JOURNAL OF PROPULSION AND POWER
Vol. 25, No. 5, September—October 2009

Flame Spectra of a Turbulent Liquid-Fueled Swirl-Stabilized
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Flame spectra within the UV/visible-light range are measured for a turbulent, liquid-fueled, swirl-stabilized, lean-
direct injection combustor. The flame spectra are quite similar to those of lean premixed combustion, which can be
attributed to the small droplet size and fast fuel/air mixing. Broadband background emissions around 431 nm, which
mainly consist of CO; chemiluminescence, are found to be self-similar with wavelength for both stable and unstable
combustion. Chemiluminescence from OH*, CH*, and COj is found to be a nonlinear function of the airflow rate, the
equivalence ratio, preheat temperature, and pressure. Procedures for the determination of the instantaneous heat
release rate and equivalence ratios along the flame front are developed. For both combustion instability and forced
flame responses, the prediction errors are within 2.0 % in the mean heat release rate, the mean air consumption rate,
and the mean equivalence ratio. The assumption that chemiluminescence is proportional to the instantaneous heat
releaser rate is generally invalid. Probably the proportionality is valid only in the weakly turbulent or wrinkled
flamelet region in the absence of equivalence ratio variations and strong acoustic oscillations.

Nomenclature
CH(s) Laplace transform of CH* chemiluminescence
1(1) = instantaneous chemiluminescence intensity, AU
L, = curvilinear flame front
m,(t) = instantaneous air consumption rate, g/s
m,(f) = instantaneous air consumption rate divided by
100 g/s
p(r) = instantaneous combustor pressure divided by the
atmospheric pressure
p.(t) = acoustic pressure near the heat release zone, Pa
) 210)] = instantaneous fuel pressure 0.29 m upstream of the
) fuel nozzle, Pa
Qr(1) = instantaneous heat release rate, KW
S = laminar burning velocity, m/s
s = symbol of the Laplace transform
T = mean temperature in the heat release zone, K
T,(t) = acoustic temperature near the heat release zone, K
T; = preheat temperature, K
X(s) = Laplace transform of x(¢)
[W(s)] = gain of the transfer function W(s)
/W(s) = phase angle of the transfer function W(s), deg
o = thermal diffusivity, m?/s
AHp = lower heating value of fuel, J/kg
oy = thickness of the laminar flame, m
1) = fuel/air equivalence ratio
A = wave length divided by 431 nm
A = wavelength, nm
Pu = air density, kg/m?
Ou = reactant density, kg/m>
T, = chemical reaction time, s
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1. Introduction

HE instantaneous heat release rate and equivalence ratios are

key parameters for combustion analysis and control. HCO is a
good indicator of the instantaneous heat release rate, even in the
presence of large strain rates [1]. However, both HCO* chemilu-
minescence and planar laser-induced fluorescence (PLIF) suffer
from low signal-to-noise ratios. An alternative method is to use the
PLIF product of OH and CH,O, as demonstrated by Paul and Najm
[2] and Ayoola et al. [3]. However, this method requires a rather
complicated optical setup including lasers, cameras, lenses, and
optical filters. In contrast, chemiluminescence-based heat release
measurements may just require an optical access, an optical fiber, an
interference bandpass filter, and a detector such as a photomultiplier
tube (PMT). Chemiluminescence is the spontaneous emission of
photons from electronically excited species when they return to the
background state. The formation of radial species, such as OH*,
CH*, and C3, are directly associated with chemical reactions.

The equivalence ratio can be determined from the PLIF signal,
line-of-sight infrared absorption, and chemiluminescence from
radial species. With excitations at 266 nm, the one- and two-ring
aromatics in kerosene generate PLIF signals within 270-420 nm,
which can be used to determine the droplet/vapor concentration [4].
The stretching C-H band, which is strongly absorbing around
3.39 pum, is prevalent in almost all hydrocarbon fuels. A path-
integrated equivalence ratio can be determined from the line-of-sight
extinction measurements [5]. The absorption method can also be
extended to determine fuel vapor concentration for liquid/vapor
mixtures [6]. Usually two laser beams, with one in the infrared light
range and the other in the visible-light (VIS) range, are used.
Chemiluminescence from radial species has been used to determine
equivalence ratios for different combustion systems, including pre-
mixed laminar, premixed turbulent, and even spray flames [7-9].
Compared with PLIF and absorption measurements, chemilumi-
nescence-based methods do not require a complicated optical setup.
Local measurements of chemiluminescence can be performed using
Cassegrain receiving optics, as demonstrated by Hardalupas and
Orain [10]. Local measurements of chemiluminescence along the
flame front can be used to examine the fuel/air mixing uniformity.

For unstretched, premixed, laminar flames, the flame zone struc-
ture, the flame speed, and the relationship between chemilumines-
cence and heat release are intrinsic properties of the fuel/air mixture.
However, the situation is different for turbulent flames. In modern
combustion theory, turbulent flames are conceived as a series of cas-
caded laminar flamelets, which drift with the local velocity and
propagate normally toward the reactant. The location and orientation


http://dx.doi.org/10.2514/1.43003

YI AND SANTAVICCA 1059

of these laminar flamelets are solved using the level set method, that
is, the G equation [11]. The local flame speed is determined from a
“flamelet library” based on the local temperature, the local equiva-
lence ratio, and the local stretch rate. In the wrinkled flamelet region,
the flame is only slightly distorted by vortices or the velocity gradi-
ents; thus, the mass/heat diffusion and the flame zone structure can be
assumed unaltered. In such a scenario, linearity between chemilumi-
nescence and the heat release rate holds. In corrugated and broken
flamelet regions, the flame zone structure, heat/mass diffusion across
the flame front, and the flame speed are considerably affected by the
local stretch rate and upstream flow inhomogeneities. In such cases,
nonlinearity between chemiluminescence and heat release cannot be
ignored. Samaniego et al. [12] reported that, for premixed flames, the
unsteady effects of strain rates on CO3 chemiluminescence can be
neglected. This is very different from diffusion flames, for which
nonlinearity in flame response to upstream velocity perturbations
prevails [13]. Several researchers have observed that the global
chemiluminescence intensity is not sensitive to the strain rate. For
example, Hardalupas and Orain [10] reported that, for premixed,
laminar, counterflowing methane/air flames, the ratio of background-
emission-corrected chemiluminescence, OH*/CH*, is not sensitive
to the stretch rates within 80-400 s~!. Lee et al. [14] reported that
CH* chemiluminescence per unit airflow rate is not sensitive to the
airflow rate in a turbulent, premixed, dump combustor fueled with
methane. Probably in their turbulent combustor, although very large
strain rates associated with vortex motions and large velocity gradi-
ents due to flow inhomogeneities do exist, the major portion of the
flame still lies within the wrinkled flamelet region.

Measurements of chemiluminescence from OH*, CH*, and C} are
common in combustion experiments, in particular in combustion
instability research. Combustion instability refers to the self-excited,
positively coupled, large-amplitude, limit-cycle oscillations of com-
bustor pressure and heat release. The instantaneous heat release rate
is akey parameter, determining both the onset and the limiting ampli-
tude of combustion instability. It is typically assumed that chemilu-
minescence is proportional to the instantaneous heat release rate.
This assumption, in fact, suffers from several major deficiencies.

First, the relationship between chemiluminescence and the heat
release rate is not necessarily linear, because chemical reactions
usually follow different paths. Also, the elementary reactions for the
production and removal of radical species may involve more than one
radical atom.

Second, even if the relationship between chemiluminescence and
heat release is linear, the proportionality depends on the physi-
cochemical conditions, such as the flame temperature and pressure.
At lower pressures, the chance of collisions between a radical atom
and other species is reduced; thus, a radical atom has a larger oppor-
tunity to release the photon than at higher pressures. For laminar,
premixed methane/air flames, a power index of —0.86 and —0.64 of
pressure is reported for OH* and CH* chemiluminescence, respec-
tively [15,16]. The chemiluminescence yield is proportional to a
positive power of the flame temperature or the equivalence ratio. For
steady combustion, the flame temperature is uniquely determined by
the equivalence ratio and the preheat temperature. Here we do not
consider the endothermic dissociation reactions. For premixed
ethane/CO/air combustion, chemiluminescence from C; and CH* is
found to be a fourth power of the ethane concentration [17]. For
laminar, premixed methane/air flames, a power index of 5.23 and
2.72 of the equivalence ratio is reported for OH* and CH* chemi-
luminescence, respectively [15,16].

Third, acoustic oscillations are isentropic, but both the acoustic
pressure and temperature affect the chemiluminescence yield. Thus,
acoustics-induced chemiluminescence oscillations should be dis-
counted for the quantitative determination of the heat release rate.

Fourth, chemiluminescence measurements using interference
filters, say around 306 nm for OH* chemiluminescence and around
431 nm for CH* chemiluminescence, are inevitably contaminated
by broadband background emissions. The background emissions
include chemiluminescence from CO} and HCO* and probably a
small amount of gray-body radiation from soot and hot surfaces.
For turbulent, swirl-stabilized, lean-direct fuel injection (LDI)

combustion, the fuel-rich pockets are significantly reduced because
of the low equivalence ratio and highly efficient fuel/air mixing.

The present paper is organized as follows. First, a liquid-fueled,
swirl-stabilized, LDI combustion rig and the optical setup are de-
scribed; second, flame spectra for both stable and unstable combustion
are presented and analyzed; third, PMT-based chemiluminescence
measurements are presented and analyzed; and fourth, methods for the
quantitative determination of the instantaneous heat release rate and
equivalence ratios along the flame front are developed that account for
acoustics-induced chemiluminescence oscillations and the nonlin-
earity among chemiluminescence, the equivalence ratio, and the heat
release rate.

II. Experiment Setup

Figure 1 shows the liquid-fueled, swirl-stabilized, LDI com-
bustion rig and the optical setup. Preheated air enters a quartz
combustion chamber that is 0.10 m in diameter and 0.30 m in length
through a 30 deg tangential-entry swirler. The exit diameter of the
swirler is 3.56 cm. The pressure drop across the air swirler varies with
the airflow rate and the preheat temperature, but it is within 5%
for all results reported here. Jet A is injected into swirling airflow
0.02 m upstream of the dump plane using a 2.5 gal/h single-point
macrolaminated fuel nozzle from Parker Hannifin Corporation. With
apressure drop of 689 kPa across the fuel nozzle, the droplet Saunter
mean diameter is less than 10 um for water.? The airflow rate is
measured using a Vortex flowmeter from Omega, with a measure-
ment uncertainty of 1.0 scfm. The preheat temperature is measured
using a type-K thermocouple 7.6 cm upstream of the dump plane
and is regulated using a proportional-integral-derivative controller.
Stable combustion is achieved by inserting three baffle plates
downstream of the quartz tube. Without explicit denotations, all data
reported are obtained from stable combustion.

Global emissions are sampled using a UV/VIS optical fiber with a
viewing angle of 25 deg (and a numerical aperture of 0.22). The
optical fiber is oriented perpendicular to and 0.41 m away from the
quartz tube. The beam-forming devices include three spherical
lenses. The beam is conver%ed to a waist diameter of less than 1 mm
and enters an Oriel MS125™ spectrograph through a 100-pm-wide
slit. The spectrometer is featured with a ruled grating (model
no. 77416) with 400 lines/mm and a 350 nm blaze. This spectrom-
eter is suitable for spectral measurements within 200-800 nm. An
intensified charge-coupled device (ICCD) camera with 576 x 384
pixels from Princeton Instruments is used for spectral imaging.
An Oriel Hg(Ar) lamp (model no. 6035) is used for spectral line
calibration. At the exit of the spectrometer, light from the Hg(Ar)
lamp is decomposed into a number of bright narrow bands at 435.84,
404.66, 365.02, 313, and 284.8 nm, respectively. A linear curve-
fitting polynomial expressing wavelength as a function of the hori-
zontal pixel index of an ICCD image is determined as A(nm)=
261.41 + 0.38507x. Here, x refers to the horizontal pixel index in an
ICCD image. Detector noises due to dark current are accounted for
by subtracting the background image, which is taken without
exposure to light but at the same exposure duration and the intensifier
gain. Chemiluminescence from OH*, CH*, and COj is also mea-
sured using a PMT housing. The PMT housing is placed about 2.3 m
away and perpendicular to the quartz tube. Light emissions from the
quartz tube are split into three streams using two UV plate beam
splitters. Each light stream is focused using spherical lenses onto a
2 x 6 mm? rectangular image, which lies exactly in the central
region of the PMT effective area. This enables global chemilumi-
nescence measurements and linear responses between light intensity
and the output voltage. Optimal focusing is achieved by adjusting the
location of the PMT housing until the smallest and brightest image is
obtained. Three bandpass filters with a full width half minimum of
10 nm are placed in front of the PMTs. The center wavelength is
around 307 nm for OH*, around 365 nm for CO%, and around 431 nm
for CH*. Light absorption across air is negligibly small within the

*Engineers from Parker Hannifin Corporation, private communication, 12
April 2008.
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Fig. 1 The combustion rig and the optical setup.

UV/VIS range. Combustion experiments are performed in a dark
room.

III. Flame Spectra
A. Broadband Background Emissions

Figure 2 shows the flame spectra for stable combustion fueled with
Jet-A. The narrow-band peaks around 306, 431, and 474 nm are
associated with chemiluminescence from OH* (A2X+ — X2II),
CH* (A’A — X?T1), and C3, respectively. Each narrow-band peak
extends over a finite wavelength range, which can be attributed to
thermally excited rovibrational band broadening, natural broadening
due to energy-time uncertainty, thermal Doppler broadening due to
atomic velocities, and pressure broadening. The flame spectra are
quite similar to those of lean premixed combustion. The smaller peak
around 306 nm does not necessarily imply that OH* chemilumi-
nescence is weaker than CH* chemiluminescence. This is associated
with the transmission efficiency of the optical system and the
quantum efficiency of detectors. The overall efficiency of an optical
measurement system is a function of wavelength, which can be
determined using a blackbody or a calibrated tungsten lamp.

Also shown in Fig. 2 is an ICCD image of OH* chemilu-
minescence. Here ¢ = 0.33 and the preheat temperature is 423 K.
The axial center of heat release lies 2.5 cm downstream of the dump
plane. If the average axial velocity along the swirling shear layer is
taken as 40% of the swirler exit velocity, that is, 21 m/s, then the
convective time delay is about 1 ms. If we assume a representative
droplet size of 18 pm and a representative temperature of 900 K, the
evaporation time is determined as 1.0 ms and the evaporation
constant is determined as 3.2092e —7 m?/s by following the
procedures in [18]. This computation neglects droplet velocity slip,
droplet interactions, droplet/vortex interactions, initial transients,
and radiative heat transfer. The boiling point of Jet-A is taken
as 503 K, density as 800 kg/m?, thermal conductivity of fuel
vapor as 0.063 W/m - K, the constant-pressure specific heat as
3138.3 J/kg - K, and the latent heat of vaporization as 260 kJ/kg.
From the time scale analysis, one can see that, before the droplets are
transported to the major heat release zone, the evaporation process
has completed. If we assume a laminar flame speed of 0.5 m/s,
then the time scale of chemical kinetics is estimated as
g—’L- ~ %E)OK) = 1.14 ms. The time scales of evaporation and
chemical kinetics increase with decreases in the flame temperature.

T, =

Fuel/air mixing is very efficient in the present combustor. Figure 1
shows that air enters the swirler through eight tangential-entry slots,
mixes with the fine sprays, recombines into one stream, and then
suddenly expands at the dump plane. A significant amount of
streamwise vorticity is generated when air enters the swirler through
eight tangential-entry ports. Droplets/vapor/air entrainment and
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Fig. 2 Flame spectrum and ICCD image of OH* chemiluminescence
for Jet-A-fueled LDI combustion: a) flame spectra, and b) ICCD
imaging. The airflow rate is 44.5 g/s, and the preheat temperature is
423 K.
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mixing are also very efficient along the swirling shear layer. This
results in a rather homogeneous fuel/air mixture upstream of the
flame front. This explains why the flame spectra shown in Fig. 2 are
very similar to those of lean premixed gaseous combustion.

The broadband spectra extending from 280 to 490 nm mainly
consist of CO; chemiluminescence, HCO* chemiluminescence, and
possibly a very small amount of gray-body radiation from soot and
hot surfaces. Some small peaks between 320 and 410 nm are
associated with HCO* chemiluminescence. Chemiluminescence
from CO3 and HCO* can be used as heat release rate indicators. In
this sense, the term “background emissions” may be a misnomer.
Background emissions around 307 nm (within a wavelength range of
16 nm) are approximated using a linear curve-fitting polynomial
based on the UV spectra within 281-295 and 338-377 nm.
Background emissions around 431 nm (within a wavelength range of
15 nm) are approximated using a quadratic curve-fitting polynomial
based on the VIS spectra within 396419 and 442-462 nm. Figure 3
shows the ratio of background emissions to the gross intensity within
300-316 and 422438 nm, respectively. Experiments are repeated
multiple times within 1 month, with the airflow rate at 27.8, 33.4,
38.9, 44.5, and 55.6 g/s and the preheat temperature at 373, 381,
398,423, 448, and 473 K. At the same equivalence ratio, the ratio of
background emissions varies with the airflow rate and the preheat
temperature. The variations are within 5% around 307 nm and within
10% around 431 nm. The difference in the background ratio around
431 nm increases with decreasing equivalence ratios, but that around
307 nm does not. With decreasing equivalence ratios from 0.54 to
0.33, the background ratio around 431 nm increases more than 30%,
whereas that around 307 nm increases less than 4%. This is because
CH* chemiluminescence is more affected by the hydrocarbon
concentration than OH* chemiluminescence. In other words, CH*
chemiluminescence is a higher-order nonlinear function of the
equivalence ratio than OH* chemiluminescence. This can be seen
from the correlation functions to be presented in Eqs. (2—4) in Sec. V.
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Fig. 3 Ratio of background emissions at the approach of LBO:
a) around 306 nm, and b) around 431 nm. There are large variations in
the equivalence ratio, the airflow rate, and the preheat temperature
among the experiments.

B. Self-Similarity of Broadband Spectra Around 431 nm

The broadband spectra around 431 nm (within a wavelength range
of 15 nm) are approximated using a second-order curve-fitting
polynomial:

1) = ay + ajh + a)? (1)

Here A = 1/431. X refers to the wavelength in nanometers. The
polynomial coefficients vary with the airflow rate, the preheat
temperature, the equivalence ratio, and pressure. This model is of
second order in wavelength; thus, it is applicable only within a
short wavelength range. Table 1 shows the normalized polynomial
coefficients with decreasing equivalence ratios from 0.51 to 0.33.
The curve-fitting coefficients are normalized by those at ¢ = 0.39.
For the first experiment, the airflow rate is 55.6 g/s and the preheat
temperature is 473 K. For the second experiment, the airflow rate is
27.8 g/s and the preheat temperature is 398 K. Table 1 shows that, at
the same airflow rate and the preheat temperature, the three normal-
ized coefficients vary with the equivalence ratio at almost the same
rate, with differences of less than 3.0%. The ratio of the baseline
polynomial coefficients for the two experiments is also almost the
same, that is, [ 1.3239 1.3247 1.3211]. The differences are less
than 0.3%. The self-similarity in the distribution of chemilumi-
nescence intensity with wavelength implies that, if the broadband
emissions near 431 nm, say, within 396406 or 450-460 nm, are
measured using a PMT, then background emissions around 431 nm
can be accurately determined. We also notice that self-similarity does
not exist around 307 or around 365 nm.

C. Flame Spectra During Combustion Instability

Figure 4 shows phase-locked flame spectra during self-excited
combustion instability at 10, 100, and 190 deg of the acoustic
pressure measured at the dump plane. The unstable frequency is
550 Hz, corresponding to the half-wave mode of the combustion
chamber (0.56 m long). The airflow rate is 44.5 g/s, the
equivalence ratio is 0.35, and the preheat temperature is 398 K.
The three flame spectra correspond to the maximum, medium,
and minimum heat release within a pressure cycle, respectively.
The second-order curve-fitting polynomial coefficients for the
three phase-locked flame spectra around 431 nm are deter-
mined as [—1.8047e + 001 3.3991e + 001 —8.6690e + 000],
[—1.3353e + 001 2.4492e + 001 —6.3188e + 000], and
[9.7051e + 000 1.796%9e + 001 —4.5892¢ + 000], respec-
tively. Again the distribution of the broadband background
emissions around 431 nm is self-similar with wavelength.

IV. Photomultiplier-Tube-Based Chemiluminescence
Measurements

Correlation functions, which express the chemiluminescence
intensity as a function of the airflow rate, the equivalence ratio, the
preheat temperature, acoustic pressure, and acoustic temperature, are
developed from PMT-based chemiluminescence measurements. The

Table 1 Normalized curve-fitting coefficients for background
emissions around 431 nm

Air 27.8 gand 398 K Air 55.6 g/s and 473 K

ag a, a, ag a, a,
0.51 23263 23580 2.3692 2.1259  2.1588 2.1755
048 1.7885 1.8164 1.8208 1.8014 1.8304 1.8581
045 1.6792 1.6904 1.7097 1.5516  1.5709  1.5908
042 1.3932 14064 1.4276 1.2988 1.3065 1.3185
0.39 1.0000 1.0000  1.0000 1.0000  1.0000  1.0000
036 0.7716  0.7697 0.7676 0.7519  0.7455 0.7423
0.33  0.5846 0.5823 0.5785 0.6040 0.5990 0.5926

ag a, a, ag a, a,
0.39 —116.23 233.73 —107.97 —153.88 296.37 —134.71
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Fig. 4 Flame spectra at three phases from pressure at the dump plane,
that is, at 10, 100, and 190 deg, respectively. The ICCD exposure time
duration is 200 us, the intensifier gain is 9, and the accumulation is 500.

correlation functions are based on several assumptions, including
complete combustion, a fixed percentage of heat loss, and a fixed
constant-pressure specific heat. Complete combustion implies that
the global heat release rate is proportional to the fuel flow rate. The
assumptions of a fixed percentage of heat loss and a fixed constant-
pressure specific heat imply that the rise in the flame temperature is
proportional to the equivalence ratio. For the present liquid-fueled
LDI combustor, because of the small droplet size and highly effi-
cient fuel/air mixing, the fuel/air equivalence ratio is almost uni-
form upstream of the flame front. Thus, a globally representative
equivalence ratio can be assumed. To incorporate pressure effects
into the correlation functions, a perforated plate with different
blocking ratios is installed at the combustor exit. The combustor
pressure can vary up to 40% of the atmospheric pressure. The com-
bustor static pressure is measured using a Sensotec pressure trans-
ducer (with a sensitivity of 172 kPa/V and an uncertainty of
0.5kPa), which is installed 1.5 m away from the combustion chamber
using an extension tube. The dynamic pressure near the heat release
zone is measured using a high-sensitivity PCB pressure sensor
(112A05/422E51). Chemiluminescence from OH*, CH*, and COj is
measured within a broad range of working conditions, with the
airflow rate from 27.8 to 66.7 g/s, the equivalence ratio from 0.32 to
0.50, and the preheat temperature from 373 to 473 K. Experiments
are repeated eight times within 1 month, and 1100 data sets are
obtained. Because background emissions mainly consist of CO3
chemiluminescence, which itself can be used as an indicator of the
heat release rate, no corrections to background emissions are made.
Correlation functions are developed as follows:

Ly om = 94'61},;1L~7558¢2.1369(¢ + (T,/2000))!:1060 504522 (9

Ligs nm = 1]5.85’,~hé~3637¢2,2280(¢ + (T;/2000))08217 502183 (3)

Lo om = 212.05,}1;6627#‘0735 (¢ + (T;/2000))1:4352 5=04045 (4

where 11, refers to the normalized airflow rate, that is, the airflow rate
divided by 100 g/s. p refers to the normalized pressure, that is, the
combustor pressure divided by one atmospheric pressure. For un-
steady combustion, that is, self-excited combustion instability and
forced flame responses under fuel modulations, m1,(¢) should be
interpreted as the instantaneous air consumption rate along the flame
front, that is,

i, = / Y s (DSl 5)
0

where S; and p,, refer to the laminar flame speed and the air density
along the flame front, respectively. §(1) denotes the depth of the flame
sheet. Note that the instantaneous air consumption rate along the
flame front may differ considerably in both amplitude and phases

from the instantaneous airflow rate at the combustor inlet. For Jet-A
combustion, the air density p, differs from the reactant density p, by
2-3%, with the equivalence ratio ranging from 0.30 to 0.50. Based on
the assumptions of a fixed percentage of heat loss and a fixed
constant-pressure specific heat, (¢ + (7;/2000)) is proportional to
the flame temperature. Here we assume an increase of 2000 K in the
adiabatic flame temperature for stoichiometric fuel/air mixtures.
Equations (2-4) show that the chemiluminescence intensity is a
nonlinear function of the airflow rate, the equivalence ratio, the flame
temperature, and pressure. In particular, chemiluminescence is most
sensitive to equivalence ratio variations.

Figure 5 compares the measured chemiluminescence versus the
curve-fitting results. As described earlier, we have performed 1100
experiments. The average error (for the whole data set) between
measurements and curve fitting is within 2.37% for OH*, within
1.96% for CO2*, and within 3.8% for CH*. The relatively large error
in CH* correlation can be attributed to the different emission char-
acteristics between CO2* and CH* chemiluminescence. However, an
error of 3.8% should be acceptable for many applications. The fact
that accurate curve-fitting models are obtainable within a large range
of working conditions can be attributed to the fast evaporation
process, efficient fuel/air mixing, and small variations in the flame
structure [19]. Here the flame structure refers to the spatial dis-
tribution of the heat release zone. It is found that, even during self-
excited combustion instability, variations in the flame structure
mainly occur in the chemiluminescence intensity rather than in the
spatial distribution of the heat release zone.
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Fig. 5 Chemiluminescence measurements vs curve fitting. Data are
obtained within a large range of airflow rates, equivalence ratios, preheat
temperature, and pressure. More than 30% of the data are obtained
from unstable combustion. The experiment index simply refers to the
sequence in which each experiment is performed.
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V. Determination of the Instantaneous Heat Release
Rate and Equivalence Ratios

The instantaneous heat release rate and equivalence ratios are key
parameters for combustion analysis and control. For self-excited
combustion instability, equivalence ratio variations are caused by the
differential acoustic impedance between the fuel and air lines. The
unsteady heat release can be caused by multiple mechanisms,
including variations in the flame surface area, the reaction heat, and
the laminar burning speed. Whether the correlation functions can be
applied to unsteady combustion requires further exploration. In the
present combustor, evaporation is no longer the limiting process,
and fuel/air mixing is efficient. At the same working conditions, the
differences in the mean chemiluminescence intensity between steady
and unsteady combustion are usually within 2.0%. Large vortex
shedding synchronized with pressure cycles has been identified as a
dominant mechanism for combustion instability in bluff-body-
stabilized and dump combustors [20]. However, for swirl-stabilized
combustors, the shear-layer growth and decay rates are significantly
enhanced [21,22]. There are fewer opportunities for the Kelvin—
Helmholtz shear-layer mode to continuously grow and for the
wakelike absolutely unstable mode to form. Several researchers have
observed almost no variations in the flame structure in swirling
combustion during both self-excited combustion instability and
forced flame responses with air modulations [23,24]. Even for sharp-
edged nonswirling combustors, large vortex shedding does not occur
unless air forcing is applied around the preferential frequencies of the
shear-layer dynamics and the forcing amplitude exceeds certain
thresholds [25]. Even in the presence of large-scale vortex shedding,
amajor portion of the flame rides over the large vortices and the flame
curvature radius is typically much larger than the flame thickness.
Thus, the correlation functions developed from steady combustion
can be applied to unsteady combustion, in particular for lean
premixed combustion.

The instantaneous air consumption rate, the instantaneous
equivalence ratio, and the instantaneous heat release rate are
determined as follows:

A. Parameter Estimation for Self-Excited Combustion Instability

Figure 6 shows the estimated mean heat release rate and mean
equivalence ratios with decreasing equivalence ratios from 0.41 to
0.31. Here the airflow rate is 66.7 g/s, and the preheat temperature is
373 K. The half-wave mode of the combustion chamber is excited
when the equivalence ratio is decreased below 0.34. The estimation
error is within 1.4% for the mean equivalence ratio, within 1.9% for
the mean air consumption rate, and within 1.0% for the mean heat
release rate.

Figure 7a shows the time traces of chemiluminescence and
acoustic pressure near the dump plane at ¢ = 0.33. The phase differ-
ence between CH* chemiluminescence and pressure is 33.7 deg. The
in-phase oscillations of acoustic pressure and heat release provide
energy to maintain acoustic oscillations. Figure 7b shows the esti-
mated instantaneous air consumption rate, the estimated instanta-
neous equivalence ratio, and the estimated instantaneous heat release
rate. All these parameters are in phase. The oscillating amplitude of
the air consumption rate is 35% of the mean, and that of the equiv-
alence ratio is 17%.

Self-excited combustion instability grows stronger with de-
creasing equivalence ratios from 0.34 to 0.33. In Table 2, the
equivalence ratio is expressed as a three-digit number. This does not
necessarily imply that the measurement accuracy in equivalence
ratios can be as high as 0.001. This is simply to denote the discernible
differences in equivalence ratio measurements. With decreasing
equivalence ratios from 0.34 to 0.33, the phase lag between the
heat release rate and CH* chemiluminescence increases from 10.2
to 0.74 deg, whereas the gain increases by more than 20%. This
example shows that, during self-excited combustion instability,
chemiluminescence is not proportional to the instantaneous heat
release rate. The same conclusion can be drawn for forced flame
responses with fuel modulations, which will be shown in Sec. V.B.

B. Parameter Estimation for Forced Flame Responses with Fuel
Modulations

Fuel modulations are achieved using a motor-driven, high-
frequency, rotary fuel valve specially designed for this experiment. A

1i1(t) = 0.1571 (307 an ()77 (365 0 ()72 Lz e (1)) 5590 (B(£) 1974
¢(1) = 0.1392(I307 i (1) ™" 2% (L1365 nm (1) (L3 an (1)) 147 (P (1)) 702!

Ox(1) = 0.1AHpm(1) (1) (’"f

a

Equation (6) is obtained from Eqs. (2-4) by eliminating
(¢ + (T;/2000)). In our experiments, both the preheat temperature
and pressure near the heat release zone are measured. In the case of
self-excited combustion instability, the normalized flame temper-

ature should be formulated as (¢ + Tz"&)g"‘). Here T.(f) = T(1 +

V;y'%) and y = 1.33. p/(¢) is the acoustic pressure near the heat
release zone. The lower heating value of Jet-A is taken as
41.8 MJ/kg. The chemical formula of Jet-A is assumed as C;;Hys;
thus, the stoichiometric fuel/air ratio is 0.0674. The mean heat release
rate is determined as

Q R = AHR”_;I (i(’;lf/’;la)smichiomelry

=0.0674AHgri ¢ =2.8173m ¢ (kW) (7)

Here ri1 and ¢ refer to the mean air consumption rate and the mean
equivalence ratio, respectively.

6

) = 0.00674AH i (t)(t) = 281.7m(1)p(1) (KW)
stoichiometry

detailed description of the rotary valve and the fuel setup is included
in [26]. The rotary valve (Fig. 8) is located 0.46 m upstream of the
fuel nozzle. A 0.8 1 accumulator is located 0.2 m upstream of the
rotary valve. A Sensotec pressure transducer (with a sensitivity of
172 kPa/V and an uncertainty of 0.5 kPa) capable of working up to
2 kHz is installed 0.29 m upstream of the fuel nozzle. A bypass flow
passage is installed parallel to the rotary fuel valve. The fuel
modulation amplitude is controlled by varying the fuel split between
the rotary valve and the bypass passage. The fuel modulation
frequency is determined by the number of rotor teeth and the motor
rotating speed. The valve is featured with 16 equally spaced teeth,
capable of fuel modulations of up to 1 kHz. In this experiment, the
combustion chamber is 1.05 m long.

Figure 9a shows the estimated mean parameters with fuel
modulations up to 1 kHz. The exact air consumption rate is 44.5 g/s,
the exact mean equivalence ratio is 0.40, and the exact mean heat
release rate is 50.1 kW. The errors in the three estimated mean
parameters are within 2.0%. Figure 9b shows the fuel modulation
ratio, which is defined as the fuel pressure rms to the mean fuel
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Fig. 6 The estimated mean air consumption rate and the mean
equivalence ratio. The airflow rate is 66.7 g/s, the preheat temperature
is 373 K, and the equivalence ratio is decreased from 0.41 to 0.31.
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Fig. 7 Shown are the following: a) time traces of chemiluminescence
and combustor pressure, and b) estimated instantaneous air con-

sumption rate, the estimated instantaneous equivalence ratio, and the
estimated instantaneous heat release rate.

Table 2 Estimated parameters for self-excited
combustion instability

¢ PuokPa ZCH*/p  £Qy/p LQgx/CH* |Qg/CH|

0.341 44751 50.5380 40.2940 —10.2440  22.7920
0.336  8.5880  41.4840 36.0660 —5.4176  23.6650
0330 9.9346  33.6610 329170 —0.7439  27.1310

pressure. The fuel modulation amplitude affects both the gain and
phases of the transfer function. Figure 10 shows the flame transfer
functions, which are defined in multiple forms. In Figs. 10a—10c, the
gain of the transfer functions consistently increases up to 700 Hz and
then declines. Note that the fuel pressure 0.29 m upstream of the
fuel nozzle differs in both gain and phases from that immediately
upstream of the fuel nozzle, in particular at a high frequency [26].
“Abnormalities” or “irregularities” in the flame transfer functions,
say, between 300 and 400 and between 620 and 700 Hz, can be
attributed to the relatively strong forcing-induced acoustic oscil-
lations. The flame transfer functions within these two frequency
ranges are no longer open loop. Acoustic damping of this rig has been
significantly enhanced by inserting three baffle plates downstream of

Fuel Inlet f Fuel Outlet
Rotor (16 equally spaced
teeth)
Motor Shaft
Fig. 8 Rotary fuel valve.
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Fig. 9 Shown are the following: a) estimated mean equivalence ratio
(multiplied by 100), the estimated mean air consumption rate, and the
estimated mean heat release rate; and b) fuel modulation ratio for this
experiment. At most frequencies, the fuel modulation ratio is above 10 %.
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Fig. 10 Flame transfer functions: a) CH* chemiluminescence (AU) to
the fuel pressure (kPa), b) estimated equivalence ratio to the fuel pressure
(kPa), ¢) estimated heat release rate (kW) to the fuel pressure (kPa), and
d) estimated heat release rate (kW) to CH* chemiluminescence (AU).

the heat release zone. However, fuel modulations around the acoustic
resonant frequencies, that is, around 330 (half-wave mode) and
around 660 Hz (one-wave mode), still generate pressure oscillations
up to several hundred Pa. As pointed out before, acoustic oscillations
not only directly affect the chemiluminescence yield, but also modify
the flame kinetics. In Figs. 10a-10c, the phases of the transfer
function decrease with the frequency but at different rates.

The most interesting, yet somewhat puzzling, observation is the
transfer function QR (s)/CH*(s). Figure 10d shows that, except
around the acoustic resonant frequencies, the phase consistently
decreases with the frequency and saturates at —96 deg above
400 Hz. Above 100 Hz, the gain variations are more than 20%. Recall
that, for self-excited combustion instability (Table 2), both the gain
and phases of Qg(s)/CH*(s) vary with the acoustic oscillation
intensity. Thus, the assumption of proportionality between chemilu-
minescence and the heat release rate is generally invalid. Probably
the proportionality is valid only for weakly turbulent or wrinkled
flamelet regions in the absence of equivalence ratio variations along
the flame front and strong acoustic oscillations. Take steady combus-
tion as an example. In one experiment with an airflow rate at 27.8 g/s
and an equivalence ratio of 0.44, the mean CH* chemiluminescence
is 3.23 AU and the mean heat release rate is 34.5 kW. In another
experiment with an airflow rate at 44.8 g/s and an equivalence ratio
of 0.38, the mean CH* chemiluminescence is 2.33 AU and the mean
heat release rate is 48.0 kW. In other words, whereas the CH*
chemiluminescence intensity of the first experiment is 38.6% larger
than the second experiment, the mean heat release rate is 39% less.
The instantaneous chemiluminescence intensity is an integral of the
specific chemiluminescence yield per unit air consumption rate along
the flame front, and the instantaneous heat release rate is proportional
to the integral of the instantaneous air consumption rate along the
flame front. Both the instantaneous chemiluminescence and the
instantaneous heat release rate are directly affected by the time-
varying flame surface area. With fuel modulations off the acoustic
resonant frequencies, variations in the airflow rate across the air
swirler are usually negligibly small. Thus. flame surface area
variations are mainly caused by equivalence ratio perturbations along
the flame front. The location of a laminar flamelet is determined by
the dynamics of the upstream reactant velocity and the laminar
burning velocity. The laminar burning velocity is a highly nonlinear
function of the equivalence ratio. Equivalence ratio perturbations
along the flame front are always accompanied by variations in the
laminar burning velocity and, consequently, in the flame surface area.
Although both the chemiluminescence yield and the heat release rate
are proportional to the flame surface area, the sensitivity of the
laminar flame speed and the chemiluminescence yield to the equiv-
alence ratio is different. This may explain the phase differences
between the instantaneous chemiluminescence intensity and the
instantaneous heat release rate during unsteady combustion.

Figure 11 shows the time traces of several parameters with fuel
modulations at 297 and 874 Hz, respectively. These parameters are
CH* chemiluminescence, the estimated instantaneous air consump-
tion rate, the estimated instantaneous equivalence ratio, the estimated
instantaneous heat release rate, and the fuel pressure 0.29 m upstream
of the fuel nozzle. All parameters are normalized by their mean
quantity. All data are filtered using a fourth-order Butterworth filter
with a bandwidth of 200 Hz around the fuel modulation frequency.
The amplitude of the normalized CH* chemiluminescence is five
times larger than that of the heat release rate. In both cases,
substantial phase differences exist between CH* chemiluminescence
and the other parameters. With fuel modulations at 297 and 874 Hz,
the instantaneous heat release rate lags chemiluminescence in phases
by more than 80 deg. However, the phase differences among the
equivalence ratio, the air consumption rate, and the heat release rate
are rather small. From Fig. 11, one can see that variations in the
normalized air consumption rate are comparable to those in the
normalized equivalence ratio. This implies that fuel modulations
have resulted in large variations in the flame suface area. For lean
fuel/air mixtures, the laminar flame speed is exponentially sensitive
to the equivalence ratio. A linear analysis of an inverted laminar
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Fig. 11 Time traces of CH* chemiluminescence, the estimated air
consumption rate, the estimated representative equivalence ratio, the
estimated heat release rate, and the fuel pressure: a) fuel modulations
at 296 Hz, and b) fuel modulations at 874 Hz. All parameters are
normalized by their mean quantity.

V flame shows that, for unsteady combustion involving equivalence
ratio perturbations, the dynamics of the flame surface area can be
modeled as a first-order system with a negative high-frequency gain.
That is, the phase lag between the flame surface area and the
equivalence ratio approaches 270 deg with increasing frequency.
Figures 11a and 11b show that chemiluminescence lags the equiv-
alence ratio in phases by about 270 deg. This implies that, although
the chemiluminescence yield per unit air consumption rate does
increase with the equivalence ratio, the overall chemiluminescence
intensity decreases because of larger reductions in the instantaneous
flame surface area.

VI. Discussion

The correlation functions are derived for the present liquid-fueled,
swirl-stabilized, LDI combustor and are accurate for the described
working range. For different combustors, the same procedures can be
applied to develop new correlation functions. The reported strategies
work best for lean premixed combustion, for which the fuel/air
equivalence ratio is uniform upstream of the flame front. For the
present liquid-fueled combustor, because of the small droplet size
and fast fuel/air mixing, the fuel/air equivalence ratio upstream of the
flame front is roughly uniform. This allows a globally representative
equivalence ratio to be used.

For unsteady combustion, the estimated instantaneous air con-
sumption rate and equivalence ratios along the flame front should not
be considered the same as those at the combustor inlet. Because
of the complicated physicochemical processes between these two
locations, substantial differences in both amplitude and phases exist.

Quasi-steady relationships among the heat release rate, the air
consumption rate, the equivalence ratio, and the preheat temperature
are assumed for unsteady combustion. This is valid for the present
combustor. The quasi-steady relationship is also applicable to
combustion instability involving acoustically synchronized large

vortex shedding. This is because, in such cases, the flame curvature
radius is typically much larger than the flame thickness.

Pressure effects on chemiluminescence yield are taken into
account in the determination of the instantaneous heat release rate
and equivalence ratios. Quasi-steady responses among the com-
bustor pressure, chemical kinetics, and chemiluminscence produc-
tion are assumed. This assumption has been widely used in the
combustion community and is valid at least at low frequencies. The
lifetime of radical species or the time scale of photo release is at least
3 orders of magnitude smaller than the acoustic cycle [17]; thus, the
chemiluminescence yield can be assumed instantaneous with the
chemical reaction rate.

VII. Conclusions

1) Flame spectra of the present turbulent, liquid-fueled, swirl-
stabilized, LDI combustor are very similar to those of lean premixed
gaseous combustion. This can be attributed to the small droplet size
and fast fuel/air mixing. Background emissions around 431 nm,
which mainly consist of CO; chemiluminescence, are found to be
self-similar with wavelength within a broad range of working
conditions. This implies that background emissions around 431 nm
can be determined from emission measurements near 431 nm.

2) Accurate correlation functions, which express chemilumines-
cence as a function of the airflow rate, the equivalence ratio, and
the preheat temperature, are developed for combustion within a
large range of working conditions. The average error between
measurements and correlation in the mean chemiluminescence is
within 2.37% for OH*, 1.96% for COj}, and 3.8% for CH*.

3) Procedures for the determination of the instantaneous air
consumption rate and the instantaneous equivalence ratio along
the flame front are developed. For both self-excited combustion
instability and forced flame responses under fuel modulations, the
errors in the estimated mean heat release rate, the estimated mean air
consumption rate, and the estimated mean equivalence ratio are
below 2.0%.

4) The assumption that chemiluminescence is proportional to the
instantaneous heat release rate is generally invalid. During self-
excited combustion instability, both the gain and phases between heat
release and chemiluminescence vary with the acoustic oscil-
lation intensity. During forced flame responses, the gain varies with
frequency by more than 20% and the phase lag consistently increases
with frequency up to 96 deg above 400 Hz. This can be attributed to
the differences in the sensitivity to equivalence ratios among the
chemiluminescence yield, the heat release rate, and the flame surface
area.

5) Acoustic oscillations are isentropic, but both acoustic pressure
and acoustic temperature affect the chemiluminescence yield.
Acoustics-induced chemiluminescence oscillations are taken into
account for the determination of the instantaneous heat release rate
and the instantaneous equivalence ratio.

6) The developed strategies can be applied to other combustion
systems and work best for lean premixed combustion with a compact
flame.
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