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ABSTRACT

Laser interferometric vibrometry (LIV) has recently been proposed as an alternative mean to obtain time-
resolved density and heat release rate measurements at relatively low cost and experimental effort. This
technique is sensitive to fluctuations of the refractive index of gases resulting from density and composi-
tion changes along the laser beam intersecting the reacting flow. It yields a line-of-sight integrated signal of
the probed flow from which density and heat release rate disturbances may be inferred. The link between
these signals with chemiluminescence is examined in the present study by first considering a theoretical
analysis to determine the relationships between the LIV, density and heat release rate perturbation signals
in a multi-species reactive mixture of gases. For air combustion systems interacting with sound waves, low
frequency density perturbations in the flame zone, result mainly from heat release rate fluctuations below
a certain frequency threshold. An experimental analysis is then conducted with confined conical laminar
premixed flames submitted to harmonic flow modulations. Measurements are presented for methane-air
mixtures at different equivalence ratios 0.8 < ¢ < 1.2 and thermal powers. It is shown that fluctuations of
the chemiluminescence signal examined in different wavelength bands, including the OH*, CH* or the entire
visible emission bands, always capture the same dynamics. This indicates that heat release rate fluctuations
can be deduced without specific filters for the laminar premixed methane-air flames investigated. It is then
shown that heat release rate measurements deduced from LIV and chemiluminescence data match well. A
proportional relation is found that does not depend on the measurement position, modulation frequency
and modulation level for fixed injection conditions. This linear relation slightly depends on the mean flow
operating conditions partly due to the difficulty to interpret chemiluminescence emission for rich flames.

© 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

is the simplest diagnostic yielding time-resolved estimates of heat
release rate fluctuations [4,5]. Effects of the turbulence intensity,

Monitoring and controlling density and heat release rate distur-
bances is an important issue in practical combustion chambers be-
cause these perturbations generate direct and indirect combustion
noise [1]. They may also trigger self-sustained thermoacoustic in-
stabilities causing potential severe damages and early aging of com-
ponents of the combustor. It is therefore important to control these
disturbances and have reliable time-resolved diagnostics to measure
these quantities.

There are different possibilities to determine heat release rate
perturbations that were recently reviewed in [2,3]. The main ones
are briefly described. Recording the natural emission from the flame
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strain rate, flame front curvature, mixture composition, tempera-
ture and pressure need however to be included to obtain quanti-
tative heat release rate data [6-14]. These studies stress out the
need of alternative techniques to measure heat release rate distur-
bances. Measurements are then often limited to flame images for
qualitative analysis except in a few studies where the signal is cal-
ibrated using specific post-processing procedures to map the heat
release rate on two-dimensional images [15,16]. Another limitation
is that the chemiluminescence emission yields a signal integrated in
the line-of-sight and it is difficult to obtain spatially resolved data
without additional hypothesis on the system symmetry.

One possibility to improve spatial resolution is to use Laser In-
duced Fluorescence (LIF) by stimulating certain electronic transitions
of specific species present within a laser sheet intersecting the flow.
Time resolved data are more difficult to obtain due to the limited rep-
etition rates and limited energies delivered per pulse from the lasers,
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although OH and CH concentration measurements at a few kHz were
recently reported in flames to characterize transient phenomena in
turbulent reacting flows (see for example [17-19]). Quantitative spa-
tially resolved heat release rate measurements deduced from LIF sig-
nals are still challenging [20]. This has motivated a series of stud-
ies based on LIF measurements of different species concentrations
to estimate the local distribution of heat release rate in flow configu-
rations of increasing complexity [10,21-24]. Simultaneous measure-
ments in unsteady flows remain however difficult and require high
power well-tuned laser beams at different wavelengths and specific
optics.

A novel approach yielding line-of-sight integrated data was re-
cently examined by exploiting the link between heat release rate fluc-
tuations and density disturbances in acoustically perturbed laminar
premixed flames [3] and turbulent swirling flames [25,26]. The fol-
lowing relation is exploited:
ap’ y-1,

o~ 2 1
where p’ and ¢’ denote density and heat release rate (per unit vol-
ume) perturbations, respectively, c corresponds to the speed of sound
and y indicates the specific heat capacity ratio of gases. Similar ex-
pressions were already used in simulations of combustion noise ra-
diated by turbulent diffusion flames [27-29]. It constitutes an inter-
esting alternative to measure heat release rate fluctuations because
different techniques may be envisaged to detect density fluctuations.
Eq. (1) provides then a simple way to reconstruct heat release rate
disturbances provided that the speed of sound and the heat capac-
ity ratio are known with sufficient accuracy if quantitative data are
needed. One of the main advantage of this reconstruction is that
Eq. (1) does not depend on the combustion mode. It is well known
that the current diagnostics based on the interpretation of the LIF or
chemiluminescence signals to infer heat release rate are often limited
to perfectly premixed systems. Heat release rate disturbances in non-
perfectly premixed systems when mixture inhomogeneities have to
be taken into account are more difficult to measure.

Several approximations were made in [3] to derive Eq. (1) that was
obtained in a single species flow context. Measurements in [3] were
also carried out for a rich unconfined M-flame, at a fixed flowrate
and at a fixed equivalence ratio ¢ = 1.19. The flame was submitted to
harmonic flow disturbances at two forcing frequencies f = 51 Hz and
f =102 Hz and at a single forcing level. The motion of the unsteady
plume of burnt gases surrounding the unconfined perturbed flame
precluded a clear identification of the density perturbations detected,
because this motion has to be taken into account in the signal pro-
cessing. This problem has recently been modeled by Li et al. [30] for
perturbed unconfined conical flames, but in general the link between
the flame motion and the motion of the interface between the burnt
gases and ambient air is not known. Only a qualitative agreement be-
tween low frequency heat release rate and density fluctuation signals
was obtained, but it was not possible to reproduce the correct heat
release rate oscillation level. Differences between the rate of change
of density fluctuations and heat release rate perturbations were also
observed at high frequencies.

In a recent analysis of the response of turbulent premixed swirling
flames to acoustic forcing [25,26], differences between heat release
rate disturbances deduced from chemiluminescence emission mea-
surements and exploitation of Eq. (1) were also found due to a se-
ries of contributions to density fluctuations which were not linked
to heat release rate perturbations. To avoid the complexity inher-
ent to turbulent flows, acoustically perturbed laminar premixed
flames are considered in this study. The difficulties identified in [3]
are reconsidered here first theoretically to determine the validity
limits of Eq. (1) in Section 2 for a reactive mixture of gases, and
then secondly experimentally with an improved experimental setup
allowing quantitative measurements of density fluctuations and

(1)

detailed analysis of the chemiluminescence signal. The laser inter-
ferometric technique used to detect density fluctuations is presented
in Section 3. The experimental setup is described in Section 4 to-
gether with the different diagnostics. An analysis of the flame chemi-
luminescence signal with different interference filters is conducted
in Section 5. It is shown that in the configurations investigated the
signal collected by a camera with a glass lens is a good tracer of heat
release rate fluctuations without interference filter when the equiv-
alence ratio is lower than ¢ < 1.2. Measurements of density fluctua-
tions integrated along the line-of-sight determined with the laser in-
terferometric technique are presented in section 6. Heat release rate
fluctuations determined with the different techniques are then com-
pared for the different flow operating and perturbation conditions
explored. Conclusions regarding the validation of the proposed tech-
nique for measuring time-resolved heat release rate disturbances are
finally presented.

2. Theoretical analysis
2.1. Density disturbances in a reacting flow

Considering a single species flow of a perfect gas, the link between
density p and pressure p is given by [31]:
do _1dp_pds
dt —c2dt cpdt

where c denotes the speed of sound, ¢, is the heat capacity at constant
pressure and s stands for entropy that contributes to density changes
which are not linked with the sound wave.

For a reactive mixture of gases obeying to the perfect gas law
p = prT, a transport equation linking density p, pressure p and the
volumetric rate of heat released by combustion ¢ may be derived as
shown in Appendix:

(2)
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where y denotes the ratio of the specific heats of the gaseous mix-
ture and r = R/W is the coefficient appearing in the mixture perfect
gas law, R being the universal gas constant and W is the mixture molar
mass. The terms in the brackets correspond to the thermal conductiv-
ity A, the viscous stress tensor T and the flow velocity v. This trans-
port equation may be found in slightly different forms in [28,31,32]
with other approximations. Body forces, such as gravity forces, can be
neglected in most practical combustion chambers because the flames
are submitted to large pressure gradients. Radiative heat fluxes are
also often neglected [33]. Changes of density due to interactions with
body forces, radiative heat transfer, Soret and Dufour effects were
thus neglected in Eq. (3).

Combustion is generally a non iso-molar transformation, but ex-
cept in oxy-combustion systems [34], changes of the mixture molar
mass W = )", Y, W,, where Y, denotes the mass fraction of species k
and W, its molar mass, remain weak during the transformation in air
combustion systems because of the strong dilution of the reactants
and products by nitrogen. One may then neglect changes of r in Eq.
(3) when the oxidant is air. It is difficult to further simplify Eq. (3) for
instantaneous flow quantities transported by the mean flow.

Considering now perturbations (a’) of the flow variables (a)
around a steady state (@) in a combustor operating in a continuous
mode, one finds to the leading order:

810/ 1 ap/ Y - 1 ! o/
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if the flow Mach number remains small. This expression shows that
in multi-species reacting flows, density disturbances p’ result mainly
from pressure perturbations p’, density changes associated to tem-
perature fluctuations T and perturbations of the rate of heat released
by combustion ¢’. The first term in the brackets in Eq. (4) corresponds
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