Jermy, Doherty and Greenhalgh- The response of fuel injector sprays to acoustic perturbation

The response of fuel injector sprays to acoustic perturbation and their role in
combustion instability
MC Jermy, WG Doherty and DA Greenhalgh
Department of Optical and Automotive Engineering, School of Engineering, Cranfield University, UK
Tel. +44 1234 754680
Fax +44 1234 750425
m.jermy@cranfield.ac.uk
http://www.cranfield.ac.uk/soe/departments/optical.htm
ABSTRACT
Self-excited thermo-acoustic instabilities (sometimes known as rumble) have impeded the development
of lean burn low NOx gas turbine combustors. Acoustic waves in the combustor interact with the
fuel/air mixing process to modulate fuel field properties e.g. air-fuel ratio (AFR). The fluctuating fuel
field properties cause the heat release rate to fluctuate. If the Rayleigh criterion is obeyed i.e. the phase
difference between the fluctuating heat release and the acoustic pressure is less than 90o, the acoustic
wave is amplified. The acoustic intensity can cause vibration and enhanced heat transfer sufficient to
reduce the lifetime of the mechanical parts, as well as causing the operating noise levels to exceed
regulatory limits.
The fuel injector has an important role in the interaction of the acoustic field and the fuel flow field. In
rig tests, injectors of slightly different design can yield significantly different noise levels in the same
combustor. We have applied planar LIF and Mie imaging, Laser Sheet Dropsizing (LSD) and
borescopic imaging of the prefilmer to fuel injectors with an imposed acoustic disturbance in cheap
non-combusting tests. The goal is to identify the mechanisms of the interaction between the acoustic
and fuel flow fields, and ultimately to inform the design of injectors that encourage stability.
Planar imaging shows that the fuel concentration and droplet size fluctuate at the frequency of the
imposed acoustic modulation. At a given time the phase of the fluctuation appears to be constant across
the spray region. Fluctuations in both fuel concentration and droplet size both have the potential to
couple the acoustic modulation to the heat release rate.
High speed video borescopy of the fuel on the prefilmer shows the strength of the fluctuations of fuel
film immediately before atomisation. For an injection device that encourages instability, the activity of
the fuel on the prefilmer lip is significantly enhanced if the imposed acoustic frequencies lies in a
certain band. This frequency band is similar to the range of rumble frequencies observed in combustion
tests. The induced activity is spread across a wide frequency range. A device which discourages
instability shows little frequency-dependent response in the prefilmer fuel film.
Tests such as these offer (1) a method of screening injectors for their susceptibility to acoustic
instability at far lower cost than high pressure combustion tests and (2) insights which may aid design
of inherently stable injectors.
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1. INTRODUCTION
Many modern lean lox NOx gas turbine combustors have proved vulnerable to self excited thermoacoustic instability. Acoustic oscillations of the static pressure in the combustion chamber interact with
the fuel injection, mixing and combustion processes, resulting in oscillations in the heat release rate. If
the phase difference between the heat release rate and the static pressure is less than 90o, the flame can
amplify the pressure variations. This can result in unacceptable levels of noise, and a shortening of life
or catastrophic failure, as a result of mechanical vibration and an elevated rate of heat transfer to the
combustor components. Lean combustors are particularly prone to this behaviour because small
changes in air fuel ratio (AFR) can yield large changes in heat release rate.
Whether the flame amplifies or damps the acoustic oscillations depends on the operating conditions
and the design of the combustor. Rig and engine tests have shown that of a pair of fuel injectors that
differ only very slightly in design, one may encourage and the other discourage self excited instability.
We have studied the response of kerosene fuel injectors to acoustic oscillation imposed on the injector
airflow. The goals are (1) to confirm that the injector behaviour provides mechanisms which may be
responsible for coupling the acoustic and heat release fluctuations and (2) to identify aspects of the
injector behaviour which may explain the observation that large difference in instability behaviour
follows from small differences in design and (3) to develop cheap, non-combusting tests that can
identify poor designs at an early stage.
2. EXPERIMENTAL
An acoustic perturbation was applied to the injector airflow with a siren. The effect on the spray was
measured by Laser Sheet Dropsizing imaging, phase-locked to the applied acoustic perturbation. The
effect on the fuel on the prefilmer was investigated with high speed video imaging through a
borescope.
2.1 Spray rig and siren
The injectors were run in an optically accessed spray rig (Fig.1). The flow conditions were
representative of the conditions at which the injectors had exhibited instability in engine or combustion
rig tests. At the time the rig was limited to near atmospheric pressure. The conditions were scaled from
engine pressure, conserving as far as possible momentum flux ratio and global velocity (planar
imaging) or momentum flux ratio and relative pressure drop (borescopy). The fuel was Exxsol D-80
with 0.01125g/l 2-5 diphenyloxazole added as a fluorophor.
The acoustic perturbation is applied upstream of the injector by an axial siren (Fig.1). This consists of a
rotating and a static plate. Both plates are pierced with holes. The holes are shaped such that the
overlapping area is sinusoidal with time. This does not ensure a perfectly sinusoidal perturbation of the
airflow as the acoustic properties of the flow system promote certain harmonics at the expense of the
fundamental. The peak to peak pressure fluctuation just upstream of the injector is 18mbar at 12Hz,
8mbar at 100Hz and 4mbar at 200Hz.
The injector is mounted in a plenum airbox without internal baffles. Parallel plates on the front of the
airbox mimic the confinement of the combustor walls (Fig.1).
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2.2 Laser Sheet Dropsizing
The beam from a 308nm, 150mJ/pulse XeCl excimer laser (Lambda-Physik EMG150) is formed into a
sheet 50mmx0.5mm (Fig.4). This sheet passes through slots in the parallel plates illuminates a plane in
the spray. The illuminated plane includes the centreline of the injector. A CCD camera (Princeton
Instruments ICCD) viewed the illuminated plane through the gap between the plates. The camera is
fitted with a Nikkor 105mm UV lens and a mirror-and-filter arrangement which projects two images
side by side on the chip. One image is filtered to pass only Mie scattering and the other fluorescence.
The camera and laser are triggered by a delayed pulse synchronised with the siren. The delay is altered
to choose the phase of the perturbation at the time the image is taken. 100 shots are taken at each of
eight phases 45 degrees apart. The 100 shots are averaged and split to separate the Mie and LIF images.
The LIF signal is proportional to the fuel volume fraction. The LIF is divided by the Mie according to
the Laser Sheet Dropsizing process (Le Gal et al, 1999, Jermy and Greenhalgh 2000) to yield maps of
Sauter mean diameter.
Several airblast kerosene injectors were imaged, each with the siren at 12, 100 and 200Hz.
2.3 Borescopic imaging
Two injectors were imaged. One (Device A) had exhibited instability in combusting rig tests. Device B
had not. Confidentiality agreements with the sponsor prohibit us from revealing the design or flow
conditions beyond saying that they were kerosene airblast atomisers and they differed in few aspects,
one of which was prefilmer geometry.
A borescope was used to obtain clear images of the prefilmer from inside the obscuring spray. The
prefilmer was illuminated with the beam from a multi-line Argon ion laser at 2W total power expanded
to ≈6mm diameter. The positions of the borescope, beam and injector are shown in Fig. 2. A PhotoSonics Phantom 5. camera was coupled to the borescope. This is a CMOS device with 1024x1024
pixels capable of 8-bit resolution and frame rates of up to 30,000fps at reduced image size. The
available illumination allowed us to go to 1000fps only.
One-second image sequences were acquired with both devices at siren frequencies of 0, 100, 200 and
381Hz.
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3. RESULTS AND DISCUSSION
3.1 Laser Sheet Dropsizing
Fig. 3 shows a set of false-colour PLIF images from one of the injectors. The siren frequency is 12Hz.
The images show a periodic fluctuation in fuel concentration. The amplitude of the fluctuation is ≈20%
of the mean at 12Hz. The fluctuation is in magnitude not spatial distribution- the cone angle of the
spray does not change. The fluctuation is not perfectly sinusoidal, but neither is the siren waveform.

Fig. 4 plots Sauter Mean Diameter (SMD) against the siren phase angle, for the same injector as Fig. 3
at three siren frequencies. The SMD is in arbitrary units since the images have not been calibrated for
size. SMDs from three points in the spray are shown, the location of these points is indicated in Fig. 5. .
The amplitude of the fluctuation is ≈30-80% of the mean at 12Hz. The fluctuation in SMD has the
same phase at each of these three points- at any one time the fluctuation in the spray properties is at the
same phase at every point across the imaged area. This is to be expected since the wavelength of the
acoustic perturbation is ~1.5m at 200 Hz and ~30m at 12Hz.
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Figure 4: SMD versus siren phase
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Several injectors were imaged. The injectors had shown markedly different instability intensities in
combustion rig tests. The results shown in Figs. 3-5 are from the injector most prone to instability. The
fuel concentration and droplet size modulation behaviour of the others was qualitatively similar but of
lower amplitude.
The imaging results show periodic fluctuation in both the fuel concentration and droplet diameter as a
result of the imposed acoustic perturbation. Both fluctuations present potential mechanisms for the
positive feedback necessary to sustain self-excited thermo-acoustic instability. Changes in fuel
concentration and transport rate, with or without corresponding changes in AFR, will modify the heat
release rate. Changes in droplet size will modify the evaporation rate and hence the rate of release of
vapour to the flame.
The coupling of oscillations in flowfield properties to the oscillating component of pressure can be
crudely modelled with Eq. 1:

~
~
Y ( x , t + τ 1 ) = K 1 P ( x, t )

Eq. 1

~

where Y ( x, t ) is the oscillating component of quantity Y (which may be dropsize, fuel concentration,
AFR or other flowfield property) at point x and time t. K1 is a constant and τ1 a time delay. The
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~

coupling between the heat release rate Q ( x, t ) and the oscillating pressure may be similarly modelled
with Eq. 2:

~
~
Q ( x , t + τ 2 ) = K 2 P ( x, t )

Eq. 2

If Y affects the heat release rate, self-excited instability will occur provided that the overall gain K1K2
is sufficient to overcome the losses in the system and τ1+τ2 is less than a quarter of the fluctuation
period (the Rayleigh criterion). When comparing two injectors, one of which is prone to self-excited
instability and the other not, the differences may be one of gain or time delay. If they differ in gain, the
mechanisms responsible may lie in the injector itself, at the point at which the fuel is atomised and
transferred into the air stream. If they differ in time delay, the differences may lie in the flow field
downstream of the fuel injector.
3.2 Borescopy
In viewing the image sequences it became apparent that both injectors exhibited fluctuations with a
range of frequencies, not restricted to the siren frequency. To quantify this the spectra of fluctuation
intensity were extracted. The best-illuminated region on the prefilmer lip was selected. The average
intensity in this region was extracted for each frame and assembled in a time series. This was
normalised by the time average. The normalised time series were Fourier transformed. Fourier
transforms were generated for the first 512 frames, the last 512, and the middle 512, and the resulting
spectra averaged. The magnitude spectra are shown in Fig. 6 and 7.
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Figure 7: Scattered light fluctuation
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Figure 8: Sum over FFT against siren
frequency
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The intensity at any one
point on the prefilmer is a
function of the amount of
fuel, the wetted area, and
surface configuration of the
fuel at that point. Therefore
the magnitude of the
intensity yields little useful
information
but
the
frequency response does.
There are no clear peaks at
the siren frequencies. Some
spectra have a peak at the
siren frequency but there are
peaks of similar height at
unrelated frequencies. The
fuel on the prefilmer lip is
not
showing
coherent
response to the imposed
acoustic perturbation. For
Device B the fuel shows
little response at all- the
spectrum changes little with
siren frequency. However
Device A is responding to
the siren. The area under the
spectrum is significantly
higher at some siren
frequencies than at others.
The siren is exciting
fluctuations across a wide
band
of
frequencies
including many which are
not harmonics of the siren.
Fig. 8 plots the area under
the spectrum against siren
frequency.

Jermy, Doherty and Greenhalgh- The response of fuel injector sprays to acoustic perturbation
Fig. 8 shows that Device A, which exhibited rumble in combustion rig tests, also exhibits fuel
excitation of activity on the prefilmer with a strong frequency dependence. The siren frequencies that
evoke the strongest response lie in the range 250-500Hz. The rumble frequencies observed during
combustion lay in the same band. By contrast, the activity on the prefilmer of Device B shows no
response to changing the siren frequency, and the device did not rumble in combustion tests. If there is
a maximum in the response of Device B, it certainly lies at >400Hz.
This response of the fuel on the prefilmer to acoustic excitation presents a possible explanation for the
phenomenon in which injectors of similar design cause markedly different rumble behaviour in
otherwise identical combustors. The activity on the prefilmer may create fluctuations in fuel transport
rate and/or droplet size across a range of frequencies when excited by the acoustic wave. The transport,
evaporation and combustion processes together with the resonance properties of the combustion
chamber will then determine which acoustic frequencies are amplified or damped by the feedback
mechanisms.
This result suggests that it is wise to design the injector so that its prefilmer does not respond to
acoustic excitation. The prefilmer and the adjacent air passages will be the critical parts of the design.
Provided there are no other independent feedback mechanisms related to the combustor flowfield, selfexcited thermo-acoustic instability will be prevented.
4. CONCLUSIONS
Planar Laser Induced Fluorescence and Laser Sheet Dropsizing have been used to measure the coherent
oscillation of fuel concentration and mean droplet size in the spray field of several gas turbine kerosene
airblast fuel injectors subjected to an imposed acoustic perturbation. The injector most prone to selfexcited thermo-acoustic instability exhibited the strongest oscillation. At frequencies of 12-200Hz the
phase of the dropsize and concentration oscillations was constant across the ≈50x100mm imaged area.
No changes in cone angle were observed. Oscillations in fuel concentration or dropsize are both
potential mechanisms for the coupling of acoustic and heat release fluctuations that is responsible for
self-excited thermo-acoustic instability.
High speed video borescopy of the prefilmers of two similar airblast injectors, one of which was prone
to instability and the other not, revealed a difference in the behaviour of the fuel on the prefilmer. In the
injector prone to instability, the fluctuations of the fuel on the prefilmer are increased in strength by
applying an acoustic perturbation. The excited fluctuations are not restricted to the applied frequency.
Acoustic perturbation at the frequencies at which combustion oscillations were observed elicits the
strongest response.
The reason that two similar fuel injectors have markedly different propensities to unstable combustion
may be due to differences in system gain or phase lag. The data presented is not yet sufficient to
distinguish between these possibilities. The dominant cause different for different types of injector.
Optical methods and cheap, non-combusting tests of the type described above facilitate insights into the
design of intrinsically stable fuel delivery systems and allow the rapid screening of injector designs for
stability prior to more expensive combustion tests.
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