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Abstract

An optical technique is proposed to obtain quantitative estimates of heat release rate
fluctuations in flames submitted to flow modulations. The diagnostic relies on the deter-
mination of density fluctuations integrated in the line-of-sight along a laser beam crossing
the flame and impinging on a fixed mirror. A Laser Interferometric Vibrometer (LIV)
is used to determine fluctuations in the reflected speckle signal and determine time re-
solved density fluctuations. It is shown that these density fluctuations in the flame region
result mainly from perturbations in the heat release rate. The technique is validated in
the case of pulsated laminar premixed flames. Measurements are compared to line-of-
sight integrated chemiluminescence emission data collected with a CCD camera. A good
agreement is obtained for harmonic flow modulations at different forcing frequencies and
perturbation levels. This work validates the principle of this alternative technique and
lays the foundations for future developments towards more practical configurations.

1 Introduction

The heat release rate is one fundamental quantity in combustion which is difficult to
measure in practical systems except in a few generic cases. This paper aims at devel-
oping a simple technique to obtain quantitative time resolved estimates of heat release
rate fluctuations. The principle of the technique is presented together with experimental
validations for generic premixed flames submitted to flow modulations.

Heat release rate is generally estimated from the chemiluminescence emission of the
flame or by using more sophisticated diagnostics based on laser-induced fluorescence.
Recording the natural emission of the flame is the simplest technique yielding time-
resolved information and is widely used to infer perturbations in the global heat release
rate by collecting the total emission from the flame. The chemiluminescence emission
from naturally excited radicals formed within the flame front, such as OH*, CH* and

5, 1s often considered as a good marker of heat release rate [1, 2]. This is generally
admitted in premixed flames in absence of mixture composition inhomogeneities. How-
ever, subsequent analysis showed that the emission of these radicals may also depend on
the turbulence intensity [3, 4], flame strain rate [3, 5, 6], flame front curvature [7], local
mixture composition [5], temperature and pressure [8, 9, 10, 11]. Measurements are then
often limited to flame images for qualitative analysis except in a few studies where the
signal is calibrated using specific post-processing procedures to recover the heat release
rate [12, 13, 14]. Laser induced fluorescence (LIF) can also be envisaged to obtain quanti-
tative estimates of the heat release rate (see for example [3, 15]). LIF is however heavy to
implement and require high power well-tuned laser beams at different wavelengths. LIF



has been tested yet only in well controlled generic steady configurations. Time resolved
data are more difficult to obtain due to the limited repetition rates from the lasers and
the limited energy delivered per pulse. One advantage is to obtain space resolved data
in the laser sheet whereas chemiluminescence generally yields a line-of-sight integrated
information that can eventually be deconvoluted if the flame symmetry is cylindrical (see
for example [16]). Local chemiluminescence measurements can be obtained as well but
are more rare [17, 18]. The development of alternative techniques to obtain time resolved
heat release rate measurements when the reactants are not perfectly mixed is an active
field of investigation.

The objective of this study is to present one solution based on laser homodyne interfer-
ometry to determine heat release rate fluctuations. This technique is relatively simple to
implement and yields quantitative time resolved data which are in principle not limited to
perfectly premixed combustion modes. The different applications targeted are turbulent
combustion modeling, analysis of flame dynamics, characterization of combustion noise
and control of acoustic induced combustion instabilities. The principle of the method is
described and first experimental validations in well controlled generic configurations are
presented. This method is based on the determination of flow density fluctuations inte-
grated along the optical path of a laser beam crossing a flame and reflected by a mirror.
When the flame is wrinkled due for example to a self-sustained oscillation [19] or when it
is submitted to flow modulations [20], this produces perturbations in the heat release rate
which are accompanied by large density fluctuations in the reaction zone [21] constituting
important sound sources that radiate combustion noise [12]:
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where the density, pressure, speed of sound, specific heat capacities ratio and heat release
rate per unit volume are represented by p, p, ¢, v and ¢, respectively. The mean and
fluctuating components are denoted by the superscripts (7) and (/). This expression is a
simplified version for density fluctuations comprising acoustic and entropic contributions
that are dominated by heat release rate disturbances in air combustion systems [21, 22].
The contribution of acoustic disturbances can generally neglected compared to entropy
fluctuations in reacting flows and this enables to link heat release rate fluctuations directly
to the density perturbations. This type of approximation has for example been used in
analysis of combustion noise [23]. It constitutes an interesting alternative to access to
heat release rate fluctuations. Experimental validations have however not been envisaged
yet.

Laser interferometry has already been envisaged to determine density and density
fluctuations in turbulent non reacting flows [24, 25] as well as in perturbed reacting flows
[26]. This technique yields a line-of-sight integrated measurement of the refractive index
n which is linked to density p by the Gladstone-Dale relation :

n—1=0Gp (2)

where GG denotes the Glastone-Dale constant. Density disturbances in the flow thus man-
ifest in changes of refractive index [24, 25] leading to perturbations of the phase signal ¢
measured by an interferometer between a laser beam crossing the flame and a reference
beam : 5 5

p(z,y,t) = —W/ n(z,y, 2 t)dz — - n(z,y, z,t)dz (3)

)‘0 object 0 Jreference

where \g denotes the laser wavelength. When the geometrical path of laser is kept con-
stant, the phase lag ¢ between the two beams is directly linked to density changes inte-
grated along the optical path [25, 26].
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Figure 1: Schematic of the setup. (a) Burner fixed on a two axes micrometric displace-
ment table; (b) Arrangement of the measurement devices.

The experimental configuration used to validate theoretical predictions is presented
in section 2. The different diagnostics are described together with the main elements
of the Laser Interferometric Vibrometer (LIV) system used in this study. Comparisons
between measurements are presented in section 3. Correlations are successively established
between line-of-sight integrated chemiluminescence emission disturbances measured by a
CCD camera and the signal from the LIV for conical flames submitted to flow modulations
at different frequencies and forcing levels. Concluding remarks are made in the last section.

2 Experimental arrangement

Measurements are conducted on an axisymmetric burner with a D = 20 mm outlet nozzle
diameter shown in Fig. 1(a). Laminar conical premixed methane/air flames can be stabi-
lized on the lips of the burner and are submitted to velocity modulation by a loudspeaker
fixed at the base of the burner. The burner is also fixed on a two axes micrometric dis-
placement table to move the burner in the vertical and horizontal directions by increments
of 1 pym. The steady and r.m.s axial velocity components are measured with a hot-wire
probe placed at the burner outlet when the flow is modulated (in absence of combustion).

A quartz tube can be added on the top of the burner to confine the flame. This is
used to avoid perturbations of the interface between burned gases and ambient air. In
presence of flow disturbances this interface responds with the same frequency as the flame
modulation in the absence of flame tube or when it is partially confined. This phenomenon
can be identified in the color Schlieren images obtained for a conical premixed flame
submitted to a flow velocity modulation with a frequency of f = 50.1 Hz presented in
Fig. 2. The flame is in this case partially confined by a quartz tube placed on the top to
reduce buoyancy effects. Red and green filters are used in these experiments to separate
the light deflected in different horizontal directions and highlight the flame front from the
limit of the hot plume with ambient air [27]. The comparison between the two images
indicates a motion of the hot plume boundary accompanying the deformation of the flame
front. Consequences on the resulting line-of-sight integrated signal resulting from the rate
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Figure 2: Two snapshots of color Schlieren images highlighting the instantaneous loca-
tions of the flame front and burned gases boundary when the flame is submitted to a
harmonic velocity modulation at f = 50.1 Hz with an amplitude level v,,,,,/v, = 0.14.
Flow operating conditions : ¢ = 1.0, 7, = 1.5 m s~ 1.

of change of density fluctuations measured at different positions within the flame by LIV
are rapidly described in Fig. 3. The time resolved recorded signals enable a spectral
analysis. The different power spectra (PSD) show that the rate of change of density is
altered greatly around the flame with a peak frequency corresponding to the modulation
frequency. Positions within the flame are indicated by the cartesian coordinates [x,y] in
millimeters, where z corresponds to the radial distance with respect to the burner axis and
y is the height above the burner outlet. By focusing on the PSD level at the modulation
frequency f = 50 Hz, one can find in Fig. 3 that the rate of change of density at the
position [16,15] corresponding to boundary of the hot plume, oscillates with about the
same amplitude as that at the position [8,15] corresponding to the location of the flame
front. The rate of change of density near the boundary region of the hot plume can be
illustrated by mapping the value of the PSD peak at f = 50 Hz in Fig. 4. It is clear
that the interface between the burned gases and ambient air corresponds to a region with
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Figure 3: Power Spectra Density (PSD)

analysis of the rate of change of den- Figure 4: Contour plot of the PSD
sity deduced from LIV at four positions peak value at f = 50 Hz of the rate
[x,y]=[0,15], [8,15], [16,15] and [25,15] where of change of density deduced from
the radial x and axial y distances are given LIV measured of half the flame im-

in millimeters. aged in Fig. 2.
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Figure 5: Steady flame in the absence of quartz tube (left, flame height H = 37 mm) and
with quartz tube (right, flame height H = 42 mm). Flow operating conditions: ¢ = 1.00,
U, = 1.5ms™ L

relatively large rate of change of density and constitutes a source of disturbances to infer
heat release rate perturbations.

To avoid this problem, a quartz tube of 150 mm long with an inner diameter of 27 mm
is used to confine the flame. The burned gases are in this case directly in contact with
the quartz. The axis of quartz tube is aligned with the burner axis and the bottom of the
quartz tube in contact with the burner is sealed to avoid entrainment of external air. The
shape of one steady flame together with the quartz tube is shown in Fig. 5. The conical
shape of the flame is slightly bent due to the pressure of the burned gases acting on the
flame and causing a vertical acceleration of the gases in the centerline [28]. The flame
height is stretched from 37 mm in absence of confined tube to 42 mm with the tube.
These conditions are obtained for a flow velocity ¥, = 1.5 m s~ and a stoichiometric
mixture ¢ = 1.00 corresponding to a thermal power of 1.1 kW.

Snapshots of the pulsated flame are recorded by a CCD camera equipped with an
electronic shutter to set the exposure time to 1/2000 s. The camera acquisition rate is
1 frame per second, while the forcing frequencies driving the loudspeaker are chosen as
50.1 Hz and 100.1 Hz. These parameters enable to record 10 frames per modulation
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Figure 6: Plot of the pixel displacement in
CCD images (unit: pixel) versus flame dis-
placement imposed by the micrometric sys- \
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Figure 8: Schematic view of the principle of Laser Interferometric Vibrometer.

period. The focus of the camera is well adjusted to the size of the flame and images
are digitized with a matrix of 288 pixelsx 384 pixels. The CCD is equipped with square
pixels corresponding to an aspect ratio of unity. The micrometric displacement table is
used to calibrate the flame images that can be translated in the focal plane by known
displacements as illustrated in Fig. 6 yielding 1 mm for 4.52 pixels.

For well premixed flame in absence of mixture composition inhomogeneities, pertur-
bations in the chemiluminescence intensity I of free radicals OH*, Co* or CH* present in
the flame front are proportional to heat release rate disturbances [2, 27]:

O = kI (4)

where k is constant for a given equivalence ratio ¢ and experimental setup. In this
paper, a photomultiplier (PM) and the CCD camera are both employed to record the
chemiluminescence intensity from the flame. The PM featuring a large solid angle yields
a global integrated signal, while the camera gives a line-of-sight integrated information.
Each pixel from the color image of the CCD camera is converted to a double precision
number measuring the total light intensity cumulated on the pixel. The summation of
the values of all pixels in the image yields the global the light intensity Iccp measured
by the camera. This quantity can be compared to the light intensity Ipy recorded by the
PM. By modifying the flow velocity at the burner outlet, it is possible to examine the
evolutions of the signals Ipy and Iocp as a function of the heat release rate calculated

Q = p,v,SAq, where p, denotes the density of the fresh mixture, S = 7wD?/4 the surface
area of the nozzle outlet, Ag the heat release per unit mass of mixture and v, the flow
velocity determined from the massflow controller indications (Fig. 7). The coefficient
kcep and kpy appearing in equation (4) can then be determined and used to obtain
quantitative estimates of heat release rate from the PM and camera signals.

In these experiments a LIV model LS-V 2500 from SIOS Megtechnik GmbH is used
to determine line-of-sight integrated density fluctuations around the flame (Fig. 1(b)). It
comprises a He-Ne laser (A\g = 633 nm) with an object beam traversing a sensor head
constituted by a compact objective used both as a transmitter and receiver. The laser
passes through the reacting flow and is then reflected by a flat aluminum mirror, passes
through the reacting flow again and is recorded by the sensor head. The distance between
the sensor head and burner axis is fixed to Ly = 500 mm and L;,,, = 200 mm between
the mirror and burner axis. The laser is focused on the mirror and the laser beam in the
flame zone does not exceed 2 mm in these experiments.

The schematic of the main components of this system is shown in Fig. 8 [26]. This
type of device is commonly used in vibration analysis to characterize surface oscillations
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Figure 9: Snapshots of modulated flames at two forcing frequencies and same the per-
turbation amplitude. (a) and (b): f=50.1 Hz, vy,ps/0,=0.14; (c) and (d): {=100.1 Hz,
Vurms/Uu=0.14. The four images correspond to different instants in the modulation cycle
emphasized by the red circles in Fig. 10. The five yellow disks in these images correspond
to the measurement locations. Flow operating conditions: v, = 1.5 m s~! and ¢ = 1.00.

when the beam crosses a uniform medium characterized by a constant refractive index.
In this case equation (3) can be simplified to :

Plt) = - (0) (5)

where, z/(t) denotes the surface displacement equal to half of the optical path length
change. For our purpose the geometrical beam path L is kept constant, it is then possible
to detect density fluctuations altering the optical path by delaying or advancing the phase
lag between incident and reflected beams. Equation (3) yields in this case :

B 4G e

w&-;;deﬂM=7;<d®>L (6)

where < p/(t) > corresponds to the resulting density fluctuation along the geometrical
path L. The voltage output from the LIV signal processor yields an information on the
distance 2/(t) which is proportional to density fluctuations integrated along the beam of
light. The link between these quantities can be obtained by the combination of equa-
tions (5) and (6):

Output = kyain2' (t) = kgainG < p'(t) > L (7)

where kgq:,, is the unit conversion factor ranging from 0.24 pym V=110 990.44 ym V~1. The
Glastone-Dale constant is equal to G = 2.5107* kg m™2 + 3% for CHy-air mixture [26].
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Figure 10: Measurements at y = 15 mm for a moderate perturbation level. Top: time-
history comparison between heat release rate perturbations determined with the PM
(continuous line) and with the CCD camera (markers). Middle : comparison between
< p/(t) > L (continuous line) and < ¢'(¢f) > L (markers). Bottom: comparison between
d < p/'(t) > L/dt (continuous line) and < ¢'(¢) > L (markers).

The frequency passband from the LIV ranges from 0 to 500 kHz to detect disturbances
in density at very high frequencies. The system is limited by its maximum translation
rate [dz/(t)/dt|max = 1.5 m s™! yielding the corresponding value [d < p'(t) > L/dt]maex
= 6000 kg m~—2 s~! for the rate of change of line-of-sight integrated density fluctuations
which is much bigger than the values concerned in this paper.

3 Results and discussion

Measurements are presented for a stoichiometry conical flame modulated at two frequen-
cies f = 50.1 Hz and f = 100.1 Hz with different perturbation levels. The amplitude
is determined in a separate set of experiments in absence of combustion with a hot wire
placed at the burner outlet but under the same flow conditions. The shutter speed of
the camera is set to 1/2000 s to obtain sharp images. The frame acquisition rate cannot
be adjusted in the CCD camera and is fixed to 1 frame/s which enables to record 10
frames per modulation period for the two forcing frequencies considered here f = 50.1
and 100.1 Hz, yielding an equivalent sampling rate of 501 Hz and 1001 Hz respectively.
400 continuous images are recorded for each operating conditions enabling to sort the
images and reconstruct the evolution of flame motion at each phase in the modulation
cycle. The signals from of the LIV and the PM are recorded and sampled at a frequency
of 8192 Hz over a period of 1 second. These signals are then filtered by a low-pass zero-
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Figure 11: Measurements at y = 15 mm at a higher perturbation level. Top: time-
history comparison between heat release rate perturbations determined with the PM
(continuous line) and with the CCD camera (markers). Middle : comparison between
< p/(t) > L (continuous line) and < ¢/(¢f) > L (markers). Bottom: comparison between
d < p/'(t) > L/dt (continuous line) and < ¢'(¢) > L (markers).

phase shift filter with a cut-off frequency equal to 400 Hz. LIV measurement and flame
images records with the CCD camera are done in separate experiments. The PM signal
is then used as a reference to synchronize the signals from LIV and CCD camera.

Figure 9 shows instantaneous views of the flame modulated at two frequencies with a
constant amplitude vy,,,,/0,=0.14. The left two images feature smaller deformations of
the flame front than the right two images during the oscillation cycle. Larger deformations
of the flame shape induce larger heat release rate perturbations as shown in the top
graphs in Fig. 10. The resulting heat release rate perturbations determined from the PM
and CCD signals are correlated to find the phase difference between these devices and
synchronize all the diagnostics. LIV measurements are carried out at five different heights
above the burner from 5 mm to 25 mm separated by 5 mm increments along the burner
axis which are indicated in Fig. 9 by 5 spots.

The line-of-sight integrated heat release rate perturbation < ¢/(t) > L is determined
by integrating the pixel values of the CCD cameras on a matrix of 9 pixels x 9 pixels
located around the measurement position to take into account the finite width of the laser
beam which has a diameter of 2 mm. The signal < ¢/(t) > L together with the line-of-sight
integrated density fluctuations < p/(t) > L are plotted in the middle graphs in Fig. 10 for
a moderate perturbation level vy,.,,s/0,=0.14. It is more interesting to compare the time
evolution of the time derivative of < p/(¢) > L and the signal < ¢/(t) > L represented
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Figure 12: Plots of the r.m.s value of integrated heat release rate signal < ¢'(t) > L as
function of the time derivative of line-of-sight integrated density fluctuation d< p/(t) >
L/dt.

in the bottom graphs in Fig. 10. A perfect match between the two signals can be found
both at low f = 50.1 Hz and high f = 100.1 Hz frequencies at this moderate perturbation
level confirming the validity of equation (1).

Increasing the modulation amplitude, the shapes of the four signals Q'(t), < ¢'(t) > L,
< p/(t) > L and d< p/(t) > L/dt feature larger differences with pure harmonic responses
in Fig. 11. A spectral analysis not presented here shows that the main oscillation peak
is still clearly associated with the modulation frequency for all cases investigated. A
good correlation between the signals < ¢/(t) > L and d< p/(t) > L/dt can still be noted
even at high forcing amplitude v,,,,,/0,=0.28 for the low frequency f = 50.1 Hz. The
two signals at a higher forcing frequency f = 100.1 Hz slightly deviate with a small
phase lag. The correlation between the two signals deteriorate at the lowest positions
in the measurements at y = 5 mm. This is accompanied by a phase difference which is
not shown here. In the vicinity of the burner outlet the flame is not perfectly confined
and this may cause the slight deviations observed. The link between the two signals
< {'(t) > L and d< p(t) > L/dt can directly be examined by plotting the r.m.s values
of the two signals for the different measurement locations and the different modulation
amplitudes investigated. Results presented in Fig. 12 for the two modulation frequencies
explored clearly validate the linear link between these two signals. Data collapse on a
single line which is not function of the measurement position within the flame, except for
the case measured at y = 5 mm where the flame may not be fully confined. A saturation
phenomenon occurs however at high modulation amplitudes and the slope also depends
on the modulation frequency. This last phenomenon is probably due to the finite width
of the laser beam which is not so small compared to the perturbation wavelength along
the flame front at 100.1 Hz.

Conclusions

It has been shown that it is possible to estimate heat release rate disturbances by mea-
suring density fluctuations in modulated flames. This has led to line-of-sight integrated
measurements of density fluctuations along the optical path passing through the flame de-
termined with a Laser Interferometric Vibrometer. Experimental validations were carried



out on a generic configuration with a stoichiometric premixed conical flame submitted to
harmonic flow modulations. Estimates of heat release rate fluctuations deduced from LIV
were compared with data obtained from the chemiluminescence emission of the flame. A
good correlation has been found between the two techniques at different forcing frequen-
cies and modulation amplitudes. A proportional relation between the two signals was
found that does not depend on the measurement position, but is affected by the modu-
lation frequency. Validation of this alternative technique must be conducted in different
combustion modes.
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