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ABSTRACT

Information about heat release can be used to discuss the
flame dynamics and stability behavior of turbulent combustion
systems. The most common experimental approach to determine
heat release fluctuations is the recording of OH*-
chemiluminescence. Since there is a strong dependence of
chemiluminescence on strain rate and mixture gradients, spatial
information must be judged with care. As already shown in
previous work, Laser Interferometric Vibrometry (LIV) directly
detects the line-of-sight values of density fluctuations along the
laser beam axis. Neglecting friction, losses of thermal radiation
and conduction and assuming only small fluctuations of pressure
in the reaction zone, heat release fluctuations can be calculated
directly from density fluctuations. With available LIV techniques
only pointwise scanning was feasible, resulting in time-
consuming traversing of the flame to cover the whole flame field.
A new camera-based full-field-LIV-system, developed at
Technische Universitit Dresden, is capable to simultaneously
determine spatial information of heat release within the whole
field with only one measurement, lasting a few minutes. This
leads to a dramatical reduction of measurement time and
furthermore reduces experimental efforts. Since the system is
able to measure the complete flame at once, it is also possible to
get information about the transient behavior of the combustion
process. In this work the full-field-LIV system was applied for the
first time on a swirl stabilized, lean and premixed methane flame.
The results of this newly developed technique were checked
against those of a commercially available single-beam LIV-
system. Finally, the flame transfer function (FTF) was recorded
with full-field-LIV and OH*-chemiluminescence and compared
against each other.
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INTRODUCTION

Combustion noise generated by fluctuations of heat release
is not only a pollutant but also leads to combustion instabilities,
which in worst case can lead to malfunction or damage of
turbomachinery. In aero-engines, improvements of fan,
compressor and turbine led to a reduction of noise level, which
puts the focus more and more on noise generated by unsteady
combustion. Contrary to this, modern combustion concepts with
lean and premixed flames, targeting towards lower temperature
and therefore low NOx, are more vulnerable to instabilities [1],
caused by reduced core mass flow and damping capabilities.
Swirl stabilized flames, used in modern combustion concepts,
tend to react nonlinear to incoming perturbations [2] from the
fuel or air path. Experimental approaches to determine those
fluctuations are mostly done with CH* or OH* radical
chemiluminescence or by planar laser induced fluorescence (P-
LIF). Balachandran et al. [3] state, that global heat release can be
obtained from chemiluminescence recordings  when
investigating premixed flames. Lauer [4] recommended to
carefully interpret chemiluminescence data, especially local
resolved data should be taken with care, since mixture gradients
and strain rate influence the local emission of radicals.
The unsteadiness of heat release leads to fluctuations of density
in the flame zone. Laser interferometric vibrometers directly
record line-of-sight integrated density fluctuations along the
laser beam axis in unconfined [5] [6], as well as in confined
flames [7]. By using tomographic algorithms, it is possible to
derive local data. Recently it was shown, that LIV is capable to
predict density fluctuations quantitatively [8]. A not yet
published work from the authors of this paper also showed good
agreement in a quantitative comparison between amplitude and
phase of the global heat release, obtained from
chemiluminescence recordings and LIV data [9].
Up to now, commercially available LIV-systems were used,
originally designed to measure surface vibrations without
mechanical contact. Those LIVs are only capable to measure in
a single position through the flow field (line-of-sight technique).
To get full-field data, time consuming traversing of the flame is
necessary. This can last up to several hours, which may lead to
problems if the combustion system is not stable for such a long
measurement period. To overcome this, the target of the
Austrian-German joint research project “Full-field laser
vibrometry for combustion diagnostics” funded by the Austrian
FWF and the German DFG is to develop a planar, camera based
full-field-LIV-system. This system should be capable to record
the whole combustion field within a single measurement, by
forming interference pattern between an object- and a reference
beam on a high speed camera. Compared to a single detector, a
full-field-LIV has a spatial resolution dependent on the
resolution of the image sensor of the camera. Also the recording
of unsteady data over the whole flame field is possible. To
demonstrate the capability of such a system with a resolution of
110x110 pixels, a flame-transfer-function (FTF) was recorded
for a flame published recently [10].

MATERIALS AND METHODS

Relating heat release and density fluctuations

Fluctuations of density in a reacting flow are caused by
several mechanisms which may occur in any combination. The
focus in this work was on the calculation of heat release
fluctuations from interferometrical measurements of density
fluctuations in an unconfined flame. Since this method measures
a summation of all present effects altering density and no
separation is possible, a discussion of all influences and their
order of magnitude on the data obtained from LIV has to be done.
Starting with the energy equation, neglecting body forces [11]
[12] and considering a reactive gas, consisting of N species [13],
the energy equation can be written in terms of density
fluctuations [12]:
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With « the ratio of heat capacities, p as density, c¢ the speed of
sound, pressure p and Y¥;, the mass fraction of the nth species. The
first term on the right side describes the influence of changes of
pressure on density. It has already been shown, that pressure
changes caused by sound waves or turbulence can be visualized
in a non-reacting flow by interferometric measurements [14]

[15] [16]. The term pddit" = w, — VJ, in the first summation is

equal to the production of the nth species w,, minus its flux by
diffusion VJ,. When diffusion is neglected, the first summation
on the right side describes the rate of heat release per unit volume
—q, due to chemical reaction. The expression Y,,, with ¥, # n
means, that there is no contribution from other molecules in each
summation loop. The second summation term describes the
change of density due to changes of species concentration at
constant temperature and pressure. When burning hydrocarbons
with air, this term is small compared to the heat release and
therefore can be neglected, since the average molar mass is
nearly constant [12], caused by the dilution of the reactive
species with inert nitrogen [11]. This term has to be considered,

if a fuel is burned with pure oxygen. Vq represents the heat flux
. . iy ou;
due to conduction, convection and radiation. The last part a—zl Tijs
j
with 7;;, the viscous stress tensor and the flow velocities u;
defines the heat addition from friction.
When measuring density fluctuations, caused by combustion of
hydrocarbons with air, the following equation considers all

influence on the fluctuations measured:
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The results presented in this work are based on the assumption,
that all fluctuations detected by LIV were caused by heat release
fluctuations. To estimate the influence of other effects,
experiments were undertaken which are presented here in a short
version. A detailed discussion will be published soon in [9].

In a first attempt, a vibrometer was used to measure fluctuations
Smm downstream of the unconfined combustor exit without
flame but with the same operation point used for all
investigations in this work. The flow was siren excited at a
frequency of 212Hz, with a mean flow velocity of approximately
Sm/s. In this configuration, the density fluctuations detected,
were caused by turbulence and noise (pressure term) and heat
addition from friction in the flow (stress tensor term). Later, the
flame was ignited and the same position was measured again.
The amplitude of the LIV output at the excitation frequency
without flame was 425 times smaller than that with combustion.
Besides the excitation frequency the amplitudes measured were
even smaller. Additionally it has to be considered, that the heat
release fluctuations at this positions were relatively small
compared to high fluctuating positions (~factor 4), whereas the
fluctuations of the flow were very high at this position. Since all
investigations were done with an unconfined flame, no
thermoacoustic resonance could occur and it was shown the
contribution of the fluctuations caused by aerodynamics were
very small compared to that of heat release fluctuations. Also the
sound field surrounding the flame was measured via LIV. The
resulting amplitudes of the pressure waves, caused by unsteady
combustion, where approximately 10* times smaller than that in
the flame. Microphone measurements in a distance of 0.3m,
recorded a sound pressure level of 70dB at 212Hz. The Vq term,
which sums up the heat loses due to conduction and radiation,
can be addressed as the highest uncertainty, since it is the hardest
one to quantify. Since no confinement was used for the
investigations presented here, conduction was neglected. To
quantify the total power of radiation, a thermopile (Kipp&Zonen
CA2) was used to measure the radiation from 0.2-50um,
resulting in an overall value of approximately 180W which is
5.2% of the total thermal power of 3.44kW. Due to the thermal
inertia of the thermopile, no frequency resolved measurement of
the thermal radian was possible but it has to be considered that
approximately 5% of heat release fluctuations are not detected
by LIV. Being aware of the influences on density fluctuations,
the flame and its surrounding could be separated in three
different zones. In the flame the following equation can be used:

dp ldp (k—1)p - 0
dt c2dt
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With %, the volumetric heat release fluctuations and @L‘t’me the
density fluctuations detect by LIV in the flame. Downstream of
the flame, with no chemical reaction, density fluctuations are
mainly caused by convection of heat, since the amplitudes are
much smaller compared to that in the reaction zone, pressure
fluctuations contribute to the density fluctuations too. In this

region, the density fluctuations can be described as:

dp’ 1dp’ (k—1p
—==—+—V 4
dt c¢? dt Kp 1 @)
In the surrounding of the flame, where no reaction and no
convection of heat occurs, density changes are mainly caused by
sound waves.

dp' 1dp'
— == 5)

dt c? dt
In the present work all measurements were performed in the
flame and therefore the quantitative values of heat release
fluctuations were calculated according to (3). While LIV directly

dp’ . .
records d—i, it was also necessary to know local absolute density,

the local ratio of heat capacities, which is a function of
temperature and species concentration (equivalence ratio) and
pressure, later it can be seen, that the local equivalence ratio is
also necessary for the calculation of density fluctuations from the
refractive index fluctuation data recorded by LIV. The first was
obtained from shearography (differential interferometry)
measurements [17] [18]. This measurement technique, in short
words, measures the instantaneous refractive index or density
gradient along a defined direction. By summing up the gradients
from an undisturbed area with ambient density, to the center of
the flame, the local absolute density can be calculated. With the
ideal gas law, temperature was calculated from density. Although
the global equivalence ratio can be calculated easily from the fuel
and air mass flows, the local and phase resolved distribution was
measured via OH*/CH* chemiluminescence [19] [4], recorded
with an image enhanced camera. Since air and methane were
already premixed before entering the combustor, only slight
periodical fluctuations of equivalence ratio were observed,
resulting in a mean equivalence ratio of 0.7. Since the exact gas
composition in the measurement area was not known, a mean
value of the ratio of heat capacities between cold reactants and

hot products was calculated (Table 1). In a worst case, the

deviation of the term (KT_D between reactants and products was

in a range between five and six percent. Considering all the
corrections of local constants discussed above, very good
agreement between quantitative data from LIV measurements
and OH*-chemiluminescence, recorded with a photomultiplier
(PM) and an image enhanced camera were achieved ( [9] to be
submitted), when applied to the same flame investigated here.
The total power of heat release fluctuations measured with PM
was 155W, the image enhanced camera resulted in a value of
153W while the result obtained from LIV was 151W. The phase
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between heat release fluctuation and trigger signal at the
perturbation frequency of 212Hz was 132° for the
photomultiplier and 129° for the integral LIV phase, the image
enhanced camera resulted in a phase angle of 122°. Also the
comparison of sound power calculated from LIV-recorded
density fluctuations and the sound power measured with
microphones showed good agreement [8].

Laser Interferometric Vibrometry

When passing through any fluid, light interacts with the
molecules present, resulting in a delayed wave front, compared
to that of an undisturbed propagation of light. This change of the
speed of light does not only dependent on the medium itself but
also on its density [20]. Whereby the refractive index n correlates
the ratio of speed of light in vacuum to that in a medium. With a
species depended factor, the Gladstone-Dale constant G, density
can be calculated whenever the refractive index is known from
measurements:

n(x,y,zt)—1=p(xy2zt)G (6)

LIV is a line-of-sight measurement, meaning the quantity n is
integrated along the laser beam axis:

L(t) =J; n(x,y,zt) dz (7)

with L the optical path. This sampling laser beam, or object beam
is reflected back into the LIV by a mirror after passing through
the flame twice. By interfering the object beam and an internal
reference beam, as can be seen on the bottom left part of Figure
1, LIVs detect changes of the optical path L. The intensity pattern
seen on the detector is a function of the phase difference A¢
between object and reference beam, which can be related to the
variation of the optical path, e.g. by density fluctuations, the
following way [21]:

I1(AL) = %"(1 + cos(d@)) = %’(1 + cos (2n ATL)) ®)

The LIV principle uses a frequency modulation fz by acousto-
optical modulators (Bragg-cells) in the reference beam. So,
without any changes in optical path, the interference pattern is
modulated by this carrier frequency:

IU
I(fg, t) = 5(1 + cos(2m(f)t) )

When the optical path changes, these fluctuations in optical path
modulate the carrier frequency. This modulation frequency can

be expressed as +Af = ZTu (Doppler-effect) where u is the

“velocity” of the object (or dL/dt) including a factor two, since
the beam passes the flame twice. Now (8) changes to

LIV f=-40mm flame mirror

Figure 1: Measurement setup for single point LIV
measurements; the laser beam is collimated by a -40mm lens,
passing the flame and mirrored back. Internally the object
beam is interfered with a reference beam to detect changes of
the optical path. Bottom: principle function of LIV: BS...
beam splitter, L... lens, D... detector, BRAGG... acousto-
optical modulator

I1(Af,t) = %0(1 + cosu(fz £ Af)t) (10)

The sign of the Doppler shift is determined by the direction of
velocity.

In this configuration it is possible to detect surface vibrations or
refractive index (density) changes with respect to their sign or
direction of motion with sub-nanometer resolution [22]. Using
commercially available vibrometers, the change of optical path
can be directly calculated from the output voltage of the LIV-
system with the calibration factor k,;;, in mm/s/V.

dy_df , N = ko U (11
dt_dt . n(x,y,z, )_ vib ()

With the apostrophe indicating the fluctuation component. The
application of LIV can be found in: [5], [23], [24].

In the single-laser-beam setup, the laser beam was collimated to
a diameter of 2mm with a -40mm lens and reflected with a
mirror, passing the measurement zone twice. The LIV
(interferometer head OF-503, velocity decoder OFV-5000,
calibration factor 2mm/s/V, 100kHz bandwidth, no filters,
Polytec, Waldbronn, Germany) was kept at a fixed position,
while the flame was traversed with a measurement grid of 2mm,
to scan the whole flame (Figure 1). In total 16 positions were
measured in lateral direction and 58 points in height, resulting in
an overall number of 928 measurement points. Each point was
scanned for 30 seconds. Data acquisition was performed NI-
9121 input modules and LabView 2012 software, with a sample
rate of 16384 samples per second.

Since the flame shows axisymmetric behavior [10] when looking
at time averaged data, only half of the flame was scanned,
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Figure 2: Camera based LIV in a transmissive setup: the laser
beam is split up into an object beam and a reference beam (BS
beam splitter). The reference beam is guided around the flame
and modulated with acousto-optical modulators (AOM 1,2),
while the object beam is expanded with a lens system (L1-L4)
and bundled again (L5-L8) after the measure volume. Both
beams interfere at the image sensor of a high-speed camera,
forming a 110x110 array of single Laser Vibrometers on the
pixel sensor.

resulting in a field with a size of 114x30mm. If axial symmetry
is given, local data can be calculated using Abel inversion,
otherwise tomographic reconstruction from different projections
of the flame would have been necessary. Time resolved
recordings with an image enhanced camera at 212Hz showed,
that not all structures developed axisymmetric but when looking
at time averaged recordings symmetry was given. In this work
only time averaged data was used but problems were found at
other siren frequencies.

When relating the refractive index to density with the Gladstone-
Dale constant in a reactive medium, one has to take care about
the influence of the species concentrations on G. The Gladstone-
Dale constant in general is only weakly dispersive and not
dependent on temperature or pressure but on the type of species
and its individual mass fraction. This means, that especially in
non-premixed combustion, where equivalence ratio waves can
occur, the local and time resolved equivalence ratio @ in the
reaction zone has to be known to calculate a local Gladstone-
Dale constant. As described above the OH*/CH*
chemiluminescence was recorded with an image enhanced
camera.

Since air and methane were already premixed before entering the
combustor, only slight periodical fluctuations of equivalence
ratio were observed. The combustion zone showed a stable
equivalence ratio field with a mean value of 0.7. Therefore the
field of view was divided into three-zones with different
Gladstone-Dale constants, using a mean value between reactants
and products in the combustion zone with G = 2.5.10*m%kg a
linear transition area and an area were no combustion occurs,
assuming air with a humidity of 50% with G = 2.23.10*m?/kg.
The values for the Gladstone-Dale constant were calculated
using data from Gardiner et al. [25] and GASEQ software.

¢[1 0.6 0.7 0.8
Greact. 300k [M3/Ke] 2.51E-04 |2.55E-04 |2.58E-04
Gprod 1500k [m3/kg] 243E-04 |245E-04 |2.47E-04
Gaverage [M3/Kg] 2.47E-04 |2.50E-04 |2.53E-04
Gaeviation [%] 1.7 2.0 22
=l e 300k L] 0.281 0.281 0.281
K1/l rod 1500k 1 0249 0.247 0.246
1 average [1 0.265 0.265 0.263
=1l tosiasion [%] 5.6 5.8 6.1

Table 1: Gladstone-Dale constants of reactants and products at
the corresponding temperatures: only slight dependency on the
equivalence ratio, for post processing an average G between
reactants and products was used. Bottom: temperature and
species dependency of the right side of (3), again a mean value
was used for further calculations

CAMERA BASED FULL-FIELD-LIV

Scanning the whole combustion field with high resolution is
time consuming and requires stability of the flame for long
periods. One possibility to shorten measurement time is to
expand the laser beam to a diameter corresponding the flame size
and measure the whole field at once. Practically this leads to a
bad SNR and furthermore local information is lost.
To avoid these problems, a high-speed camera based LIV-system
(full-field-LIV) has been in development [26]. The main
working principle is the same as described above. The laser beam
was expanded with a lens system (Figure 2) to a diameter of
71mm to form the object beam. After passing the measurement
volume (flame) it was bundled again with a further lens system
(lenses 5 to 8 in Figure 2). The reference beam was guided
around the flame at save distance, so that no influence of the
flame on the reference beam could occur. In the reference beam
two acousto-optical modulators introduced the carrier frequency.
After a beam splitter, both beams interfered at a high-speed
camera (Phantom v1610, Vision Research) with a frame rate of
200kHz and a resolution of 110x110 pixel, resulting in a spatial
resolution of 50x50 mm. Due to the high data rate, the total
measurement time of 27s was divided into three measurements
with nine seconds each, the maximum the high speed camera is
able to record at once. To ease alignment and reduce losses and
cross-talk between the pixels due to refraction by the density
gradients in the flame, the system was set up in transmission with
the laser beam passing the measurement volume only once.
Thus, with a collimated lens system as shown in Figure 2, a
change of angle in the beam path caused by refraction, led to a
change of angle on the image sensor, but not to a change of
position on the sensor, avoiding cross-talk between the pixels.
Besides the dramatically reduction of measurement time, the
instantaneous measurement of the whole field offers another
advantage. As shown by Hampel et al. [27], cross-correlation
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Figure 4: Comparison of the Doppler shift amplitude spectra
in the flame between full-field-LIV and LIV. Both
measurements were done simultancously and at the same
position: the high peak at 212Hz is caused by the excitation of
the flame by the siren. A slightly higher amplitude was
observed for the full-field-LIV system due to a smaller
measurement area and therefore less spatial averaging

between two vibrometer signals can be used to determine spatial
and temporal coherent structures in the flow. This can be done
by calculating the phase angles of the complex cross correlation
spectrum between the pixel signals or between pixel signal and
time reference (siren).

From heat release fluctuations and velocity measurements, the
flame transfer function (FTF) can be determined.

Finally, the planar measurement also makes it possible to analyze
the unsteady behavior of the whole combustion zone, when
looking at the time resolved data recorded.

LIV signal processing

The comparison of data recorded by a single point LIV and
the full-field-LIV was done using a siren to perturb the flame, at
212Hz for a good signal-to-noise ratio. To record the FTF the
flame was excited at various frequency, again with the siren. All
post processing was done in MATLAB 2015a. Fast Fourier
transformations were calculated using MATLABSs built in FFT
code pwelch and cross correlation spectra between camera pixel
signals and siren were obtained from the also implemented
function cpsd [28], [29]. Single point LIV data was recorded with
a sample rate of 16384S/s and evaluated with a sample length of
163840 samples with no window functions, resulting in a
frequency resolution of 0.1Hz with three spectra averaged. All
measurements showed a high peak at the perturbation frequency
with only low amplitudes in the side bins and therefore only
small scalloping losses. The amplitudes obtained from the
circular shaped laser beam, were corrected to a square shape, by
multiplying the value of each measure position with a correction
factor. With this square shaped measure grid, it was possible to
cover the whole combustion field.
The full-field-LIV used a 200kHz sampling rate for the time
signals, after demodulation of the carrier frequency

flame

cooling air

& @
s
P s <2 methane &
{( I tangential air
<=

I{}_

B850

methane &
axial air from siren

Figure 3: Working principle of the unconfined methane
burner: tangential and axial air were mixed with methane far
upstream to ensure a homogeneous mixture; the axial airflow
was modulated with a rotating disc (siren) shortly before
entering the combustor to force a defined perturbation of the
flame

superimposed by the AOMs. The phase angle of each measuring
position was obtained from a cross correlation between the LIV
signal and the siren trigger. Total quantities were calculated by
summing up all positions with respect to their phase angles.

The FFT and cross-correlations for the full-field LIV were done
with the same algorithms as described above used for the single
point LIV but with a sample length of 200kS, resulting in a
frequency resolution of 1Hz. As described above, for the
correction of temperature, density and the Gladstone-Dale
constant, an Abel inversion is necessary, which can only be done
on one half of the symmetric flame. This made it necessary to
average both sides. The evaluation of the heat release
fluctuations were done on this averaged half, all plots of full-
field-LIV data show this averaged half, although the whole flame
was recorded.

After an Abel inversion of the line-of-sight data, a Gladstone-
Dale correction with three zones was performed, to relate
changes in refractive index to changes in density. Also a
correction of the local density and ratio of heat capacities was
done for the local data fields, according to the local temperature,
measured with differential interferometry, and equivalence ratio,
measured with OH*/CH* chemiluminescence [9].

The flame transfer function

Flame transfer functions (FTF) correlate the relative
fluctuations of heat release rate in the total flame volume (Q’/Q)
and the relative velocity fluctuations (v'/V) at the burner outlet
and are used for the characterization of flames. While the total
heat release fluctuations Q' were recorded by full-field-LIV or
by OH*-chemiluminescence (photomultiplier PMMO1, Thorlabs
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Figure 5 top left: Flame transfer function recorded with full-field-LIV and PM, with flame excitation from 75Hz to 600Hz in steps
of 25Hz; top right: heat release fluctuations relative to mean heat release, full-field-LIV vs. PM; bottom left: global heat release
fluctuations full-field-LIV vs. PM; bottom right: velocity fluctuations relative to mean velocity at burner exit, recorded at the cold

flow with constant temperature anemometry

Inc. with OH* filter 310+3nm CWL, FWHM 10+2nm Edmund
Optics), the velocity recordings were done with three-component
Constant Temperature Anemometry (CTA, Dantec Dynamics)
7mm above the burner outlet nozzle and 7mm shifted radial to
the burner axis. The CTA measurements were done without
flame. The FTF was sampled in steps of 25Hz between 75Hz and
600Hz by these three measurement techniques. The mean heat
release was calculated from the fuel mass flow, assuming
complete combustion.

The swirl-stabilized atmospheric methane burner

All measurements were performed on an unconfined swirl-
stabilized, methane-fired burner at ambient conditions. The
working principle of this burner is documented in detail by
Giuliani et al. [30]. As shown by Peterleithner et al. [10] the
flame shows axisymmetric behavior without perturbation.
Therefore it was possible to derive local data via Abel inversion
from the line-of-sight data recorded with LIV.
In Figure 3 the experimental configuration of the burner can be
seen. To prevent any fluctuations of equivalence ratio caused by
changes of mass flow, both axial and tangential air were already
mixed with methane far upstream, to ensure a homogenous
mixture. The axial airflow was forced into axial direction with a

stratifier. While the tangential air entered the plenum trough 32
cylindrical bores aligned tangentially and symmetrical around
the burner z-axis, generating a simplified swirl number of 0.52.
Assuming complete combustion, the burner had a thermal power
of 3.44kW and a mean equivalence ratio of 0.7 - measured via
OH*/CH* chemiluminescence. In the configuration described
above, the flame stayed detached approximately 20mm above
the from the burner exit nozzle a stable way. As long as the
combustor is fired with premixed air/fuel and no confinement, it
showed a slight natural resonance around 230Hz, as can be seen
in the v’ /¥ graph in Figure 5, where the flow showed a strong
response to incoming perturbations close to this frequency.

Fuel and air mass flow rate were determined using caloric mass
flow meters of the EL-FLOW series from Bronkhorst,
Netherlands, with an accuracy of 0.6% full scale.

To ensure repeatability of the experiment and high SNRs the
axial air/fuel mass flow was modulated with a siren [31] shortly
before entering the combustor. The flame showed a good
response at a siren frequency of 212Hz, resulting in strong
perturbations of the flame and a corresponding sharp peak of heat
release fluctuations at this frequency. The working principle of
the siren can be described by a rotating sprocket with equally
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heat release fluctuation amplitude, phase information was obtained from a cross correlation between full-field-LIV and siren trigger

distributed teeth, blocking or releasing the full cross section area
of the axial mass flow at the frequency chosen.

For the single-point-LIV system scanning was necessary. This
was done by traversing (lightweight traverse, Dantec Dynamics)
the flame with the LIV systems in a fixed position, while a
photomultiplier moved with the system.

RESULTS AND DISCUSSION

Comparison between LIV and full-field-LIV

To quantitatively compare the results obtained from full-
field-LIV with those from single point LIV, a single position in
the flame was measured at y=10mm and z=15mm with the
standard LIV and the new system simultaneously. The flame was
excited at a frequency of 212Hz. Figure 4 shows a comparison
between the amplitude spectra of the Doppler frequency shift
(eq. (10)) of both LIV-systems. Since the absolute value of heat
release or density fluctuation in the volume measured is depend
on the laser beam diameter, which was different for the single
point LIV and the full-field-LIV, this representation was chosen.
As can be seen, the results agreed very well. At the perturbation
frequency the deviation between the results is approximately 6%,
with a higher value recorded with the full-field-LIV system. This
can be explained by the difference in the beam diameters. The
standard LIV beam was collimated to a diameter of 2mm,
resulting in a measurement area of 3,14mm? while the
corresponding measurement area of the full-field-system was
approximately 0.22mm?. Due to the larger beam diameter of the
single point LIV laser beam, a larger area was averaged and
therefore high local peaks were smoothed.

Flame Transfer Function: fullfield-LIV  vs.
photomultiplier

The focus of this work mainly laid on a first test of a newly
developed measurement device for accurate global and local data
of heat release fluctuations in highly turbulent flames. Because
of this, the results section mostly concentrates on the difference
between the results obtained from full-field-LIV and OH*-
chemiluminescence.
The FTFs were recorded by incrementing the siren frequency in
steps of 25Hz from 75Hz to 600Hz. Data from full-field-LIV and
photomultiplier (PM) with OH*-filter was recorded
simultaneously with a recording length of 3x9s. Splitting into
three parts was necessary, since the maximum recording length
of the high-speed camera was nine seconds at a frame rate of
200kHz. The heat release fluctuations obtained from full field-
LIV were calculated as described above. To get Q' from OH*-
chemiluminescence recordings, complete combustion was
assumed and the total thermal power was normalized with the
mean intensity counts from the PM recordings, a [W/OH *count]
scaling was calculated.
Figure 5 shows the FTFs, total heat release fluctuations and the
corresponding velocity fluctuations from 75 to 600Hz. When
looking at the graphs, it can be seen, that the fluctuations
obtained from full-field-LIV showed the same tendencies as the
OH*-chemiluminescence data up to 300Hz. With two
exceptions: at 200Hz an increase of the amplitude was calculated
from full-field-LIV recordings, whereas the PM showed a slight
decrease. At 225Hz the PM measurements showed a slight
increase of amplitude, while the full-field-LIV measured a
decrease. In this region, from 75 to 300Hz, the deviation between
the total amplitudes was between 10% and 70% in the worst case

8 Copyright © 2018 by ASME



475Hz
50
0.07
0.06
—_ 005 7k
15 g
£ S T
©w 0.04 : X
x S a
e = 8
N 0.03 3 2
=
g
0.02
0.01
0
0 y-axis [mm] 25

Figure 7 left: Line-of-sight density fluctuation amplitudes at
474Hz siren frequency; right: corresponding phase, obtained
from a cross correlation between full-field-LIV and siren
trigger, downstream the phase information got lost due to a
bad SNR and therefore wrong integral values were calculated

at 250Hz. Several explanations were found for these deviations,
when looking at local data. The top line in Figure 6 shows the
square root of the local amplitude of heat release fluctuations.
Since the amplitudes differed in more than one order of
magnitude, a normalization with a square root was used, in order
to apply the same scaling for all images. As can be seen, a
circular shaped masking of the interferograms obtained from
full-field-LIV was necessary. This was caused by the poor
interference contrast between the object beam and the reference
beam, which were interfered at the high-speed camera sensor, in
the corner regions. Additionally it can be seen, that the
measurement field was too small to capture all the fluctuations.
Recording done with an image enhanced camera and OH*-filter
showed, that the OH*-chemiluminescence reached up to nearly
120mm, while the recordings done with the full-field-LIV where
limited to a size of SO0mm x 50mm, caused by the size of the
optics used. The quantitative comparison between OH*-
chemiluminescence and single-point-LIV at a siren frequency of
212Hz, as described above [9], resulted in a deviation of 2.6% in
amplitude and 2.3% in phase. The single-point-LIV field reached
up to 119mm in axial direction and 30mm in radial direction. But
the main uncertainty for accurate calculations was found
somewhere else. To compute the heat release fluctuations from
density fluctuations, the local absolute density has to be known
(equation (3)). For the investigations presented in this work, the
local temperature/density field for a siren perturbation frequency
of 212Hz was available.

In a next step, the full-field-LIV system should be capable to
measure not only density fluctuations but simultaneously
recording the density field. This will lead to accurate and easier
quantitative measurements of heat release fluctuations, since no
second measurement technique has to be applied.

Another uncertainty was the symmetry of the flame. Since local
temperature/density and equivalence ratio were necessary for the

correct calculation of heat release from density fluctuations, all
corrections had to be done for local full-field-LIV data. The line-
of-sight data was averaged between the right and the left side of
the measurement field and then transformed to local data by
means of Abel inversion, which is only valid for radial symmetry
of the time-averaged measurements. When checking the
symmetry, it was found that the symmetry was in between 85 to
105%, dependent on the siren frequency. For future work, the
measurement of different projections and tomographic
reconstruction should be considered, since the measurement time
itself is very short with this new full-field-LIV system.

Up to 300Hz siren perturbation OH*-chemiluminescence and
full-field-LIV mostly followed the same trend, at higher
frequencies, up to 600Hz, it was hard to find similarities. Except
for two points at 400 and 450Hz, the fluctuations calculated from
full-field-LIV data led to higher values than those of the
OH*chemiluminescence. Since the full-field-LIV measures the
amplitudes of density fluctuations at certain positions, local
phase information is necessary to calculate the total fluctuations
by summing up all measurement position with their
corresponding phase. The phase was calculated from a cross-
correlation between full-field-LIV and the siren trigger. At high
siren frequencies, starting at 350Hz the local phase information
downstream was lost due to bad SNR (Figure 7).

This led to regions with a nearly constant or chaotic phase and
therefore too high values of the total heat release fluctuations. In
an investigation done by Peterleithner et al. [7], in which the
laser beam of the single-point-LIV was expanded to a diameter
corresponding the flame size, a similar trend was found. Also the
heat release fluctuations recorded by LIV showed higher values
at high siren frequencies compared to those recorded by OH*-
chemiluminescence.

To get information about the local fluctuations with respect to
their phase, the bottom line of Figure 6 shows the real part of the
complex local amplitude, including phase information. Since the
amplitudes at different siren frequencies differed in more than
one order of magnitude, an individual scaling was chosen for
each image, so that the phases can be seen clearly. When looking
at the total heat release fluctuations in Figure 5, it can be seen,
that the integral values of 75 and 100Hz were high, although the
local values in top of Figure 6 seemed to be low compared to
higher frequencies. This behavior can be explained by the axial
extension of one period of fluctuations, which can be seen in the
bottom line of Figure 6. At low frequencies, approximately half
of a period of fluctuations fitted in the axial length of the flame,
acting more or less like a monopole. If one full period or a
multiple thereof fitted in the axial length of the flame, the local
amplitudes began to cancel out each other, when integrating over
the whole measurement field. This can be seen at 250Hz, were
approximately two periods with relatively constant local peak
amplitudes led to a small global amplitude, although the local
peak amplitudes (Figure 6 top), were of high values. At 275Hz
very high local values at approximately 30mm in z-direction led
to a high integral value, since the local amplitudes of the
fluctuations upstream were too low to dampen the integral
fluctuation.
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CONCLUSION

Heat release fluctuations were recorded with a newly
developed full-field-LIV and OH*-chemiluminescence. While
chemiluminescence recordings were done integral over the
whole flame, the full-field-LIV recordings were done with a line-
of-sight measurement grid of 0.22mm? per pixel and summed up
later, with respect to their local phase. The mean velocity and
velocity fluctuations were recorded with constant temperature
anemometry in the cold flow. To quantify the results of the newly
developed system, a comparison of a single position in the flame
was recorded simultancously with the full-field-LIV and a
standard LIV. The results of both systems agreed well in
frequency and amplitude. When looking at the local data of the
full-field-LIV, it was found, that the measurement field, with a
size of 50mm x 50mm, was too small to record the whole flame
zone. Also it was necessary to mask the corner regions of the
full-field-LIV recordings due to a bad SNR. This can be solved
by expanding the laser beam to a larger diameter. The strongest
influence on the quantitative measurement of heat release
fluctuations was found to be the local absolute
density/temperature. Additionally, an axial shift of the flame at
different siren frequencies led to problems in finding the
corresponding axial position of the absolute density/temperature
field. Also the imperfect axial symmetry of the flame, which had
to be assumed to calculate local data with Abel inversion from
one two dimensional projection, caused uncertainties.
Tomographic reconstruction from different projections could
solve this problem.
Besides the problems describe above, one has to consider, that
this was the first attempt of the application of this newly
developed full-field-LIV system to a swirl stabilized flame.
Overall the results agreed well to that obtained from OH*-
chemiluminescence qualitatively at most of the siren
frequencies. Additionally to the integral data, this measurement
methodology records local data with high resolution. The setup
combines 110x110 vibrometers in one single measurement.
Assuming a recording time of 30 seconds, one measurement
period with full-field-LIV lasts 30 seconds, while scanning the
whole field with a single point LIV would last more than 100
hours, excluding traversing time. Since the whole field is
recorded simultaneously, a correlation between single pixels can
be used to calculate line-of-sight velocity of coherent structures
in the field. Further investigations aim towards a calculation of
the mean density field from full-field-LIV measurements to
solve to problems described above. In the future full-field-LIV
should be capable to combine the recording of heat release
fluctuations, line-of-sight velocity and mean density in one
single measurement, offering a powerful tool for experimental
combustion diagnostics.
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