. for non-inclined liquid jets by 5—Dl|9t spray
Hussein et al. [3], Wu et a. [4], Becker and 6 —main spray

Hassa [5] and for inclined liquid jets by Fuller 7 —atomizer lip

et a. [6]. In the present study 13 variants of
multiple liquid jet injections for the main
burner were investigated. Here, the number
and diameter of fuel ports as well as the  Figurel: Lean burner from RRD with pilot and main fuel
circumferential injection angle of the fuel jets  injection, exemplary photograph of the “mixed” flame.

were varied.

In addition to the jet in crossflow injections mentioned above, two other concepts were derived with atrailing
edge injection at the end of the atomizer lip and a prefilmer configuration (see Fig. 2). A trailing edge injection
of discrete swirled fuel jets, as realised in concept (b), follows a lean direct injection approach with nearly no
residence time of the liquid fuel inside the burner. The main fuel will not penetrate into the central recirculation
zone. High turbulent shear
stresses between the two swirled
air streams will improve the air
fuel mixing.

A developing liquid wall film
on the inner surface of the atom-
izer lip via discrete fuel jets is
realised in concept (C). Here,
nearly no radial penetration of
the main fuel towards the central
recirculation zone will occur. All
three main fuel injection con-
cepts (a) to (c) were integrated
into a common burner design
with identical aerodynamic swirl
generation and pilot injection.

Additionally, Fig. 2 shows
images fuel flow tests of the
main injectors prior to the com-
bustion test. The calibrating fluid MIL-C-7024 was used as a fuel substitute for aviation kerosene. At ambient
conditions the fuel flow to the burners was successively increased and injected into stagnant environment. With
this ssimplified flow check of the injectors, qualitative information about the initial fuel distribution generated by
the discrete jets can be derived. Especialy for very small fuel ports the identification of blockage or dispropor-
tional port sizes against specification is essential to ensure adequate initial fuel homogeneity.
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Figure 2: Schematic of investigated main injections: (a) swirled jet in
cross flow", (b) trailing edge injection?, (c) prefilmer® (top), images of fuel
injection into stagnant environment (bottom) (*?* patents pending).

3. NON-INTRUSIVE MEASUREMENTS
3.1. SingleBurner Rig With Optical Access

The single sector combustor (SSC) test rig of the DLR Institute of Propulsion Technology was chosen for the
experimental investigation using non-intrusive optical measurement techniques. The SSC test rig offers three-
way optical access to the primary zone for application of laser light sheet techniques and is capable of operation
at up to 20bar of combustor inlet pressure, 850K of air inlet temperature and air mass flow rates of 1.3kg/s.

A schematic of the test rig is shown in Fig. 3 outlining the different flow paths for the primary air, cooling air,
secondary air and the fuel supply. Electrically preheated air enters the combustor plenum through a choked noz-



Zle. It isthen fed to the flame tube through the burner and the
heat shield of the combustor dome plate from where it enters
as a cooling and purging film along the quartz windows of
the primary zone. The primary zone length is limited by addi-
tion of secondary air by means of mixing jets. The flame tube
is cooled on the outside by non-preheated cooling air. All
airflows exit the combustor through a single choked exit
nozzle. In addition to the non-intrusive optical measurements, :_ﬂ
emission measurements in the exit of the combustor were

carried out in parallel using a water cooled exhaust probe e .
from RRD. Details about the SSC test rig can be found in

Behrendt et al. [7]. Figure 3: Schematic of SSC test rig.
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3.2. Reaults— Fuel Placement and Flame L ocation

Planar non-intrusive optical measurement techniques were used to characterize the fuel placement, the reac-
tion zone and the flame temperature in the primary zone of the SSC test rig. Simultaneously, conventional emis-
sion measurements were applied for the lean burner concepts (a) — (¢) to investigate the effect of fuel flow split 1
(0% - 100%) and of the air inlet temperature (T4,=700K, 822K) on burner performance. Here, fuel flow split pis
defined as the ratio of pilot fuel flow to the total fuel flow through the pilot and main injector.
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Figure 4: Effect of fuel flow split p on time averaged liquid fuel distribution (Mie scattering), heat re-
lease (OH* chemiluminescence) and flame temperature (OH LIF) at P5,=6bar, T;,=822K, 92% AFR.
The longitudinal section through one half of the axis symmetric flame is shown.

Mie-scattering provides qualitative information about the distribution of the liquid kerosene in the burner near
field. The light of a pulsed, frequency doubled Nd:Y AG laser was formed to a planar light sheet. The scattered
light was detected perpendicular to the laser sheet by an intensified CCD camera. At least 150 single pulse im-
ages were taken to determine the time average of the Mie scattering. As a marker for the flame reaction zone the



chemiluminescence of the OH* radical at 315+10nm was used [8] and detected by another ICCD camera. On the
assumption of axial symmetry the average of 150 OH* images each having an exposure time of 10us were de-
convoluted to obtain a visualization of the reaction zone in alongitudinal section through the flame. Flame tem-
perature is derived from the concentration of the OH radical. In lean pressurized flames the OH concentration
increases nearly exponentialy with temperature. By the combination of OH LIF and laser absorption measure-
ments, absorption correction as well as absolute calibration of the OH image and therefore calculation of the
spatially resolved absolute temperature becomes possible [9]. At temperatures below 1500K the OH concentra-
tion is too low for reliable temperature determination in kerosene/air flames. Despite the spectra interference of
OH and kerosene LIF the simultaneous detection of the LIF signal by 2 cameras using different spectral filters
enables an independent measurement of OH and kerosene. The time averaged mean and RMS values of the tem-
perature and kerosene distribution were calculated of 200 single-pulse OH and kerosene LIF images.

Fig. 4 shows the effect of the fuel flow split p on flame structure of the lean burner with the main fuel injector
of concept (), i.e. the prefilmer, at 6bar and an air inlet temperature of 822K. The density of liquid fuel is quali-
tatively indicated by Mie-scattering (Fig. 4, bottom), and the reaction zone by deconvoluted OH* chemi-
luminescence (Fig. 4, centre). The flame temperature (Fig. 4, top) is calculated from the OH concentration. The
iso-lines represent the fraction of shots for each pixel in the OH-LIF images where a local temperature could be
determined, i.e. where the local temperature was above 1500K. From left to right of Fig. 4 u was increased from
0% up to 50%. The presented images correlate with the emission measurements in Fig. 5 and with PDA results
shown later in Figs. 6 and 7. At afuel split of u=0% (Fig. 4, left column), i.e. only the main burner is operating,
no blow out of the flame occurred for both air inlet temperatures (T,,= 700K, 822K). But the flame burned com-
pletely lifted off. As shown in the left column of Fig. 4 for T4=822K, the reaction zone started 15mm above the
burner, reached its maximum at a height of 40mm, and extended beyond a height of 60mm. The mean flame
temperatures of less than 1840K inside the measurement window are low. Due to the geometric limitation of the
measurement window at 55mm above the burner the temperature field of the detached flame could not be com-
pletely characterised. The qualitative Mie image indicates a broad spray distribution with more than twice the
density of the test case u=20% (Fig. 4, centre column).

The flame structure is changed at the higher fuel split due to the additional pilot flame anchored inside the
burner. The reaction zone is more structured: beside the main reaction zone in a height of 30mm above the
burner outlet an additional reaction zone at the inner
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P,,=6b.
of the spray whereas the highest time averaged flame "

temperature is 2020K. The distributions of fuel, reaction 5
zone and temperature of the fuel split ratio u=50% are
shown in the right column of Fig. 4. A further reduction
of Mie-signal by a factor of 4 is confirmed by the liquid
fuel flux determined by the PDA measurements (see
Fig. 6) as well the increase of the opening angle of the
spray cone. The reaction zone moves to burner outlet
and the highest mean values of the flame temperature
reach 2080K. r
Fig. 5 shows measured NO, emissions at Py=6bar = Ly Ly L1 1,
and 92% AFRy. All data are referenced to EI[NOx] at 0 25 50 75 100
u=0%, T4=700K. For p=0% and T,4=822K the low fuel flow split [%]
values of the temperature field of Fig. 4 confirmthelow  Figure5: Effect of fuel split p and T4, on measured
NO, emission when the pilot injector is not operating. If EI[NO,], concept (c) with main prefilmer, SSCrig.
the fuel flow to the pilot injector is increased up to
n=20%, NO emissions are raised by ca 70%. A further increase of the pilot flow leads to a nearly linear in-
crease of EI[NO,]. For p=100% the highest temperatures grow only dlightly, but the high temperature area
(T>2000K) inside the measurement window doublesin size, leading to an additional EI[NO,] increase of 28%.
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3.3. Results—Droplet Characterisation

For a detailed characterisation of the fuel spray, phase-Doppler anemometry (PDA) measurements were per-
formed using a 2-component Dantec system with covariance processor. The receiving optics were positioned at
Brewster's angle for kerosene (i.e. 68° off-axis), so that only light scattered by first-order refraction could be
detected and the effect of changes of droplet refractive index on measured drop size was eliminated. At each
node of the measurement grid covering one quarter of a cross-sectional plane of the two-phase flow, 20'000
events were recorded. Some results are shown in Figs. 6 and 7, where the Sauter Mean Diameter (SMD) of the



spray droplets and the axia flux of the liquid fuel are plotted as a function of radial coordinate. Due to the im-
possibility of measuring the exact flow path of any given droplet through the PDA measurement volume in the
highly turbulent, swirling flow with a 2-component PDA system and the resulting uncertainty of the detection
area of the measurement, the liquid fuel flux data is presented for qualitative comparison only. Measurements
were taken in a plane oriented normal to the burner axis and located 10mm downstream of the burner exit with
different fuel splits (Fig. 6). Additionally, air inlet temperature was varied between 700K and 822K (Fig. 7).
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Figure6: Effect of fuel split p on SMD and Figure 7: Effect of T4 on SMD and axia liquid

axial liquid fuel flux at 6bar, 822K, 92% AFRy fuel flux at u=20%, 6bar, 92% AFR,.

The figures show that the measured liquid fuel flux decreases as the percentage of fuel passed through the pi-
lot isincreased. Due to the pilot flame, which is anchored deep inside the burner, the pilot fuel evaporates and
possibly even disappears by chemical reaction before reaching the measurement plane, and heat transfer from the
pilot flame increases evaporation of the main fuel. Increasing the percentage of fuel fed to the pilot also leads to
a decrease of mean diameters of the droplets that are still present in a given measurement plane. Air inlet tem-
perature has a significant effect on the fuel spray in the sense that alower preheat will give rise to larger droplets
and especialy higher values of the measured liquid fuel flux.

4. EMISSION MEASUREMENTSAT HIGH PRESSURE

In addition to the SSC test campaign emission measurements of CO, CO,, NO, NO,, O,, UHC and soot were
carried out in a high-pressure-single sector (HPSS) rig at DLR Ingtitute of Propulsion Technology for 16 burner
variants. The water cooled combustor has a cylindrical cross section with a diameter of 90mm. Maximum oper-
ating conditions are P,,=40bar and T4=920K. In Fig. 8, NO, emission index vs. burner AFR for different burner
configurations is shown. The tests were performed at 75 80 85 90 95 100 105 110 115
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variant with a lowered fuel flow number (green) and Figure 8: measured NO, emission index vs. burner
with an increased fuel flow number (blue) of the main  AFR, pilot only, burner concepts (a) — (c), HPSSrig.
burner. Compared to concept (a) and (b) with the design

fuel flow number the main fuel injection at the trailing edge of the atomizer lip with concept (b) shows the low-
est NO, emissions over most of the burner operating range. In the lean region above a burner AFR of 105% the



trailing edge injection is better than concept (a) with increased fuel flow number. At 100% burner AFR a NO,
reduction of 68% compared to the central injection was achieved.

5. SUMMARY

In the present study, different types of main injections for alean burner were investigated in detail by applica-
tion of planar non-intrusive measurement techniques up to Py=6bar and T,;=822K. Emission measurements
were carried out in paralel at P4,=6bar in the SCC rig and at up to P4,=20bar in the HPSS rig. The main results
can be summarized as follows:

a) Lowest NO, emissions are observed with main burners offering a low fuel penetration into the central re-
circulation zone at the burner axis. A swirled fuel injection and an increased fuel flow number via increased
port diameters have shown a significant NO, reduction of ca. 68% compared to central fuel injection.

b) As shown for the prefilmer concept (c), the fuel split has a significant effect on the flame structure, the lo-
cation of the reaction zone, and the evaporation behaviour of the “mixed” flame. Consequently, the NOy
emissions increase strongly with higher fuel splits. At the same time, the flame position changes from a
lifted flame to an anchored flame with increased spray angle.

¢) A trailing edge injection of the main fuel with no premixing of the main fuel and air within the burner has
demonstrated lowest NO, emissions in the lean regimes at higher operating conditions up to 20bar.

The work has shown that a detailed investigation of liquid fuel placement for a lean burner using both non-
intrusive measurement methods and conventional emission measurements will improve the understanding of the
“mixed” flame behaviour. It has to be mentioned, that 3D CFD methods has been used extensively to optimise
initial fuel placing of the main stage. Whereas NO, was reduced significantly, some effort will be made to ex-
tend the operating envelope of the burner with respect to lean burnout at low power and low fuel split conditions.
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7. NOMENCLATURE

AFRg- (design) air-to-fuel-ratio [-] NO, - oxidesof nitrogen (NO and NO,)
CAEP - committee on aviation environmental protection Pir - combustor inlet pressure [bar]
El[x] - emissionindex of speciesx [g of speciesx/kgfuel] PDA - phasedoppler anemometry

FN - fuel flow number of aburner [igph/Vpsid] SMD - sauter mean diameter [um]
HPSS -  high-pressure-single sector SSC - single sector combustor

LIF - laser induced fluorescence T4 - arinlet temperature [K]

LPP - lean premixed prevaporized K - fuel flow split [%]
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