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with aspects on future developments in combus-
tion diagnostics.

Abbreviations and Acronyms ELIF excimer-laser-induced fragmentation flu-
orescence
AM amplitude modulation FARLIF fuel/air ratio LIF
AS absorption spectroscopy FWHM full width at half maximum
CA crank angle FIR far IR
CARS coherent anti-Stokes Raman scattering FMS frequency-modulation spectroscopy
CCD charge-coupled device FTIR Fourier transform infrared
CFD computational fluid dynamics HCCI homogeneous charge compression igni-
CL chemiluminescence tion
CLD chemiluminescence detector IC internal combustion
CMD count median diameter ICCD intensified CCD
CRDLAS cavity-ring-down laser-absorption spec- ICLAS intra-cavity laser-absorption spectroscopy
troscopy IR infra red
DFB-DL distributed feedback diode lasers LAS laser-absorption spectroscopy
DFG difference-frequency generation LES large-eddy simulation
DFWM degenerate four-wave mixing LDV laser Doppler velocimetry
DNS direct numerical simulation LIF laser-induced fluorescence

EGR exhaust gas recirculation LII laser-induced incandescence
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MS mass spectrometry

MIR mid IR

NDIR nondispersive infrared photometer
NIR near IR

NIR-DL near-IR diode laser

OD optical density

OPO optical parametric oscillator

PAH polycyclic aromatic hydrocarbons
PDA phase Doppler anemometry

PDF probability density function

PIV particle image velocimetry

PS polarization spectroscopy

QCL quantum cascade laser

RANS Reynolds-averaged Navier—Stokes equa-
tions

20.1 Basics

Combustion is the oldest and one of the most successful
technologies of mankind. An early important spectro-
scopic observation in a combustion process was made
in 1859 by Robert Wilhelm Bunsen and Gustav Robert
Kirchhoff [20.1], who recognized the origin of some of
the famous dark lines in the solar spectrum first seen
by Wollaston and indexed in 1814 by Josef Fraunhofer.
Bunsen and Kirchhoff realized that it could not happen
by chance that 60 of the Fraunhofer lines coincided with
60 iron emission lines measured in the hot nonluminous
flame gases of the Bunsen burner. Their experimental
success, however, was based on Isaac Newton, who in-
troduced the word spectrum into physics. After Bunsen
and Kirchhoff, spectroscopy in flames became a rapidly
growing field. However, the meaning of all the observed
lines was not known until 1913 when Niels Bohr formu-
lated his model of the atom. A few years later, Albert
Einstein [20.2] published his famous paper Zur Quan-
tentheorie der Strahlung in which he derived Planck’s
law and Bohr’s rule by discussing the possible ele-
mentary process of energy and momentum exchange
through radiation. Despite Einstein’s clear description
of the stimulated emission, the practical application
of this principle was achieved only many years later
in 1955, first in the microwave region with the maser
(an acronym for microwave amplification by stimu-
lated emission of radiation) [20.3] and in 1960, in the
visible spectral region with the laser (an acronym for
light amplification by stimulated emission of radiation
laser) [20.4]. The principle of stimulated emission has
now been realized in all states of the matter: solids,
liquids, gases and free electrons. This allows the gen-

REMPI Resonance-enhanced multiphoton ioniza-
tion

RMS root mean square

SFG sum frequency generation

SHG second harmonic generation

TEM transmission electron microscopy

TDC top dead center

TDL tunable diode laser

TDLAS tunable diode laser absorption spec-
troscopy

THz terahertz

TiRe-LII time-resolved LII

uv ultraviolet

VCSEL vertical cavity surface emitting laser

WMS wavelength-modulation spectroscopy

eration of coherent radiation from the far-infrared to
the X-ray region. Compared to flame spectroscopy with
conventional light sources [20.5] the introduction of tun-
able lasers and the development of nonlinear optical
techniques [20.6] greatly expanded the possibilities of
combustion spectroscopy. Now the spectroscopic states
of atoms and molecules in combustion process can be ob-
served non-intrusively with high temporal, spectral and
spatial resolution. An excellent overview can be found
in the book by Eckbreth [20.7] and Kohse-Hdoinghaus
and Jeffries [20.8].

Combustion processes consist of a complex multi-
dimensional and time-dependent interaction of a large
number of elementary chemical reactions with different
transport processes for mass, momentum and energy.
To increase the rate of chemical conversion in practi-
cal applications, turbulent flow conditions are mostly
applied. Similar to the laminar case, turbulent reactive
flows can be described by solving the conservation equa-
tions for total species mass, momentum (Navier—Stokes
equations) and enthalpy [20.9]. However, solving the
conservation equations by direct numerical simulation
(DNS) is, even in the days of modern parallel com-
puting, a very demanding task. For a realistic system
of liquid hydrocarbon oxidation in an internal combus-
tion engine one would need more than 10%! computing
steps. Therefore, at present and for the near future direct
numerical simulation of three-dimensional turbulent re-
active flows in technical combustion systems will not be
possible. Instead, turbulence has to be modeled either by
the use of Reynolds-averaged Navier—Stokes (RANS)
or spatially filtered conservation equations (large-eddy
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simulation, LES). Reaction rates can be evaluated with
the help of probability density functions (PDF). These
models can then be validated by multidimensional non-
intrusive laser measurements. Quantities of interest are
multifarious and include temperature, chemical species
concentration, flow velocities, or their turbulent fluctu-

ations. In addition, such laser techniques can be applied
directly in practical combustion systems to study de-
tails of the complex interaction of chemical kinetics and
transport processes and act as sensors in active con-
trol loops to improve fuel efficiency and reduce the
environmental effects of combustion.

20.2 Laser-Based Combustion Diagnostics

Laser-based combustion diagnostics as well as other op-
tical diagnostic methods extensively exploit the direct
interaction of light and matter, providing an important
tool to observe the spectroscopic states of molecules
and atoms with high spectral and spatial resolution in
time regimes from hours to the femtosecond (10~ 15g)
scale, using optical power densities from picowatts
(10~12W) to multi-terawatts (10'> W) per square cen-
timeter. A main feature of optical techniques is the
non-intrusive in-situ investigation of the sample with-
out significant interference between the sample and the
measuring device itself. This is especially important for
reactive and aggressive environments such as combus-
tion processes where probe sampling techniques are of
questionable value. In all cases light with a certain inten-
sity and temporal and spectral distribution is sent onto
or through a sample. The energy re-emitted (in most
cases in the form of light) from the interaction region of
the irradiated sample is observed and used to character-
ize the composition and/or structure of the sample. This
is done by a detailed analysis of the intensity, spectral
composition or angular and temporal distribution of the
re-emitted light. Only absorption techniques determine
the losses of the incoming light along the line of sight.
Excellent reviews about the advancement of laser-
based combustion diagnostics are presented in [20.10]
and [20.8]. In general, laser combustion diagnostics can
be classified into flow field measurements, scalar field
measurements and combined flow—scalar diagnostics.
Flow field measurements rely either on Doppler shift
(laser Doppler velocimetry, LDV), Doppler broadening
(filtered Rayleigh scattering), tracking of particles (par-
ticle imaging velocimetry, PIV) or spatial structures of
molecular tracers (molecular tagging velocimetry and
gaseous image velocimetry). As these flow field di-
agnostics are discussed in detail in Chap.5 here the
focus is on measurement of scalars such as tempera-
ture and chemical species concentrations. However, it
needs to be pointed out that high-temperature environ-
ments in flames demand for an adaptation of these afore
mentioned flow diagnostics. For example, oil droplets

commonly used as seed material tracking the turbulent
flow in cold PIV or LDV applications are not feasible
in flames due to their evaporation. Instead, solid metal-
oxide particles with high melting points are used. These
materials are more difficult to seed into the turbulent
flow. It must be checked that the presence of the seed par-
ticles does not impart on the thermokinetic state of the
flame. Otherwise, chemical kinetics might be affected
by the seed material and the technique is not anymore
non-intrusive. For this reason, seeding densities must
be fairly low. In consequence, spatial resolution such as
in PIV applications or data rates in LDV especially in
hot parts of the flame are often lower than in cold flow
applications.

Laser-induced fluorescence (LIF) with excitation in
the ultraviolet (UV) is frequently used for the detection
of minor combustion-related species such as NO, OH,
CH, C,, HCHO. Fluorescing organic molecules have
found interest as fluorescent tracers that allow the quan-
titative observation of fluid mixing processes as well
as fuel concentration in combustion devices [20.11,12].
Further techniques using laser radiation include: opti-
cal absorption [20.13, 14] and cavity ring-down [20.15]
of CH3, and two-photon LIF of atoms [20.16]. Raman
scattering is frequently used to simultaneously measure
the concentration of major combustion species and tem-
perature [20.17]. Nonlinear techniques such as coherent
anti-Stokes Raman scattering (CARS) [20.18], degener-
ate four-wave mixing (DFWM) [20.19] and polarization
spectroscopy (PS) [20.20] have been applied for com-
bustion diagnostics. Elastic scattering off droplets is
frequently used for observing the droplet distribution
in spray systems and Rayleigh scattering from the gas
phase is used to measure gas density, and hence, tem-
perature [20.21]. Particle sizes and concentrations are
observed by laser-heating the particles and detection of
the subsequent incandescence in a process called laser-
induced incandescence (LII) [20.22]. The variety of
species and techniques that can be probed with laser-
based techniques offers the option for simultaneous
measurements of several species with similar experi-
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mental apparatus, but this in turn can cause reduced
selectivity due to interfering signal contributions.

The advantage of laser-based techniques is that they
do not intrude into the observed object and that in most
cases, information is gained from a well-defined vol-
ume element. Whereas absorption techniques typically
accumulate information over the line of sight, several
techniques generate a signal from a well-defined point
in space. Furthermore, the use of pulsed lasers and fast
detectors allows time-specific data acquisition.

Several techniques can be expanded to measure
combustion-relevant quantities not only in single points
in space and time but also to investigate concentrations
along the laser beam (one-dimensional spatial resolu-
tion), across planes that are defined by laser beams that
are expanded to a so-called light sheet (two-dimensional
spatial resolution). In few cases these techniques are
also applied to three-dimensional measurements by
combining several two-dimensional images into infor-
mation that covers arestricted three-dimensional volume
element.

Time-dependent measurements are often carried
out for point and line-of-sight measurements. With
the advent of high-repetition-rate solid-state lasers and
fast multi-frame cameras techniques with one- and

two-dimensional spatial resolution can also be car-
ried out in a time-resolved way as high-repetition-rate
imaging.

Another way to increase the dimensionality of the
technique is the simultaneous application of multiple
techniques (i. e., multiple species concentrations) or the
determination of multiple characteristics of one quan-
tity (i.e., determination of concentration, temperature
and/or pressure from the analysis of line-shapes, inte-
gral and time-resolved measurements). This was done
by wavelength multiplexing or fast wavelength tuning
of absorption measurements. Raman scattering per se
has the potential to observe multiple species and tem-
perature at the same time. Other experiments require the
combination of multiple lasers and/or multiple detectors
to gain simultaneous information about multiple species
and properties.

In the following sections examples of these various
diagnostics approaches for combustion will be pre-
sented. The chapter will be structured according to the
types of combustion systems rather than the different
techniques. Clearly, many techniques can be applied to
different combustion systems. This will be mentioned
in the corresponding subsections and backed by giving
appropriate references.

20.3 Experimental Data Devoted to Validation
of Numerical Simulations and Modeling

20.3.1 General Remarks

Combustion technology reached a level of development
where further improvements rely on complementary
methods. The classical trial-and-error approach based
on experimental experience was enhanced by numerical
simulation of turbulent combustion processes. A com-

Chemistry-
turbulence
interaction
models

Reduced
reaction
models

Detailed
chemistry
models

(I

Spray
models

Radiation and
heat transfer
models

Fig.20.1 Various submodels that build up a comprehensive model
suitable for the numerical simulation of turbulent combustion pro-

cesses

prehensive model that describes all relevant aspects of
turbulent combustion taking place in applications such
as internal combustion (IC) engines, furnaces, aero- or
stationary gas turbines consists of various submodels
that are based on conservation equations, elementary
chemical reactions and closures such as physical mod-
els for transport processes and the equations of state.
Due to the complexity of the underlying chemical and
physical processes as well as their mutual interaction,
simplifying assumptions are necessary. Because it is not
granted a priori that these underlying assumptions are
valid for a specific problem, experimental validation is
imperative.

A thorough experimental validation should con-
sist of each submodel as well all mutual in-
terdependencies between the various physical and
chemical processes [20.23]. This is an enormous
task and can in practice only be fulfilled piece-
wise. Figure 20.1 sketches the basic architecture of
a mathematical model suitable for numerical simu-
lations. The different submodels call for individual
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test rigs and specific diagnostic methods as outlined
below.

Laser-based optical diagnostics have emerged in
the past two decades as superior methods for study-
ing combustion processes due to their low intrusiveness
compared to probe techniques, their high temporal and
relatively high spatial resolution. However, their appli-
cation requires optical access that is not always easy to
realize. Especially environments that mimic industrial
processes such as internal combustion (IC) engines, gas
turbines or furnaces, high pressure, dusty conditions,
thermal radiation, and rapid contamination of optical
accesses pose a challenge to these methods. Therefore,
experiments devoted to the validation of numerical sim-
ulations are usually performed under somehow idealized
conditions and are briefly discussed in the subsequent
paragraphs. Furthermore, inlet and boundary conditions
that have a significant impact on any process down-
stream of a mixing device (nozzle, intake port, etc.)
in a burning chamber can be more easily controlled or
measured with sufficient precision in test rigs that have
been especially designed for validation purposes.

20.3.2 Submodels and Their Specific
Demands for Validation

Figure 20.1 shows the modules (submodels) that com-
prise a comprehensive model describing turbulent
combustion processes. Herein, the model for detailed
chemistry describes combustion on the basis of ele-
mentary reactions. For the combustion of hydrocarbons,
detailed chemical reaction mechanisms encompass hun-
dreds of elementary reactions and species [20.9] and
are therefore far too large to be used directly in
computational fluid dynamics (CFD). Consequently,
reduced reaction models are derived from detailed re-
action mechanisms that contain a few reactive scalars
only [20.24-26]. For the development and validation
of chemistry models, a large and reliable experimen-
tal database is required. To circumvent problems linked
to turbulence, chemical kinetics experiments are carried
out for well-characterized boundary conditions such as
laminar low-pressure flames [20.27, 28], flow reactors,
shock-tube experiments [20.29] or rapid compression
machines [20.30]. A survey of experimental methods to
measure the chemical rate coefficients of single elemen-
tary reactions necessary for a detailed chemical reaction
mechanism can be found in [20.31].

Turbulence models describe the properties of the
flow field. The state of the art is to use the Reynolds-
averaged Navier—Stokes equations (RANS) is used

in most CFD models [20.32]. Within this approach,
averaged conservation equations are solved for the statis-
tical moments, assuming isotropic conditions. Unclosed
terms are modeled on the basis of one- or two-equation
models [20.33]. As a result, the CFD model predicts
mean values and fluctuations in a pointwise manner. No
spatially -correlated information is obtained. For this
reason, experimental validation of RANS-based mod-
els can be restricted to quantitative, single-pulse, and
pointwise measurements of species concentrations, tem-
perature, and velocities. Of special importance are the
experimental determination of well-characterized inlet
conditions and the dissipation rate of turbulent kinetic
energy based on two-point correlations.

Large-eddy simulation (LES) is an approach that has
recently been extended to describe turbulent combus-
tion. The conservation equations are spatially filtered
before they are numerically solved on a spatial grid.
Phenomena occurring on a scale smaller than the filter
width are accounted for by subgrid-scale models [20.34].
The implicit LES combustion approach has various
advantages. With increasing computational power, an
increasing fraction of turbulent structures will be re-
solved, and the importance of an elaborated subgrid
model will decrease. Unsteady effects can be described
owing to the temporal resolution of the LES approach,
and spatially correlated information is available. As
a consequence, the requirements for the experimental
validation increase. In addition to quantitative point-
wise measurements, spatially correlated information is
needed for validation purposes, such as turbulent length
scales in different spatial directions [20.35] or gradients
of scalar quantities such as temperature [20.36] or mix-
ture fraction [20.37,38]. It is worth noting, however, that
direct numerical simulation (DNS) of the conservation
equations is of growing importance for submodel de-
velopment and validation [20.39]. Within this approach
the grid resolution resolves all turbulent structures but
— at least for three-dimensional (3-D) applications — it
still relies on reduced chemical reaction models. DNS is
atool that ideally supplements experimental approaches.

In turbulent flames, a strong mutual influence of
chemical reactions and the turbulent flow [20.40] is
evident. Various chemistry—turbulence interaction mod-
els [20.41-43] exist. The state of the art is the commonly
used flamelet and presumed probability density function
(PDF) approach. However, a more comprehensive ap-
proach is to derive a PDF transport equation that may be
solved by Monte Carlo methods or by unsteady flamelet
modeling [20.44]. This approach shows great potential
to describe, for example, flame extinction but is compu-
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tationally expensive. To develop and validate submodels
for the chemistry—turbulence interaction, quantitative
experimental information for various simultaneously
measured quantities is necessary, such as the main
species, temperature, velocity, and reactive (radical)
species. This requires sophisticated optical techniques,
especially the combination of reliable velocity meas-
urements simultaneous to main species concentration
measurements. Although the combination of Raman,
Rayleigh, and laser-induced fluorescence (LIF) [20.45]
has already been developed to a high degree, the ad-
ditional simultaneous measurement of gas velocities is
at an early stage. Early approaches are discussed, for
example, in [20.46—49] and show great potential.

In the case of liquid fuels, a submodel is required
that describes breakup and the formation of a dense
thin spray, as well as the evaporation and turbulence
modulation [20.50]. The numerical and experimental
investigation of this complex phenomenon is an ongo-
ing task. Laser-based techniques such as spontaneous
Raman scattering suffer on the one hand from opti-
cal density (multiple scattering in dense sprays, strong
extinction, liquid core) as well as large local varia-
tions in number density at the interface between the
liquid and gas phases, which necessitate a large dynamic
range of the detector. However, for the development
and validation of spray submodels, quantitative infor-
mation regarding the liquid and gas phase is required.
For the liquid phase, droplet diameters, droplet veloci-
ties and droplet size distribution need to be measured.
For the gas phase, the local fuel-air ratio, tempera-
ture distribution, and gas velocities must be recorded.
While for stationary conditions pointwise measurements
such as phase Doppler anemometry (PDA) [20.51] are
appropriate to characterize the liquid phase, the level
of complexity rises if the spray characteristics for un-
steady conditions (e.g., pressure oscillations that give
rise to time-dependent spatial droplet distributions) are
investigated. For this purpose, at least two-dimensional
techniques, such as the interferometric particle imaging
technique [20.52], are required. In addition, laser-
induced fluorescence (LIF) schemes have been used in
combination with Mie scattering to determine Sauter
mean diameters [20.53, 54].

In many practical applications, it is necessary to
account for radiation effects, particularly to predict ther-
mal stress in walls correctly. The state of the art is to
treat radiation either by integral methods [20.55-57] or
by differential techniques. To account for the spectral
characteristics of radiation, gray gas models [20.58] or
spectral line models [20.59] are used. In open flames

thermal radiation can be measured directly by pyrom-
eters. Convective heat transfer to walls in the case of
enclosed combustion can be measured spectroscopi-
cally as well, using a combination of thermographic
phosphors and filtered Rayleigh scattering [20.60] or
LIF [20.61].

20.3.3 Example: Generic Turbulent Flame

To ensure that a comprehensive model is valid for a cer-
tain range of operational conditions and capable of
predicting trends correctly, a series of flames must be in-
vestigated where general parameters such as Reynolds
number and fuel composition are varied. The burner con-
figuration should exhibit some important aspects that

N,

Oxidizer
‘

Laserbeam

Fig.20.2 Sketch of a turbulent opposed-jet burner. TG: per-
forated plates. The laser beam exciting Raman/Rayleigh
scattering was directed along the symmetry axis of the
burner. Laser radiation for LDV, PIV and LIF diagnostics
entered the region of interest from the side
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may arise in a similar manner within a practical real-
ization. To demonstrate some of these special needs of
experiments devoted to validation of numerical simula-
tions, some recent measurements on a turbulent opposed
jet burner are briefly outlined.

Opposing jets are a generic configuration in many
industrial applications where fuel and oxidizing air im-
pinge on each other, mix on a molecular level, and finally
burn. The progress of chemical reactions in this tur-
bulent mixing layer, however, depends on the mixing
time, which can be quantified by the scalar dissipation
rate [20.44]. If the residence time compared to typical
finite-rate chemical time scales is too short, chemical
reactions may even be extinguished. Flame extinction
is indeed a problem in various practical combustion
processes such as lean, low-NOy gas turbines or direct-
injection IC engines. The advantage of a generic setup
such as the turbulent opposed jet burner is that the flow
conditions leading to extinction can be well controlled.
The location where extinction most probably starts is
limited to a rather small volume. Therefore, data record-
ing can be concentrated to the most important region,
cutting down experimental effort enormously.

Figure 20.2 shows the cross section of a burner
that allows to study these effects by detailed laser
diagnostics. Details can be found in [20.37, 62]. Air
emanating from the upper nozzle impinges on a rich
methane/air mixture outside the flammability limits
from the lower nozzle. The momentum of both streams
is equal. Turbulence is enhanced by perforated plates
located downstream of the contraction of each nozzle.
A stagnation plane is formed which is located at the half
nozzle distance (15 mm). The nozzles (30 mm diameter)
are surrounded by a 60 mm-wide nitrogen co-flow to pre-
vent mixing with ambient air. Optical access is possible
along the burner center line through the central holes of
the perforated plates and from the side perpendicular to

the burner axis. The Reynolds number of the flows can
be varied from stable towards extinguishing conditions
and the equivalence ratio of the fuel can be varied.

To characterize the inflow conditions, the flow field
between the two nozzles and the scalar field, the follow-
ing diagnostics have been applied:

® Hot wire anemometry: nozzle exit velocity profiles
and turbulent time scales [20.62].

® Two-dimensional laser Doppler velocimetry (LDV):
radial and axial profiles of mean velocity, turbu-
lent kinetic energy and Reynolds stress compo-
nents [20.63].

® Planar LIF and particle imaging velocimetry
(PIV), in part simultaneously: OH radical distri-
bution during stable and extinguishing conditions,
flame orientation, flow field conditioned on flame
front [20.64, 65].

® Picosecond time-resolved LIF: absolute mean OH
profiles, OH time series to characterize OH statis-
tics [20.66].

® One-dimensional Raman/Rayleigh scattering: mean
and fluctuations of major chemical species concen-
trations, temperature and mixture fraction, scalar
dissipation rate [20.37,63].

This database allows detailed comparisons with results
from numerical simulations. Control and knowledge
of the inlet boundary conditions as well as flow and
scalar field are essential. Of special interest in this con-
figuration are finite-rate chemistry effects due to the
turbulence—chemistry interaction and turbulent mixing.
The data have been used for comparison with Monte
Carlo PDF models in combination with a RANS ap-
proach [20.63] and combustion LES [20.67]. Some of
the results are discussed in Sect.20.4.3 and in [20.37,
63].

20.4 Application of Laser-Based Techniques

20.4.1 Detection Sensitivity, Selectivity
and Resolution

The detection sensitivity attainable in combustion envi-
ronments is an essential parameter for the application
of the various laser-based techniques. These limits can-
not be stated generally since they depend on the line
strength of the species to be detected, system pa-
rameters such as absorption length, response time or

optical output power [20.68], while especially for in-
situ measurements temperature and pressure in the probe
region and disturbing effects of the in-situ beam path
(dust, background emission) are most important fac-
tors for system-specific detection limits. A figure of
merit for absorption spectrometers is the minimum
detectable absorption change (MDA = A1/Iy). In a pre-
cisely controlled absorption cell 103 is achievable with
non-coherent light sources on a routine basis, while the
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Method Species Transition Energyof p T Environment  Detection Detection  Ref.
transition  (total) (K) limit (abs.) limit
(em™1) (bar) (em™3) (ppm)
LAS HO, 2v;-band 6625.8 6.7(=3) 295 photolysis cell 3 (13)° 16.8 [20.69]
NO (3, 0)-band 5524 1 1040 Hy/air flame 2.7 (15) 100 [20.70]
CHy4 2v3-band 6048 1 300 absorption cell 1.8 (14) 7 [20.71]
NH AT —-X3%(0,0), 29762 1 2100 NH;3/N,/O; 3.0 (13) 7.9 [20.72]
R, (8) flat flame, ¢ =
1.28
CRDLAS OH A?Y —X211(0,0) 32500 0.04 1800 CHy/air flame 2.0 (10) 0.12 [20.73]
CH3 'R(6, 6) 3224.42 0.05 1400 CHy/air flame 1.5 (13) 57.6 [20.74]
ICLAS HCO A —X(09°0)— 16260 0.047 1800 CH4/0,/N,- 1.4 (11) 0.57 [20.75]
(00'0) flame
LIF OH A%Y —X2T1(0,0) 32500 2000 25.6 (11) 0.07 [20.76]
AZY —X2I1(0,0) 32500 9.2 1700 CoHg/O2/N,- 1 (14) 2.5 [20.77]
flame
NO A?Y —X?T1(0,0) 442478 1 2000 8 (11) 0.22 [20.7]
DFWM OH AZY —X211(0,0) 32500 1 1700 premixed 2.0 (13) 4.66 [20.78]
- CHy/air flame
o OH A% —X2T1(0,0) 32500 1 2200 premixed 7.0 (13) 21.1 [20.79]
: CHy/air flame
— NH ATT-X>%(0,0) 29762 1 2100 NH3/0,/N; = [20.80]
= 2.1/1.5/1.0
r CH,4 v3, Q(5)(1, 0) 3017.5 1 (—6) 300 CH4/N, 1.5(11) 6174 [20.81]
HF vi, RG)(1, 0) 4000 1(=3) 300 HF/He 1.0 (10) 0.41 [20.82]
CH; 3s2A] —2p°A) 46185 1 1600 CH4/N>/0; 3.0 (14) 65 [20.83]
flame,
® =125
Cy &1, — a1, 19354 1 3000 CyHy/0; flame 5 (11) 0.19 [20.84]
(welding torch)
CARS C Q(10)(1, 0) 1611.7 1 2500 CoH,/0; flame 1.0 (10) 0.003 [20.85]
(welding torch)
OH 01(7.5)(1, 0) 3065.3 1 ~ 1800 Hj/air flame 1.0 (13) 2.5 [20.86]
(premixed)
Cco Q(10)(1, 0) 2143 1 2000 flame 4.8 (16) 13000 [20.87]
Cco Q(10)(1, 0) 2143 1 2000 flame 7.3 (16) 20000 [20.88]
OH Q1(7.5)(1,0) 3560 0.0106 300 HNOs/He 1.4 (15) 5400 [20.89]
NH, v1, /2v4, (1, 0) 3210 0.0005 300 NH3 1.2 (12) 99 [20.90]
REMPI 1,1-DCE p3d(1+1) 33863.9 - 5 molecular 6 ppbv* [20.91]
beam
CeHg So—S1(1+1) 38610 - 5 molecular 0.09 ppbv?* [20.91]
beam
C,Hy 3+1 68181 - 5 molecular 10 ppbv?® [20.92]
beam
PS C 3T, —a’T1,(0,0) 19357 1 1800 CoH,/0;- 1.0 (12) 0.19 [20.93]
flame
OH A% —X2I1(0,0) 32500 1 2100 propane/air 1.0 (13) 2.9 [20.94]
flame

4 Mass-spectrometric inlet system with molecular-beam sampling; the detection limits are referred to the concentration levels in the

original sample mixture
b1 =1x10"
¢ Mostly estimated temperatures
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Table 20.1 Detection limits for minor, combustion-relevant
species of various linear and nonlinear laser-spectroscopic
techniques discussed in this review. The spectroscopic tran-
sitions probed for each species, their transition frequency
(in cm™1), total pressure p, an estimate of the temperature
T, and the sample environment are given. The detection
limits are approximate values, either determined directly or
extrapolated from the respective experimental data <«

best laser-based spectrometers provide MDAs in the
1078 range, resulting in a dynamic range of 102-10".
Table 20.1 is a (far from complete) collection of exper-
imental work in the literature that stated the detection
limits of combustion-relevant minor species for the var-
ious techniques introduced here at different pressures
and environments to give a general impression of their
practical applicability.

Species selectivity is another feature that has im-
proved greatly through the introduction of lasers, since
high radiance and small source linewidth are available
simultaneously. For the case of continuous-wave (CW)
lasers (diode and dye lasers) the laser line width can be of
the order of 10 MHz, compared to molecular linewidths
in the gas phase of several 100 MHz under low-pressure
conditions and several GHz at atmospheric pressure.
Ultimate selectivity can be ensured, if a spectral region
or so-called spectral window, can be found where the
species under investigation is the only (or at least the
dominant) absorber.

Spatial and temporal resolution is another attribute
that was improved significantly by the advent of lasers
in diagnostics. Using the extremely short pulses of Q-
switched or mode-locked lasers, the shortest turbulent
time scales such as Kolmogorov time scales (in the s
regime) can be resolved even for very high turbulence
levels. In contrast, the spatial resolution of laser diag-
nostics is in general insufficient to resolve the smallest
fluid flow structures (Kolmogorov scales) or the smallest
scalar structures (Batchelor scales) in turbulent flames.
The latter is even worse for high-Schmidt-number flows.
The spatial resolution is limited by the extension of the
laser beam profile in the probe volume. Laser opera-
tion in the TEMgp transversal mode using short focal
lengths and large beam diameters through the last con-
vex lens are typical measures taken to reduce the probe
volume size. Constraints resulting from the high flame
temperatures, flame enclosure, optical damage of win-
dows used for optical access or gas breakdown, pulsed
laser operation etc. typically limit the attainable spa-
tial resolution to 100 wm at best in each direction of
space. For high Reynolds numbers this is much larger

than the smallest flow and scalar scales. Therefore
under-resolving probe volumes act as spatial filters. De-
pending on the quantity, this under-resolution can cause
a bias [20.95].

20.4.2 Laminar Flames

Low-Pressure Flames

Laminar premixed flames at low pressures on a flat-flame
burner constitute an ideal experimental arrangement to
study the interaction of elementary chemical combustion
reactions. Experimental data on temperature as well as
on concentration profiles for stable and unstable species
are used to validate and further develop mathematical
models that predict these profiles by numerical solu-
tion of the underlying conservation equations, including
convection and molecular transport processes.

Figure 20.3a shows such an arrangement used
for a low-pressure CH4/0,/NO flame. Absolute con-
centration profiles of methyl and hydroxyl radicals as
well as nitric oxide are measured by laser absorption
spectroscopy. CH radicals are detected by LIF. In this
example (Fig. 20.3b) the shape and absolute values of the
concentration profiles for OH and CH3 radicals as well
as the initial reduction of nitric oxide are predicted well
by the models. Further improvements in sensitive ab-
sorption spectroscopy in flames can be obtained by using
long-path absorption techniques such as cavity-ring-
down laser-absorption spectroscopy CRDLAS [20.96]
and intracavity absorption.

Resonance-enhanced  multiphoton  ionization
(REMPI) — combined with molecular-beam sampling
mass spectrometry — is a highly selective and sensitive
technique for combustion diagnostics and environmental
chemical analysis [20.91]. Detection sensitivities in the
lower ppb to ppt (per volume) range for chloroethylenes,
toluene and p-chlorphenol have been obtained in a he-
lium carrier gas, whereas — due to cross sensitivities
and nonresonant multiple-species ionization — this limit
increases into the percent range in sample mixtures
drawn directly from real-world industrial devices. To
increase selectivity with an appropriate choice of ex-
citation wavelengths various electronic transitions in
large molecules can be accessed in one- or multipho-
ton transitions from which ionization is accomplished
in a second step at the same or different laser frequency.
Portable instruments have been designed that offer suf-
ficient flexibility in switching between different laser
wavelengths for the excitation of numerous unsaturated
hydrocarbons, radicals and polycyclic aromatic hydro-
carbons (PAH) for monitoring in real time. An example
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is the extraction and sensitive online REMPI detection
of automotive exhaust gas pollutants at different engine
loads and speeds [20.92].

Laser-ionization mass-spectrometric (MS) detection
has also been successfully employed for spatially-
resolved species analysis in low-pressure sooting flames
to study the chemical kinetic mechanisms responsi-
ble for soot precursors and particle growth. Most soot
precursors possess absorption maxima at 200—300 nm
with ionization thresholds of 6-9.5eV. Special scav-
enging techniques allow the sampling and subsequent
REMPI/MS analysis of possible radical precursors that
could act as important building blocks for the growth
history of soot particles and carbon cages such as Cgp,
Cyp in flame gases. Homann et al. [20.98] determined
correlations between the number of hydrogen and car-
bon atoms contained in highly-condensed isomers of
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polycyclic aromatic hydrocarbons (PAHs) as precursors
of Cgo and their formation and destruction in low-
pressure sooting flames. These authors claim the Cgg
cage is the final product in the chain of hydrogen ab-
straction, folding, condensation and isomerization of
smaller fragments of five- and six-membered aromatic-
ring condensates [20.99]. The detailed study of the
fragmentation behavior, ionization efficiencies and ab-
solute calibration of a variety of PAHs is essential for
quantitative comparisons with numerical modeling of
soot in flames [20.100].

Higher Pressure Flames
In laminar flames spatially-resolved temperature meas-
urements using coherent anti-Stokes Raman scattering
(CARS) are possible with high precision. Figure 20.4
shows a comparison of the temperature readings de-
duced from the pure rotational spontaneous Raman
spectrum (squares) and the Q-branch vibrational CARS
spectrum of molecular nitrogen (triangles) acquired at
the same location and under the same operating condi-
tions of a stable high-pressure premixed methane/air
flame. Both data sets agree within the 3% limit
of precision estimated from the spontaneous Raman
data [20.101]. The pure rotational spontaneous Raman
spectra exhibit well-resolved lines even at the high-
est pressures investigated. The spectrally dense CARS

Temperature (K)

§ Raman (+3 %)
A CARS
2200
+3%
= R T (s el
A
A % a a ; A »]
— A
2000 T o TS === __
-3% T T T T === - =
0 10 20 30 40

Pressure (bar)

Fig.20.4 Comparison of measured temperatures (deduced
from fitting spectral shapes) in a methane/air flame at
various pressures. Spectra were obtained from either spon-
taneous pure rotational Raman scattering (squares) or
Q-branch vibrational CARS (triangles) measurements of
molecular nitrogen at the same location in the post flame
gases [20.101]. Shown as dashed lines are the £3% tem-
perature measurement accuracies inherent in fitting results
from the spontaneous Raman data

Q-branch of N suffers from partial collisional collapse
of its rotational structure at the band origin, which usu-
ally degrades the temperature measurement accuracy at
low temperatures (300—700 K) and even higher pres-
sures [20.102]. Temperature measurements using pure
rotational CARS have also been carried out in laminar
flames and are often an alternative if higher preci-
sion is required in the low-temperature (300—-870K)
higher-pressure (1-15 bar) regime [20.103].

For the detection of minor species fully resonant
nonlinear techniques, such as DFWM, polarization
spectroscopy (PS) and resonance-enhanced CARS
are necessary to achieve sufficient detection sensi-
tivity. DFWM spectra of electronic transitions have
been recorded and gas temperatures determined
in flames from OH, NH [20.80], NO [20.104],
CN [20.105], CH [20.106], and in cell experiments
from NO; [20.107], HCO [20.108]. Using polarization
spectroscopy, important radicals in flames such as OH
and NO were analyzed by Nyholm et al. [20.109] and
Lofstedt et al. [20.110], respectively. The potential of
polarization spectroscopy for two-dimensional imaging
of these species and for single-shot temperature meas-
urements was also shown [20.94,109]. Because the total
angular momentum of the photon—molecule system is
conserved during the interaction process, a proper choice
of beam polarizations can be exploited to excite P-, Q-
or R-branch transitions selectively. Careful modeling of
the PS spectral structure for OH and NH is essential
for in-situ temperature measurements in atmospheric-
pressure flames [20.20]. The intensity and collision
frequency dependence of PS signal intensities has been
modeled using the rigorous approach of direct numeri-
cal integration (DNI) of the Liouville equation for the
density operator [20.111], which promises to address
these effects more closely in practical measurement sit-
uations. To increase the Raman resonant susceptibility
in a CARS interaction process, Stokes, pump and the
generated anti-Stokes signal frequency should be tuned
close to single-photon-allowed electronic transitions in
the studied molecule. This makes the experimental ap-
proach rather complicated, since up to three narrow-band
tunable laser systems must be employed. Nevertheless,
spatially-resolved measurements of C, and OH distri-
butions in pressurized flames have been performed by
Attal et al. with high detection sensitivities [20.85, 86].

20.4.3 Turbulent Combustion

Fundamental studies of flames are based on various ex-
perimental setups tailored to select certain aspects of

1251

%°0Z|) Hed



1252

4°0¢|) Hed

Part C

Specific Experimental Environments and Techniques

combustion. Practical combustion processes tradition-
ally rely on non-premixed, turbulent combustion for
reasons of efficiency and safety. However, demands
for low NOy emissions require the use of lean pre-
mixed combustion such as in stationary gas turbines.
Detailed information about chemistry—turbulence inter-
action and complex recirculating flows is necessary
to invent models suitable for simulating practically
relevant flames. The understanding of the underlying
processes is best verified through direct comparison of
numerical simulation results with experimental meas-
urements of properties such as temperature and species
concentrations. Furthermore, detailed knowledge of the
underlying flow field patterns is essential.

Laser-based techniques are ideal for studying tur-
bulent processes since they do not disturb the flow
and, using pulsed lasers, they are fast enough to
resolve the smallest relevant timescales. Statistical in-
vestigations of correlations between temperature and
the concentrations of different reactive species have
been investigated using point measurements based
on Rayleigh and Raman scattering and LIF diagnos-
tics. Quantitative comparisons of the thermokinetic
states in turbulent flames with idealized representa-
tions, such as steady strained laminar flames, perfectly
stirred reactors, or adiabatic equilibrium are thus pos-
sible. Comparisons with direct numerical simulation
(DNS) calculations on the other hand give insight
into the validity of some of the basic assumptions
upon which turbulent combustion models are built
and allow the evaluation of the predictive accuracy,
strengths and limitations of a wide variety of combustion
models.

Revealing the structure of turbulent flames has at-
tracted increasing interest and has been addressed using
laser imaging for temperature, mixture fraction and reac-
tive species such as OH and CH [20.113]. Simultaneous
measurements of multi-scalars, yielding scalar dissipa-
tion rates, are critical for the validation of turbulent
combustion models describing molecular mixing and ex-
tinction processes [20.37]. Simultaneous measurements
of Rayleigh scattering and fuel Raman imaging provide
information about temperature distribution and mixing.
Both can be used to further quantify OH-LIF data by
correcting for temperature and collisional quenching ef-
fects. These measurements (see Fig.20.5) showed the
correlation between the reaction zone width and jet
Reynolds numbers and addressed the influence of local
dissipation rate on flame extinction [20.112]. A review
article that covers this topic in detail is given by Masri
et al. [20.114].

With careful spectral filtering Raman measurements
are possible even in dense media involving strong Mie
scattering from small droplets. By forming a thin light
sheet from the output beam of a XeF excimer laser
at 351 nm Decker et al. [20.115] were able to im-
age the Raman-scattered light from a dense cryogenic
jet of liquid nitrogen onto a charge-coupled device
(CCD) camera to study the evaporation and breakup
of the fluid nitrogen exiting through a small (1.9 mm
diameter) nozzle as employed in rocket engines, and
performed temperature and density measurements from
the Stokes/anti-Stokes intensity ratio and the Rayleigh
intensity, respectively.

There are numerous applications of CARS as
a temperature measurement technique in turbulent com-
bustion processes. From the Q-branch spectrum of
nitrogen, temperature measurement accuracies of 2%
or better within a single laser pulse have been ob-
tained [20.116], and applications have spread into
diverse fields of technical combustion systems such
as liquid-fuel combustors and swirl burners, IC engine
combustion [20.117], gas turbines and jet propulsion
devices [20.118-120] etc. High-resolution line-shape
measurements of combustion-relevant species such as
N> [20.121], Oy [20.122], Hp [20.123], CO [20.124],
CO; [20.125], and NO [20.126] have improved mod-
eling of CARS spectra — an important prerequisite for

1.1, mixture fraction

200/s, solar dissipation rate
2500K, temperature

7.8 x 10'¢ molecules/cm’ [OH]
(3 x flamelet)

The scale is linear

Fig.20.5 Images of mixture fractions (&), scalar dissipa-
tion rates (x), temperatures (7') and OH concentrations in
turbulent CHy/air diffusion flames obtained by 2-D Raman,
Rayleigh and LIF spectroscopy [20.112]
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precise temperature measurements through spectral sim-
ulation. Figure 20.6 shows temperature profiles from
single-shot broadband N;-CARS thermometry across
the shear layer region of a supersonic air-fed combus-
tor fueled with hydrogen [20.119]. The left-hand side of
the graph depicts the mean temperature across the shear
layer that is formed after injection of the fuel hydrogen
into the supersonic air flow; it slowly decreases as the
measurement point moves upstream. The necessity to
do single-pulse measurements is clearly demonstrated.
In the temperature histograms on the right-hand side of
the picture the fluctuation in this parameter is illustrated
as a function of position, which gives a more-detailed
picture of the mixing properties and burning behavior of
the combustor.

Multidimensional Diagnostics
While two-dimensional images yield a wealth of struc-
tural information [20.127, 128] and provide insight into
the combustion process (Fig. 20.7), in many cases more
information is desirable.

Multispecies measurements are of major interest
to fully describe the thermochemical state of the ob-
served volume element and to understand correlations
between different species concentrations and potentially
their local variations. In some cases linear combina-
tions of different scalars correlate well with quantities
such as heat-release rate that are otherwise difficult to
measure [20.128]. For multispecies point measurements
Raman scattering has been applied especially for the in-
vestigation of turbulent flames [20.17]. These techniques
have been expanded for line measurements [20.37,
95, 129, 130] and allow — under special conditions —
spatial multidimensional detection with limited res-
olution [20.131]. For two-dimensional imaging with
high resolution, however, laser-induced fluorescence has
been used to observe either different species at the same
time in the same volume element [20.128, 132, 133],
or to use the photophysical properties of fluorescent
molecules to obtain information about more than one
quantity (i. e., the concentration and the ambient condi-
tions) [20.134,135]. This will be shown in the following
sections for organic tracers that allow not only con-
centration measurements but also the observation of
temperature and local oxygen concentrations.

Turbulence is a three-dimensional process and there-
fore, three-dimensional measurements are desirable.
Furthermore, the temporal behavior of concentrations
and temperatures is of interest to understand turbulent
phenomena, ignition, combustion instabilities, and tran-
sient phenomena. Imaging with high repetition rates
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Fig.20.6 Temperature distribution deduced from H, Q-branch
CARS spectra across the shear layer of a supersonic hydrogen-fueled

combustor [20.119]

that allows movie-like observation of two-dimensional
scalar fields has been developed [20.136—138]. These
techniques have become especially interesting since
combustion modeling moved beyond the calculation
of temporally-averaged quantities. For comparison with
the results of large-eddy simulations (LES) and direct
numerical simulations (DNS) both structural infor-
mation and the temporal variation of structures is
required.

Simultaneous Multispecies Detection

in Turbulent Flames
Multi-Scalar 1-D Raman/Rayleigh Measurements in
Turbulent Opposed Jet Flames. Simultaneous Ra-
man/Rayleigh measurements allow the measurement
of all main species (concentrations >~ (0.5—-1%) and
temperature. In hydrocarbon-fueled combustion, inter-
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OH-LIF distribution in a turbulent 150 kW flame.
Size of the visualized field: 150 mm? x 110 mm? [20.140]

Fig.20.7

ference with LIF needs to be avoided. Therefore, the use
of intense, pulsed 532 nm radiation from a frequency-
doubled neodymium-doped yttrium aluminium garnet
(Nd:YAG) laser is beneficial [20.139]. Figure 20.8
shows the experimental setup for multi-scalar meas-
urements in turbulent partially-premixed opposed-jet
flames [20.37,67]. The burner is presented in Fig.20.2
(Sect. 20.3.3).

A pulsed frequency-doubled Nd:YAG laser with
a pulse energy of 900 mJ and a pulse duration of 10ns
was used to excite Raman/Rayleigh scattering. Two
pulse stretchers were employed to lower the intensity
below the threshold where optical breakdown occurred.
The stretched pulse was focused (f = 1100 mm) from
bottom to top along the vertically orientated symmetry
axis of the turbulent opposed jet burner, passing through
the central holes of the turbulence generating plates. In
this arrangement the laser beam intersected the flame
front on average perpendicularly and beam-steering ef-
fects were mostly avoided.

Perpendicular to the laser beam, inelastically scat-
tered Raman photons within +1.8 mm of the focal

point were imaged on the entrance slit of a 310 mm
imaging spectrograph. For this purpose, a specially de-
signed achromatic corrected imaging lens system with
a diameter of 150 mm and fz-numbers of 2.0 and 4.0
at the object and image side, respectively, was used.
At the exit plane of the imaging spectrometer, ro-
vibrational Raman bands of the main species (H», Oz,
Ny, CO, CO,, Hy0, and CHy4) were recorded spectrally
and spatially resolved with a Gen IV intensified CCD
(ICCD) camera. Rayleigh scattering was imaged onto
a second ICCD camera with a perpendicular detector
arrangement.

Binning the Raman signals in the spatial direction
parallel to the laser beam resulted in a probe volume
of 350x360x 110 um3; the first dimension is along the
laser beam and thereby across the reaction zone, the
second is determined by the measured beam waist of
360 wm at the focal point and the last is due to the
220 wm width of the spectrograph entrance slit. This
width is a compromise between the resolution necessary
to discriminate the CO from the N> Raman signal and
maximization of the signal. The overall resolution was
limited by the diameter of the beam waist and exceeded
the required resolution only slightly. Limitations in res-
olution are well-known phenomena in time-resolved
Raman scattering due to the extremely weak signal of
the scattering process.

Exemplarily, a partially-premixed flame is consid-
ered here. Air emanates from the upper nozzle and
a rich methane/air premixed gas mixture (equivalence
ratio 2.0) outside the flammability limit emanates from
the lower nozzle. In the transient mixing layer both gas
streams form an ignitable mixture and a partially pre-
mixed turbulent flame can be stabilized. As the most
important quantities, the mixture fraction f and the tem-
perature T along the center line are shown in Fig. 20.9.
For comparison, this figure includes the non-reacting
(isothermal) and combusting case.

In comparison to non-reacting conditions, the mean
mixture fraction is almost unaltered by chemical reac-
tions and heat release. The mixture fraction fluctuations,
however, are very high for the non-reacting case and are
significantly decreased, most likely by viscous effects, in
the combusting case. Very close to the stagnation point
a stoichiometric mean mixture fraction of fi = 0.51 and
a maximum mean temperature of approximately 1250 K
were observed. Intense spatial fluctuations of the reac-
tion zone cause the relatively small mean temperature.
Depending on the instantaneous flow field with differ-
ent local strain rates, the maximum temperatures vary
between 600 and 2050 K.
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Fig.20.8 Sketch of the Raman/Rayleigh setup. M: mirror, L: lens, BS: beam splitter, E: energy monitor, BP: band pass

Figure 20.10 shows mole concentrations and the cor-
responding fluctuations conditioned on mixture fraction
for all main species except N». In general, the flame
shows the typical features of non-premixed combustion
as obvious from comparison to flamelet calculations em-
ploying a strain rate of 200 s~!. It is clear from the figure
that, on the lean side, laminar flamelet calculations are
very similar to the results measured in the partially-
premixed turbulent flame. At the rich side, however,
deviations between the flamelet calculations and the tur-
bulent flame data are apparent, especially for CO, H»,
and H,O. Note that even small concentrations of CO
and H, are detectable using the advanced technique
applied.

Simultaneous Measurement of OH, HCHO and Tem-
perature in Turbulent Flames. In the past decade much
work has been aimed at the visualization of flame-front
positions and structures in turbulent flames. Most of this
effort has concentrated on measurements of the distri-
bution of OH because of its high abundance in flames
and the coincidence of OH transitions with high-power
excimer laser wavelengths [20.127]. Measurements of
flame front positions using OH, however, can give little
information about important chemical reaction paths and
fuel consumption rates. Recent investigations indicated
that the distribution of HCO correlates well with peak
heat-release rates for premixed flames of a certain range
of equivalence ratios ¢ = 1.0—1.2 [20.128,141]. Due to
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Fig.20.9 Mean and fluctuation of the mixture fraction f
and temperature 7 along the center line. Temperature fluc-
tuations are normalized by the maximum temperature 7' =
1250K

its low abundance, measurements of the HCO distribu-
tion via LIF have to apply phase sampling in acoustically
forced unsteady flows to increase signal-to-noise ratios.
Single-shot LIF measurements of HCO distributions in
turbulent flows, however, do not seem to be feasible. In-
stead, Paul et al. [20.128] showed that the product of
OH and HCHO concentrations is directly proportional
to the reaction rate of HCHO + OH — H,O+ HCO
and therefore yields an estimate for the production
rate of HCO. The established link between HCO mole
fraction and heat release therefore makes the prod-
uct /1 r(OH) x I ir(HCHO) a good choice for flame
front determination. Due to the high abundance of
HCHO and OH in the flame-front region and their
large fluorescence cross-sections, this approach enables
single-shot measurements in highly turbulent reactive
flows.

Whereas OH-LIF is frequently applied for measure-
ments in different combustion media [20.142], efficient
HCHO imaging have suffered from the lack of suit-
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Fig. 20.10 Mole fraction conditioned on mixture fraction.
Symbols represent experimental values obtained by Ra-
man/Rayleigh spectroscopy in the turbulent opposed-jet
burner, lines represent laminar flamelet calculations using
a strain rate of 200s™!

able high-power laser sources. As well as dye laser
systems [20.143], broadband XeF and frequency-tripled
Nd:YAG lasers have been used, which, however, ac-
cess only weak transitions [20.144]. We took advantage
of a coincidence of the side band of the XeF excimer
laser at 353 nm with the strong 4(1) vibronic transition of
formaldehyde [20.145, 146]. By combining two tunable
excimer lasers (KrF and XeF), simultaneous measure-
ments of OH and HCHO distributions by LIF are feasible
on a single-shot basis. Rayleigh-scattered light provides
information about the temperature distribution, which
will be useful when addressing the quantification of LIF
signal intensities.

Figure 20.11 shows an experiment in which a field
measuring 20x 16 mm? a distance of 2 mm above the
burner exit in a turbulent natural gas/air Bunsen flame
was investigated. A plane centered along the axis of the
Bunsen flame is illuminated with the light of two tunable
excimer lasers operated with KrF (248 nm) and XeF
(353 nm). The LIF and scattering signal were detected
with three ICCD cameras.

The results (Fig.20.12) show strong OH LIF inten-
sities throughout the burned gases within the observed
area. Separate regions of burned gases are found within
the fresh-gas zone, which might be separated from the
flame front by the turbulent flow. The HCHO-LIF sig-
nal on the other hand is found within the fresh-gas
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Fig.20.11 Experimental setup for simultaneous measure-
ments of HCHO and OH LIF and temperature in a turbulent
flame

zone close to the flame front with little overlap with
the OH distribution. Extended areas within the fresh
gases showing increased HCHO signal levels were also
found in areas with elevated temperatures. Here, sev-
eral millimeters away from the flame front, cool-flame
chemistry producing formaldehyde has already started.
The H, CHO and OH images show reasonably good
signal-to-noise ratio, allowing for the calculation of the
product of the OH- and HCHO-LIF distributions as
suggested by Paul et al. [20.128]. To reduce the in-
fluence of shot noise when calculating the LIF product
images a nonlinear anisotropic diffusion algorithm was
applied [20.147, 148]. The results are shown in the right
column in Fig. 20.12 for three typical single-shot situa-
tions. The resulting images show sharp contours within
the flame-front region. Extended areas with OH-LIF
signal, as found on the hot side of the flame front as
well as larger areas with HCHO-LIF signal within the
fresh gases are suppressed. When comparing the re-
sulting flame-front images to the temperature fields it
is found that the product of the OH- and HCHO-LIF
signals closely follows iso-lines within the temperature
field.

Simultaneous Measurements of OH and NO Concen-
trations and Temperature in a Swirl Flame. The highly
turbulent reactive flow field in practical-scale swirl
flames is a challenge for both experiments and numer-
ical simulations. Experiments aim to provide accurate
data for model validation. The subject of the investi-

(0)529:(6);(0)

0
Temperature
(arb. units)

HCHO-LIF 1o OH-LIF
(arb. units) (arb. units)

Fig.20.12 Simultaneous measurement of formaldehyde (HCHO),
OH LIF and temperature via Rayleigh scattering. The three rows
show independent sets of images. The right column shows the linear

combination of OH and HCHO LIF [20.132]

gation described in this paragraph is the TECFLAM
standard swirl burner [20.142]. Figure 20.13 shows the
burner geometry and the position of the planes ob-
served by laser imaging. The annular slot of the central
fuel nozzle of the burner has an inner diameter of
20 mm, whereas its annulus is 3mm wide. Swirl is
provided to the air flow by a movable block swirl gener-
ator [20.149], which is set to an effective swirl number
of S =0.9. The burner is operated with a thermal load
of P = 150 kW burning natural gas at an equivalence ra-
tio of ¢ = 0.83, which corresponds to a flow of 15 m3/h
natural gas and 180m?/h air. The Reynolds numbers
of fuel and airstream, based on the exit bulk velocity,

T I

Hot burned gases

Quartz
window

|

Shear layer
(rapid mixing)

Burner head
Air (swirling)

Fig.20.13 Flow field and measurement position in the
TECFLAM swirl flame [20.132,133]

0 [HCHO] x [OH] !
(arb. units)
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are Regys = 8000 and Reyir = 42 900, respectively. The
combustion chamber is confined by a water-cooled hous-
ing (72—-88 °C) to ensure constant boundary conditions.
Optical access to the chamber is realized by four quartz
windows (100 x 100 mm?).

In the swirl flame a similar setup as in Fig.20.11
was used to assess OH and NO concentration and
the temperature distribution. One of the laser beams
is frequency-converted in a hydrogen Raman shift
cell [20.150] to provide 225.25 nm radiation for the ex-
citation of the NO A-X(0,0) band at energy densities of
2% 10° W/cm?. The NO-LIF signal is separated via a re-
flection band-pass filter (transmission: 248 + 10 nm) to
detect light emitted from the A-X(0,1), (0,2) and (0,3)
transitions. The second laser is triggered with a short
delay (200 ns) to prevent crosstalk between the NO-LIF
and Rayleigh signals. Rayleigh-scattered light is sepa-
rated via a dielectric mirror (high reflectance at 248 nm at
45°). Achromatic UV lenses are used to focus the sig-
nal onto the chips of ICCD cameras. For simultaneous
measurements of OH concentration and temperature the
laser used for Rayleigh scattering was tuned to the OH
transition (P>(8) within the OH A-X(3,0) band, laser
energy density: 5x 107 W/cm?) and the OH-LIF signal
was detected using reflection band-pass filters centered
at 295nm. Since OH is a strongly diagonal molecule
the strongest emission occurs from the (3,3) vibrational
band (and after vibrational relaxation from the (2,2),
(1,1), and (0,0) bands). The fluorescence contribution
of OH LIF detected at 248 nm together with Rayleigh-
scattered light is generally negligible compared to the
Rayleigh signal [20.151]. However, in peak temperature
zones where total number densities and hence Rayleigh
signal are low OH LIF contributes to the overall sig-
nal, resulting in additional uncertainties of —5% in the
temperature images.

4°0¢|) Hed

Fig.20.14 Simultaneous measure-
ments of temperature and NO and OH
concentration in the reactive flow field
of the TECFLAM swirl burner. Upper
frames: instantaneous measurements,
lower frames: averages [20.133]

OH (1000ppm) 12

ol

The measurements presented here were carried out
25-40 mm (Fig. 20.13) above the burner exit. For cali-
bration of the LIF signal intensities a McKenna burner
was installed in the burner housing and investigated
with an identical optical setup. The burner was op-
erated on stoichiometric methane/air mixtures where
resulting OH concentrations and temperatures are docu-
mented [20.152]. Additional calibration measurements
have been carried out in lean flames (¢ = 0.83) dop-
ing known quantities of NO (300—800 ppm) into the
fresh gases. The increase in signal intensities provided
the necessary data for calibrating the NO-LIF measure-
ments [20.153] in the swirl burner measurements.

Simultaneous measurements of temperature, OH and
NO concentration allow one to quantify the LIF signal
intensities by correcting for the temperature dependence
of the ground-state population and collisional energy-
transfer processes on a single-shot basis. Furthermore,
by correcting for local total number densities, local con-
centrations can be calculated from number densities,
allowing the computation of time-averaged concentra-
tion fields. In Fig.20.14, three sets of simultaneously
recorded temperature, NO and OH distribution fields
are shown. The position of the observed area is depicted
in Fig. 20.13. It can be seen that NO is present through-
out the whole burned gas area. NO is formed within
the hot burned gases on both sides of the fresh-gas
intake and accumulated by recirculation. In the outer
recirculation zone (the left part of the figure) peak NO
concentrations are around 35 ppm, whereas in the inner
recirculation zone peak NO concentrations in the range
of 70-80 ppm are reached due to the higher tempera-
tures. OH on the other hand is mainly found on the inner
side of the fresh-gas intake. Due to the lean air—fuel mix-
ture and the strong turbulence, OH is distributed across
a relatively broad zone behind the flame front. Local
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peak OH concentrations are found to be 8000 ppm in the
super-equilibrium range. Below the single-shot images,
averaged images for the same measurement position are
presented. For the NO and OH concentration fields, both,
Favre- and time-averaged images are shown. Since both
species are mainly present within the hot burned gases,
the influence of density variations is restricted. However,
in the burned gases, the time-averaged concentrations
are higher than the Favre averages by up to 15%.

Three-Dimensional LIF Diagnostics
Two-dimensional images yield information about cross
sections in turbulent combustion media. They can there-
fore not distinguish between isolated areas (i. e., islands
of burning gases) and structures that are connected via
the third dimension. Information on the propagation of
a structure perpendicular to the measured plane is miss-
ing. Furthermore, gradients measured by these planar
techniques are only a projection of the real gradients
onto the observed line or plane.

Time-Averaged Three-Dimensional Measurement of
Fuel Distribution. In isobaric, isothermal systems the
use of tracer LIF is straightforward. When seeding ace-
tone into the gas flow, the local LIF intensity is a direct
measure of the local concentration. In later chapters we
will describe how temperature and pressure effects must
be corrected for more-general applications.

Figure 20.15 shows the setup for a measurement
of fuel distributions in the combustion chamber of

Mirror
308nm
Cylinder lens
Filter g Plane a
r'e B
Beam dump

ICCD camera

Fig.20.15 Experimental setup for the time-averaged meas-
urements of fuel-air mixing in a swirl burner of a stationary
gas turbine [20.11]

Relative burner
gas content ratio

Burner

Fig.20.16 Measurements of the fuel distribution (doped with ace-
tone) in three parallel planes in the mixing chamber. The fuel nozzle
is 1 cm to the left end of the images. Upper row: randomly chosen
single-shot images, lower row: averaged fuel distribution [20.11]

a stationary gas turbine (thermal power of the inves-
tigated segment ~ 1 MW). The gaseous fuel flow was
simulated with air, seeded with acetone and the fluo-
rescence was successively measured in three adjacent
planes. Instantaneous and time-averaged images are
shown in Fig.20.16. The time-averaged concentration
distributions from the adjacent planes were then used
to reconstruct the average three-dimensional fuel distri-
bution (Fig. 20.17) assuming cylindrical geometry. The
strong variation in local concentrations (upper row in
Fig.20.16) indicates, however, that an instantaneous
view into the three-dimensional structure would deviate
significantly from the average distribution.

Instantaneous 3-D Measurement of Temperature and
Flame-Front Position. For instantaneous observation of
three-dimensional structures in turbulent flows several
approaches have been developed and applied to turbu-
lent mixing processes and flames. Parallel alignment of
multiple detection planes either using subsequent de-
tection of the imaged planes with a single camera and
a long sweeping pulse or CW laser beams and scanning
mirrors, or using high-repetition-rate imaging with the
need for laser and camera clusters are the methods that
have been used to observe extended volumes within tur-
bulent flows [20.142,154—156]. The spatial resolution in

—_—
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Fig.20.17 Visualization of the averaged three-dimensional
fuel distribution in the nonreactive swirl flow [20.157]

the z-dimension (perpendicular to the observed planes),
however, is restricted. Figure 20.18 shows the setup for
instantaneous measurements of OH-LIF and tempera-
ture in three parallel planes within the reactive flow field
of the TECFLAM swirl flame (Fig. 20.13).

The beams of two tunable excimer (tuned to an OH
A-X(0,3) transition at 248.45 nm) are directed through
the flame. Via a beam splitter a third beam is generated

T measurement via
(Rayleigh scattering)

KrF
excimer
laser

‘tI Optical
y delay

{ E I
7 I

7
€
Light-section
optics

ICCD
cameras

Turbulent
flame

mp

Beam du:
Filter

\:/

KrF
excimer
laser

OH concentration
measurement via LIF

i
ICCD
cameras

Fig. 20.18 Experimental setup of instantaneous 3-D meas-
urements of OH LIF and temperature in a turbulent flame

15 mm

15 mm

| 8
800 1450
Temperature (K)

2000 Flame front

Fig.20.19 Three-dimensional visualization of the temper-
ature field and the flame front position (gray surface marked
with arrows) in the reactive flow of a technical scale swirl
flame at a swirl number of Sop =0.9 and an equivalence
ratio of 0.83 [20.142]

from one of the lasers, optically delayed and used to illu-
minate the third plane. Three cameras are aimed to detect
the Rayleigh signal with dielectric mirrors as bandpass
filters ((248+10) nm). Three additional cameras record
the OH-LIF signal, which is spectrally separated from
scattered light by WG280 long-pass filters.

Figure 20.19 presents a three-dimensional visual-
ization of the flame front embedded in the turbulent
temperature field of size 15x 15 mm? at x/D = 1.5 and
r/D = 0.5. The visualization is based on ray-tracing al-
gorithms (in collaboration with IWR, Heidelberg). The
flame-front position is evaluated for each individually
measured OH concentration field by determining the
position with the steepest gradient in OH concentration.
Between the three adjacent planes the flame-front posi-
tions and temperatures are interpolated to obtain a 3-D
representation.

Instantaneous 3-D Measurement of OH LIF with
Crossed Light Sheets. An alternative attempt to im-
age three-dimensional volume elements is the use
of crossed detection planes (Fig.20.20) [20.158-160].
A quasi-instantaneous detection is provided with two
cameras [20.157]. In special mirror arrangements detec-
tion is possible with a single laser and camera [20.161].
One of the benefits of this method is the increas-
ing resolution towards the crossing line and a small
cylindrical volume of several hundred micrometers to
approximately 1 mm around it. This geometry is ideal
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Probe volume

Perpendicular Beam direction
crossed laser
sheets X '

Observer )

4

Fig.20.20 Arrangement of the crossed light sheets for
instantaneous three-dimensional observation of OH LIF
around the crossing line

for the combination with one-dimensional (1-D) Ra-
man line measurements which can provide temperature
profiles and multispecies distributions in a limited part
of the crossing line [20.162]. The resulting three-
dimensional data matrix can also be visualized using
a 3-D visualization tool that assigns not only color
but also transparency values to the given intensity val-
ues [20.163]. The results for OH-LIF measurement in
a lean Bunsen flame are presented in Fig.20.21. To
the left of the reactive zone is the unburned fresh gas
in the center of the burner above the nozzle, while
the right side shows the surrounding air around the
flame cone. The depth of the visualized 3-D volume
is 2 mm.

Fig.20.21 Volume visualization of OH LIF intensity in
a lean Bunsen flame [20.129, 161]

Quartz plate

Combustion cell

Sheet optics Nd:YAG cluster

Dye laser

High-speed

Filter camera

Quartz plate

Fig.20.22 Experimental setup for high-repetition-rate OH PLIF in
the turbulent combustion cell

Multiple-Timestep Imaging
Tracking of Flame Kernel Development After Spark
Ignition. Many practical combustion processes rely on
electrical spark ignition in their initial phase. During
the breakdown, arc and glow phases of an electrical
discharge, a plasma is formed. At the interface of the
plasma kernel and the ambient fuel—air mixture transfer
of heat and radicals causes the formation of an initial
flame kernel. Depending on the local fuel-air ratio and
the turbulence levels the flame kernel may either grow
in time, leading to a successful ignition, or be extin-
guished. To understand and predict the fate of an initial
flame kernel requires the flame kernel development to be
tracked temporally. This can be achieved by sequential
OH LIF imaging.

A multiple laser and detector system [20.136] was
used to record time sequences of OH-LIF images from
single combustion events in a closed vessel using pre-
mixed methane/air mixtures [20.164]. The laser source
of the high-repetition-rate imaging system is a cluster of
four Nd: YAG lasers (BMI/CSF-Thomson) that are fired
in series with a short time delay to generate a burst of
four laser pulses. The separation between pulses was var-
ied between 250 ps and 3 ms, depending on the fuel and
turbulence intensity used in the experiment. The output
from the four Nd:YAG lasers are combined to a single
beam and frequency doubled to 532 nm. The pulse en-
ergy from each of the lasers was around 500 mJ. The
Nd:YAG lasers pumped a dye laser (Continuum ND60)
operating near 566 nm on rhodamine 590 dye. The out-
put from the dye laser was frequency doubled to 283 nm
and tuned to excite OH at the Q(8) transition in the
(1,0) band of the AZX+ « X2I1 system. The laser en-
ergy at 283 nm was around 2 mJ /pulse for a pump pulse
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Fig.20.23 Flame propagation for

} individual events measured by OH
& ' PLIF and flame emission for various
rotor speeds as indicated in each row
and stoichiometric methane/air mix-
tures. Times in each image denote the
. - time after ignition. Turbulence inten-
(] - £ : sities associated with the increasing
NG o rpm as stated in the figures are 0.31,
0.62,1.3,2.01, and 3.31 m/s
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separation of 2 ms. The laser light was formed to a sheet,
50 mm in height and 0.2 mm in width, using a cylindri-
cal telescope, and passed through the cell 1 mm in front
of the electrodes (Fig. 20.22).

A high-speed camera consisting of eight individual
intensified CCD units coupled to a single optical input
(Imacon 468, DRS Hadland) was used to detect the flu-
orescence. An additional image intensifier was fitted to
the optical input to achieve UV sensitivity. The first four
CCD units were triggered by the individual lasers, and
used to capture the four OH LIF images. The remaining
four CCD units were used to capture flame chemilu-
minescence shortly after each LIF exposure. The delay
between the LIF and chemiluminescence exposures was
2 ps, which can be considered simultaneous on the time
scale of the studied process. An achromatic quartz lens
(f =100 mm, fy = 2) was fitted to the camera. A UG11
filter was used in combination with a long-pass filter,
transmitting above 295 nm, was used to reject scattered
laser light and transmitting fluorescence in the (1,1) and
(1,0) bands of OH.

An external pulse generator synchronized the ig-
nition system to the laser and detector system, while
allowing the laser system to operate continuously at
10 Hz, to maintain stable operation. The ignition system
consists of two units: the first unit produces an electri-
cal breakdown between two electrodes (1 mm diameter
Tungsten wire, conically shaped, 1 mm gap) and thereby
an electrically conducting plasma channel. The energy
of the breakdown was kept as low as possible and the
released energy in this phase is below the minimum igni-
tion energy. The second unit is a constant-current power
supply giving rise to currents and voltages of approx-
imately 1 A and 100V, respectively, typical for an arc
phase. In this study, an arc-phase duration of 200 ps is
chosen. To achieve a constant current, the voltage is ad-
justed adaptively, leading to a reproducibility in energy
deposition of better than 2%. Therefore, conditions for
initially spherical flame kernels generated by the ignition
system are highly reproducible as proven in [20.165] for
initially quiescent gas mixtures.

The cylindrical constant-volume combustion vessel
has a diameter of 39 cm and a height of 51 cm, resulting
in a volume of approximately 55 1. Three optical access
ports allow for LIF measurements. Four high-speed ro-
tors of 144 mm in diameter are situated 200 mm from the
electrode gap. Rotor axes are perpendicular to their re-
spective neighbors. Rotor speeds are synchronized and
can be varied between 0 and 5000 rpm. In the vicinity
of the electrode gap a homogeneous isotropic turbulent
flow field of variable intensity is generated.

Figure 20.23 shows data corresponding to sin-
gle ignition events in stoichiometric CHy/air mixtures
subjected to different degrees of turbulence. The se-
quences were obtained using four consecutive laser
shots fired in rapid succession with stated timings
referring to time after ignition. The top rows of pic-
tures are two-dimensional (2-D) LIF images of OH;
the bottom rows are OH chemiluminescence images.
Figure 20.23a corresponds to moderate levels of turbu-
lence (1’ = 0.62m/s). It can be seen that first wrinkling
(deviations from a spherical kernel) appears around
1.6 ms, which is a consequence of turbulence chemistry
interaction although essentially the flame retains its near-
laminar character. On the regime diagram [20.44] this
corresponds to the laminar wrinkled flame front region.
On the emission images a shadow appears indicating
the position of the electrodes. Increasing turbulence
levels to u’ =2.01m/s (3000rpm) results in a large
change of flame shape. The flame now shows signif-
icant internal structure due to distortion by vortices.
Here, the advantage of a planar light-scattering tech-
nique to assess flame structure is clearly seen: whereas
emission images may still be interpreted as compact
and connected flames the LIF images on the other
hand show formation of cusps and handles or possibly
islands.

From OH sequences, as shown in Fig.20.23, a va-
riety of parameters can be deduced to characterize the
temporal evolution of the flame kernel. Here only the
degree of wrinkling as a consequence of the turbulence—

Compactness
1
0.9 9.6% CHy4
0.8
0.7
—a— Laminar / OH-LIF
0.6 —3 0.62m/s / OH-LIF
—0— 13m/s /OH-LIF
0.5 —o— 2.01m/s / OH-LIF
’ —o— Laminar / FE
—— 0.62m/s /FE
04 —o— 13m/s /FE
—— 2.0lm/s /FE
0.3 —>— 0.62m/s / OH-LIF (6.3%)
—— 0.62m/s / FE (6.3%)
0.2
0 2000 4000 6000 8000 10000

Time after ignition (us)

Fig.20.24 Temporal evolution of compactness for stoichiometric
methane—air mixtures subjected to various degrees of turbulence.

FE: flame emission
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chemistry interaction is briefly discussed. The degree
of wrinkling and its effect on flame propagation can be
quantified using the flame compactness factor K, which
is defined as

4 A, C?
K = ”_2‘ - (20.1)
Ct C[

where A¢ is the area. OH LIF is detected within the ob-
served cross section, and C; is its circumference. Cs is
the circumference of a spherical laminar flame of the
same area A as the turbulent kernel. In this definition,
spherical flame kernels have a compactness factor of
K =1 whereas wrinkled flames have K < 1. For ex-
ample K = 0.5 would increase the circumference of the
flame by a factor of 1.41. Figure 20.24 shows the tempo-
ral evolution of K for stoichiometric CH4/air mixtures
at various degrees of turbulence where K is calcu-
lated both from emission and from PLIF measurements.
It is evident that line-of-sight-averaged chemilumines-
cence measurement is not a suitable tool to assess flame
wrinkling: taking the v = 2.01 m/s case as an example
(3000 rpm rotor speed), large discrepancies between the
two measurement techniques are visible. The LIF data
indicate how strongly K is affected by turbulence and is
especially strongly influenced if the mixture is lean. In
contrast, in the laminar case (black line) both the emis-
sion data and the LIF data yield essentially the same
results as expected. Note that the apparent increase in
K for the laminar case is due to the decreasing effect
of heat conduction to the electrodes as the flame kernel
grows in size. The standard deviations of 30 individual
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Nd:YAG laser

Focussing lens
Flow

direction %

Flow channel
camera

NO detection laser
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Double-pulse
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(1:2)

Fig.20.25 Optical setup for the laser-based investigations
in the flow channel

measurements per point is indicated for the v’ = 0 and
v = 1.3 m/s cases.

Flow Diagnostics Close to the Wall with Two-Time-
Step Imaging. Flow-field imaging is most frequently
carried out via particle imaging velocimetry (PIV) or
laser Doppler velocimetry where particles are added to
the flow. Close to surfaces, these techniques, however,
fail due to the interaction of the particles with the surface.
Different flow-tagging techniques have been proposed
to overcome these problems. They are based either on
Doppler shifts of molecular tracers [20.166] or on the
laser-induced generation of a molecular tracer within
the flow that can be observed for a certain time af-
ter its generation (tagging). This tagging is based on
photodissociation of vibrationally hot H,O [20.167], vi-
brationally excited O, [20.168, 169], NO formed from
photodissociation of fert-butyl nitrate [20.170] or from
photolytically generated oxygen atoms with subsequent
reaction with nitrogen [20.171]. We discuss here pho-
todissociation of NO, with subsequent LIF imaging of
nitric oxide and expand this technique to allow the in-
vestigation of the temporal development of the turbulent
flows by either photolytically tagging in two subse-
quent time steps with a single detection of both marked
volumes or with one tagging and subsequent detec-
tion of each individual flow situation after two variable
delays.

In an optically accessible flow channel (60 x 5 mm?
cross-section, mean flow velocities of v =74m/s as-
sociated with a Reynolds number of Re =24500 at
room temperature, the flow seeded with 1200 ppm NO3)
a frequency-tripled Nd:YAG laser is focused to a line
where the NO tag is generated. The resulting line of NO
is then observed at two time steps with various delays
(up to 300 ps) with LIF imaging. The frequency-tripled
laser light of a double-cavity Nd:YAG laser is used to
pump a midband optical parametric oscillator (OPO).
It is tuned to generate a signal wavelength at 450 nm
which is then extra-cavity frequency-doubled in a beta
barium borate (BBO) crystal. The resulting UV beam
has a pulse energy of approximately 1 mJ and a spectral
width of A~ 4 cm™!. It therefore excites a large portion
of the NO A —X(0, 0) band head. NO-LIF signals are
discriminated against scattered light by a UGS filter and
focused onto the chip of an CCD-intensified interline
camera. The image intensifier ensures short detection
gate times for both frames. The maximum repetition
rate of 200 ns of the double-frame camera is no restric-
tion for our experiments. The optical setup is shown in
Fig. 20.25.
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Delay between generation of the
“NO-line” and the first detection

Smm

4= Flow direction

Fig.20.26 Observation of a photolytically generated struc-
ture at two time steps after generation. Delay between
generation and first detection: 50—100 ps, delay to the sec-
ond detection: 75 pus. The flow is from right to left, the
horizontal lines mark the position of the channel walls

Figure 20.26 shows the result of the double-frame
imaging for NO lines generated at the right side of the
frames (the flow is towards the left). The interaction of
the flow with the boundary layer at the walls (horizontal
lines) and with turbulence elements in the main flow is
clearly seen.

Multiple-Timestep Imaging in Spray Diagnostics.
Techniques using simultaneous detection of Mie scat-
tering and LIF signals have been used successfully
for two-dimensional drop-size imaging in practical
spray configurations. The fluorescence tracers com-
monly used, however, prevent the application in realistic
fuels like gasoline and diesel because of strong in-
terference with fluorescing compounds of the fuels.
Therefore, the use of a fluorescent tracer is proposed
that can be excited in the red spectral range, where the
absorption by commercial fuels is minimized. We use
a frequency-doubled diode-pumped Nd:YAIO3 laser-
oscillator power-amplifier system to generate pulse
bursts at 671 nm with 30ns pulses (& 1 mJ each) and
a 30 kHz repetition rate. At this wavelength an organic
tracer (rhodamine 800) with high fluorescence quantum
yield is excited. Fluorescence and elastically scattered
light is separated via dielectric filters and detected on
two slow streak cameras. The fluorescence emitted at
around 700 nm originates from the liquid phase only
and the LIF/Mie signal ratio is a measure of the local
Sauter mean diameter.

th+ 66 us

tot+ 132ps

LIF Mie

Fig.20.27 LIF and Mie signal distributions in the spray of
a nebulizer. Three images with a temporal separation of
66 s are shown

Figure 20.27 shows a time series of Mie and LIF
signal in the spray field of a medical nebulizer. The
high-repetition-rate pulse bursts of the laser allow the
observation of the spray development and evaporation.
Further experiments will be carried out in diesel sprays.
First measurements show that the tracer system with
excitation in the red can be used in commercial diesel
fuel without any significant fluorescent background from
the fuel [20.172].

20.4.4 Engine Combustion

In-cylinder laser-based combustion diagnostics in in-
ternal combustion (IC) engines focus on three main
fields:

1. the observation of the mixture preparation before
ignition, which includes fuel injection and evapo-
ration, fuel—air mixing, pre-combustion temperature
distributions, and the distribution of residual inert
gases from the previous engine cycle and intention-
ally recirculated exhaust gas

2. the observation of the ignition and combustion pro-
cess including flame propagation and potential flame
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quenching, also considering post-flame tempera-
tures

3. the observation of pollutant formation, namely ni-
trogen oxides (NOy) and soot

In the following paragraphs these different topics are
treated separately.

Different strategies for optically accessible IC en-
gines have been used over the last years. The design
of optical engines requires compromises between the
needs of the diagnostics and the level of comparabil-
ity to production-line engines. Best optical accessibility
is obtained with transparent cylinders and extended
windows that are inserted into the piston (Fig.20.28).
The thickness of pressure-resistant quartz windows,
however, usually prevents the operation of the neigh-
boring cylinder and changes in-cylinder heat transfer
considerably due to the extended quartz surfaces. More-
advanced concepts sacrifice optical access by using
smaller optical sapphire windows that can be thin
enough to fit into a multi-cylinder engine block with mi-
nor modifications (Fig.20.29). Recently, micro-optical
laser-based probes using endoscope optics and fibers
have been developed for in-cylinder investigation in IC
engines [20.175-177].

Pentroof
window

Quartz
ring

Detection
window

CCD
camera

Fig.20.28 Basic setup of an optical engine with access
to the combustion chamber through a quartz cylinder and
a piston window [20.173]

Analysis of Mixture Formation
There are a number of quantities that would be desirable
to measure with non-intrusive in-situ techniques to char-
acterize the mixing process in the fresh gas completely.
These quantities include:

Fuel concentration

Fuel-air ratio

Temperature

Fuel composition (i. e., the concentration of individ-
ual components)

® Residual gas concentration

To visualize the mixing process and to facilitate the
interpretation of the results these quantities should be
imaged in at least two dimensions with temporal reso-
lution faster than the time scale of mixing and chemical
reaction. A recent review summarizes the state of the
art [20.11].

Mixing processes of interest can be categorized ac-
cording to the level of difficulty in terms of quantitative
imaging measurements. They are listed here in order of
increasing complexity.

® Constant pressure versus temporally fluctuating
pressure

e Constant temperature versus temporally fluctuating
(spatially homogeneous) temperature

® Homogeneous temperature versus spatially varying
temperature

® Temperature approaches the stability limit of the
tracer

Fig.20.29 Advanced concept for an optical engine with
narrow sapphire ring that allows the operation of full quasi-
production-line four-cylinder engines [20.174]
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® Homogeneous versus inhomogeneous bath gas com-
position (mainly oxygen concentration is relevant)

e Single-component fuel versus multicomponent fuel

Non-fluorescing versus fluorescing fuel

® Homogeneous (gas phase) versus heterogeneous
(two-phase flows)

The ideal tracer should behave exactly like the fluid it
is added to (i.e., the fuel or the desired component of
a multicomponent fuel) in terms of droplet formation,
evaporation, convection, diffusion, reactivity, and reac-
tion rate. It is obvious that these requirements can not
be met in full. However, practical tracers are often very
similar to the fuel or are components that are present in
commercial fuels. Therefore, in some situations, trac-
ers must not be understood as being added to the fuel.
Rather, the other fluorescing substances are replaced
by non-fluorescing compounds. The modification of the
system must be kept to a minimum and the influence
of the tracers on a given experimental situation must be
critically reviewed.

Ideally, the tracer should yield LIF signal intensities
that are directly proportional to the desired quantity and
should not be influenced by the ambient conditions. Un-
fortunately, signals from all fluorescent tracers show at
least some dependence on local temperature, pressure
and bath gas variation. Therefore, in experiments where
ambient conditions change in time or space, the under-
lying interdependencies with the tracer signal must be
understood in order to obtain quantitative results.

Tracers for Homogeneous Gas-Phase Systems. Tracer-
based LIF techniques have been used for experimental
studies in fluid mechanics and combustion for sev-
eral years. Tracers are single components (molecules or
atoms) with highly defined spectral behavior that repre-
sents the local concentration of the fluid of interest or that
allow to remotely measure a quantity of interest (i.e.,
temperature or pressure). Typically, compounds are cho-
sen that yield strong enough LIF signal intensities to
allow two- (or even three-)dimensional visualization of
the desired quantity with sufficient temporal resolution
to freeze the motion.

There are two opposite cases that require the appli-
cation of tracers for the measurement in fluids. First,
the components of the fluid do not (or only weakly)
fluoresce. This is the case for air and typical exhaust
gases (H>O [20.178], CO7 [20.179]). At room tempera-
ture these species are only excited in the vacuum-UV
region and only at high temperatures do their spec-
tra extend into the spectral range that is of practical

use for combustion diagnostics. The resulting signal in
07 [20.180] and CO; [20.179] is then strongly temper-
ature dependent and the practical use for concentration
measurements is limited. In the second case the fuel
contains too many fluorescing compounds. This is true
for commercial fuels. Their fluorescence has been used
to obtain qualitative and semiquantitative measurements
of fuel vapor concentrations [20.181]. However, because
all these compounds have different physical properties
in terms of volatility and transport as well as in terms
of their spectral response on variations in ambient con-
ditions, the overall signal cannot be quantified. In both
situations it is desirable to add a single tracer that can
be selectively observed within the fluid. In the case of
fuels (gasoline or Diesel-type fuels) this often means
replacing the fluorescing compounds of the fuel by non-
fluorescing compounds leaving only one, or adding an
additional compound that was not part of the original
mixture.

Different classes of molecules have been used as
tracers. The choice of potential tracers is driven by
the desire to add a minimum concentration of foreign
material that yields a maximum LIF signal intensity
while not perturbing the system under study. To provide
high enough seeding concentrations especially at low
temperatures (room temperature) the tracer must have
a sufficient vapor pressure. While the main part of the
following section focuses on the fuel-like hydrocarbon-
based tracers, we include other concepts in the following
overview.

Atoms have large absorption cross sections and are
candidates that emit strong fluorescence upon excita-
tion in the UV and the visible. The atomization of
the material, however, requires the high temperatures
that are present in flames. Some metal salts (such as
thallium or indium chloride) can be dissolved in the
fuel. In the flame front metal atoms are then gener-
ated that can be used to measure temperature in the
burned gas [20.182,183]. The strong transition moments
in atoms allow the use of extremely low (and therefore
non-perturbing) seeding levels. The strong transitions,
in turn, are easily saturated. Excitation laser intensities
are therefore limited and signals are weak, despite their
favorable spectroscopic properties. For the observation
of fuel distributions prior to combustion this class of
fluorescing species is not suitable.

Small Inorganic Molecules. Di- and triatomic inorganic
molecules are frequently used in combustion diagnos-
tics. While unstable radicals such as OH, CH, C; that
appear during the combustion process can be used
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for flame-front localization and combustion diagnos-
tics [20.10], they are not suitable for observations in
the mixing process prior to ignition. Strongly fluoresc-
ing stable species, however, are potentially interesting as
tracers for the airflow. NO has been used despite its toxic-
ity for studies in gaseous mixing processes [20.184,185]
and its spectroscopy is well understood for a wide range
of possible applications [20.186]. OH and NO can also
be photolytically generated in flow systems. While not
suited for studying mixing on a large scale, these flow-
tagging techniques give detailed insight into the fluid
motion within the lifetime of the generated species. OH
has been generated following photodissociation of vi-
brationally hot water [20.167], NO has been produced
from NO; photolysis [20.187] and from O3 photolysis
in air [20.188].

Molecular oxygen has been used to frace the air
flow [20.189] and to measure temperatures during mix-
ture formation in a Diesel engine [20.180]. It was
also used for flow tagging following the excitation of
higher vibrational states by stimulated Raman scat-
tering [known as Raman excitation plus laser-induced
electronic fluorescence (RELIEF) [20.169]].

Iodine was applied as a fluorescing tracer that
can be excited and detected in the visible spectral
range [20.190]. Its toxicity, corrosiveness and the dif-
ficulty of seeding iodine at constant rates limits its
practical applicability. SO, can be excited at various
wavelengths below 390 nm and subsequently emits flu-
orescence from the UV to the violet [20.191-193]. The
(corrosive and toxic) gas (boiling point: —10°C) can
either be doped into the flow or generated in a flame
from sulfur-containing precursors [20.194]. The lat-
ter application was suggested to mark residual burned
gases in internal engine combustion and to visualize
their mixing with fresh air and fuel. SO, fluorescence
is strongly quenched by many molecules, including
N3 [20.192,195-198]. Its applicability in high-pressure
environments is therefore restricted. The LIF proper-
ties of high-temperature CO, upon excitation in the
UV [20.179] offer the potential for new diagnostics for
the observation of mixing of hot burned gases with air
and fuel.

Organic Molecules. In contrast to the excitation of atoms
and di- and several triatomic molecules, polyatomic
organic molecules have a high density of states and
therefore show broadband absorption spectra with ex-
citation possible at various wavelengths that are often
accessible with standard laser sources. The organic trac-
ers are chemically close relatives of hydrocarbon fuels.

Some of the molecules that are attractive tracers are
present in commercial fuels at the few percent level.
Therefore, relatively high tracer concentrations can be
applied without significantly disturbing the combustion
process.

The chemical similarity between tracer and fuel
has the additional advantage that the tracer disappears
(burns) together with the fuel close to the flame front. In
measurements with limited spatial resolution (& 1 mm)
this is a good match to identify and visualize the position
of reactive zones. However, since the reaction kinetics
of the tracer is not perfectly identical to that of the fuel,
tracers are not in general suitable for high-resolution
measurements close to the flame front, because their
concentration may not represent the fuel concentration
accurately in this zone.

Fluorescing organic tracers come in different sizes
and structures with different volatilities. According to
their boiling points as a first criterion they can be used
to represent different volatility classes of multicompo-
nent fuels [20.199]. At the same time, care must be
taken to avoid distillation processes that separate fuel
and tracer due to non-ideal boiling behavior during the
fuel evaporation [20.200-202].

Aromatic hydrocarbons are typical components of
commercial fuels. These species are responsible for the
strong absorption in the UV and the subsequently emit-
ted fluorescence [20.203]. Single-ring aromatics such
as benzene, toluene and xylene are part of gasoline fu-
els on the percent level while two-ring aromatics such
as naphthalene and its derivatives are present in Diesel
fuels. They typically have high fluorescence quantum
yields (toluene: ¢ = 0.17, benzene: ¢ = 0.22, fluorene:
¢ = 0.66, dimethyl anthracene: ¢ = 0.82) and their ab-
sorption and emission spectra shift towards the red with
increasing size of the aromatic system. The wide va-
riety of molecular sizes (and therefore boiling points)
makes this class of molecules attractive as tracers that
can be adjusted to the boiling behavior of the fuel or
that are representative for boiling classes in multicom-
ponent fuels. For seeding room-temperature gas flows
compounds larger than benzene and toluene have too
low vapor pressures.

A major drawback of aromatic tracers is the strong
quenching by oxygen. The signal intensities therefore do
not only depend on the tracer but also (inversely) on the
oxygen concentration. This effect was taken advantage
of by interpreting the signal as proportional to fuel-air
ratios, which are of major practical interest.

The aromatic compounds in commercial fuels
have been used for qualitative and semiquantitative
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measurements, both in the vapor [20.204] and liquid
phase [20.205,206]. Benzene as a fuel tracer is typically
avoided because of its carcinogenic effects. Toluene
is less toxic and not considered carcinogenic. There-
fore, it has been most frequently chosen as a fuel
tracer [20.207] and recent publications have shed more
light on the dependence of its fluorescence on p, T
and no, [20.208, 209]; a-methyl naphthalene was in-
vestigated by LIF, see e.g. [20.210], because it is part
of a model two-component fuel that is used in experi-
mental and numerical studies as a substitute for diesel
or JP8 fuel. Like naphthalene, it is used in combina-
tion with N,N,N’,N’-tetra-methyl-p-phenylenediamine
(TMPD) in exciplex studies to visualize liquid and vapor
phases simultaneously [20.211].

Aliphatic Compounds. Typical saturated aliphatic hy-
drocarbons such as alkanes and saturated alcohols do
not fluoresce. They have their first absorption bands in
the vacuum-UV region and excitation typically leads
to photodissociation. Nonsaturated hydrocarbons with
extended conjugated systems that would have useful
spectroscopic properties are unstable and tend to poly-
merize.

Fluorescing aliphatic candidates contain chro-
mophores that allow excitation into stable states that
subsequently fluoresce. This class of molecules includes
ketones (RpCO), aldehydes (R—CHO) and amines
(R3N, where R is a saturated aliphatic hydrocarbon
chain). The (conjugated) combination of chromophores
(as in diketones R—CO—CO—R) typically shifts the
absorption and fluorescence spectra to the red.

Ketones are the most frequently used class of fluo-
rescent tracers. Their properties have been extensively
studied [20.212-218] and they have been applied to
various practical situations [20.219-222]. The high
vapor pressure makes acetone (bp: 56°C) an ideal
tracer for gaseous flows [20.223,224]. 3-pentanone (bp:
100°C) [20.213,225,226] or mixtures of 3-pentanone
and 3-hexanone [20.200] have been suggested as trac-
ers that mimic the boiling and transport properties of
gasoline. In most of those cases, iso-octane was substi-
tuting gasoline. This has the advantage that iso-octane
is non-fluorescent and as a single component is more
amenable to detailed modeling studies. For Diesel fuels,
the use of even larger ketones was suggested, although
they turned out to have limited stability at high tempera-
tures. The larger aliphatic chains enhance the reactivity
of the carbonyl group.

The smallest aldehyde, formaldehyde (HCHO),
tends to polymerize and is therefore difficult to han-

dle as a dopant. The next largest homologous molecule,
acetaldehyde (CH3CHO), has been used as a tracer in in-
ternal combustion engines [20.227]. Its low boiling point
(21 °C) allows high seeding concentrations. Its spectral
properties are comparable to those of acetone. Be-
cause acetone is considered less harmful, acetaldehyde
is not frequently used as a tracer substance. Aldehy-
des with different molecular weight have been used
to trace different boiling fractions in multicomponent
fuels [20.228].

The fluorescence quantum yields (¢ = 0.0008—
0.0018 for acetaldehyde depending on the excitation
wavelength and ¢ = 0.002 for acetone [20.229, 230])
are small compared to those of aromatic compounds
in the absence of oxygen. In realistic situations where
fuel is mixed with air, however, the resulting signals
are comparable. Hexafluoroacetone has been suggested
as an alternative that has fluorescence quantum yields
about an order of magnitude stronger than in ace-
tone [20.231,232]. Because of its toxicity, however, this
substance has not been further considered as a tracer for
practical applications.

Biacetyl (CH3; —CO—CO—CHj3) is frequently
used as a fluorescent tracer. With a boiling point of
88 °C the room-temperature vapor pressure is too low
for many applications. On the other hand, the boiling
point is significantly below that of typical fuels. This
intermediate position, its stability and its strong odor
might be the reasons why biacetyl, despite its attrac-
tive spectroscopic properties and its extensively studied
photophysics [20.233-235], is less popular than ketones.
For seeding oxygen-free flows, biacetyl is especially at-
tractive because of its high phosphorescence quantum
yield (15%, but strongly quenched by O,).

Amines do fluoresce upon UV excitation. Some
studies have covered ethylamine [20.236], and N,N-
dimethylaniline [20.237]. Strong quenching by oxygen
often hinders practical applications and an unpleasant
(fish-like) smell and toxicity may deter people from
using this class of tracers. Amines have found some at-
tention as part of exciplex systems TMPD [20.211,238],
triethylamine (TEA) [20.239], and diethylmethylamine
(DEMA) [20.240]. TEA and DEMA do not contribute
significantly to the overall gas-phase signal but play an
important role in forming the excited complex that is
responsible for a shift of the liquid-phase fluorescence
relative to that of the monomers.

Analysis of Air—Fuel Ratio. Depending on the sys-
tem under study various approaches have been used
for determining the local fuel-air equivalence ratio
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¢. In situations where the local oxygen concentration
can be predicted, the standard procedure relies on the
application of a fluorescent tracer that is considered
independent of oxygen (i.e., acetone or 3-pentanone).
As long as the fuel concentration is reasonably low
(not close to a directly-injected fuel spray) and as long
as oxygen is homogeneously distributed in the fresh
air (no exhaust gas recirculation) and as long as tem-
perature is known, air—fuel ratios can be determined
directly [20.220,225,241]. With a simultaneous meas-
urement of temperature the results are less dependent
on these assumptions [20.134]. In areas with high fuel
concentration, the air partial pressure is reduced by the
presence of fuel vapor. An iterative data evaluation can
then be applied.

Another approach relies on the measurement of a sin-
gle LIF signal that depends on both the fuel and the
oxygen concentration [fuel-air ratio by laser-induced
fluorescence (FARLIF)] [20.207]). FARLIF takes ad-
vantage of the strong quenching of toluene (or other
tracer) LIF by O, in order to use toluene as a fluo-
rescent tracer to measure ¢ directly [20.207]. Toluene
fluorescence in air at room temperature is proportional
to ¢ for p > 3 bar with 248 nm excitation. In IC engine
applications the decrease of total fluorescence with in-
creasing crank angle (i. e., increasing p and 7') has been
observed using excitation at 248 nm [20.242,243]. Re-
cent studies at elevated temperatures revealed a strong
T dependence of the fluorescence quantum yield, which
changes by more than two orders of magnitude within
the temperature range of the compression stroke in
engines, while the relative strength of O, quenching de-
pends on the O, number density itself [20.208,244,245].
With these new findings FARLIF must be reconsid-
ered and can only be applied within a limited range
of conditions [20.246].

Further measurement strategies rely on the meas-
urement of a number of signals (typically two) that
depend on the fuel and the oxygen concentration.
Mixtures of two fluorescent tracers, one of which is
strongly quenched by O», have been applied in isother-
mal flows [20.135] and in an IC engine [20.242].
The combinative effects of oxygen and temperature
variation are not yet fully understood. Therefore,
measurements in systems with an inhomogeneous
temperature distribution may be problematic. Addi-
tional information is currently being obtained [20.208,
209].

Finally, Raman scattering has been used for fuel—
air measurements in pointwise measurements [20.241],
line [20.247-249] and imaging measurements [20.250,

251]. These measurements require a detailed knowl-
edge of the temperature-dependent shape of the Raman
spectra and therefore require detailed calibration exper-
iments or a detailed understanding of the underlying
spectroscopy [20.252]. The influence of liquid droplets
has been evaluated [20.248].

Multispecies Measurements during Mixture Forma-
tion in ICEngines. Knowledge of the spatial distribution
of temperature and local fuel-air equivalence ratios in
the combustion chamber in IC engines prior to ignition
is of major interest when modeling engine combustion
and modifying combustion chamber geometries. Espe-
cially in modern engines with stratified load and systems
with exhaust gas recirculation that both strongly influ-
ence ignition and flame development, temperature and
fuel concentration inhomogeneities are present.

2-D temperature distributions between 300 and
1000K relevant for pre-combustion conditions can
barely be assessed with other laser spectroscopic
techniques developed for two-dimensional combustion
thermometry so far. Rayleigh scattering has been em-
ployed for the determination of temperature fields in
flames [20.140]. Engine measurements have been per-
formed as well [20.253] but problems might occur
in realistic engine geometries due to strong elastic
scattering off surfaces. Since Rayleigh signal intensi-
ties are a function of a species-dependent scattering
cross-section this method is not applicable in non-
homogeneous systems where local effective Rayleigh
cross-sections are unknown. Techniques based on
atomic fluorescence [20.182,254] and OH LIF [20.255]
are only applicable to post-flame gases. NO-LIF ther-
mometry [20.184, 185] would be an alternative because
NO, when doped into the fresh gases, is present in both
unburned and burned gases. This requires, however, an
additional dopant and some uncertainty is induced in the
fresh gases by the presence of NO, formed by reaction
of NO with air.

For quantitative measurements of fuel vapor concen-
trations ketones such as 3-pentanone are frequently used
because their evaporation properties are similar to those
of common model fuels such as iso-octane [20.237].
Furthermore, the influence of collisional quenching,
mainly by molecular oxygen, is greatly reduced com-
pared to aromatic compounds since the lifetime of the
excited states is limited by rapid intersystem cross-
ing. 3-pentanone possesses an absorption feature at
220-340nm with the peak near 280 nm at room tem-
perature [20.213]. The absorption spectrum exhibits
a temperature-induced shift towards longer wavelengths
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of about 10 nm per increase of 100 K (Fig. 20.30). Upon
excitation in this region, fluorescence is emitted be-
tween 330 and 550nm, with a spectral distribution
that is almost independent of the absorbed wave-
length. This spectral shift of the absorption, albeit
undesired for concentration measurements with single-
wavelength excitation, can be used for measuring
temperature, e.g., when 3-pentanone is seeded to non-
fluorescing model fuels, as the fluorescence intensity
is a function of the absorption coefficient for a given
excitation wavelength, and thus, of temperature. Af-
ter excitation at two different wavelengths the ratio
of the fluorescence signal intensities reflects the lo-
cal temperature. This was first described by Grofimann
et al. [20.213] and later applied to temperature meas-
urements using acetone as a tracer [20.256]. Since
this temperature measurement is based on the ratio
of signal intensities it is independent of local tracer
concentrations and therefore allows measurements
of 2-D temperature distributions in nonhomogeneous
systems.

For the organic tracers the fluorescence signal S for
weak laser excitation is given by the following equation:

Sfl()"v pv c, T) - CILaser()L)VNU()L, P, X, T)
x¢h, p,x,T), (20.2)
where I aser 1S the local laser pulse energy in the de-

tection volume V, N is the number density and o the
molecular absorption cross section of the marker, and

Absorption

Ay=276nm

250 300
Wavelength (nm)

Fig.20.30 Temperature dependence of the absorption
spectra of 3-pentanone. The spectra are normalized, and
the total integral increases with temperature [20.213]

¢ its fluorescence quantum yield. o and ¢ depend on
the excitation wavelength A, the pressure p, the mix-
ture composition x, and the temperature 7. The factor
¢ captures geometrical arrangements and detection op-
tics properties. If the same volume V is excited by two
laser pulses of different wavelengths (with a short tem-
poral delay to ensure separate detection of the induced
fluorescence), the ratio

S1 (A1, p, T)  rasery (A1) 01 (A1, p, x, T)
S (A2, p, T)  Iraser, (A2) 02 (A2, p, x, T)

¢1 (M, p,x,T)
¢ (A2, p,x,T)

depends on the pressure- and temperature-induced vari-
ation in absorption cross-sections and fluorescence
quantum yields whereas it is independent of the ob-
served volume V, the number density N of the detected
species and the detection efficiency c. Pressure and pos-
sible composition effects can be corrected for using data
provided by Grofimann [20.213] and Ossler [20.215]
by including a pressure-dependent ratio 1 /my that in-
cludes effects on o and ¢. Then, the remaining ratio of
both signals normalized to the respective laser energy is
a function F(T') of temperature only.

Si (A1, p, T) /ILaserl (A1) 2
S$2 (A2, p, T) [ILaser, (A2) Ty

_a (A1, T) ¢1 (A1, T) _
02 (A2, T) 2 (A2, T)

A strong temperature dependence of the ratio, and hence
high accuracy, can be expected when A and X, are se-
lected on opposite sides of the absorption maximum. We
apply a combination of 248 and 308 nm excitation. The
temperature dependence of the ratio F(T') for these con-
ditions is shown in Fig.20.31 [20.257]. With the local

(20.3)

E(T). (20.4)

LIF intensity ratio /308nm/ [248nm

5
]
4
Fig. 20.31
3 a Temperature
P 5 dependence of
o the ratio of
1 o LIF intensities
in 3-pentanone

with 308 and
248 nm excita-
tion [20.134]
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Two-stroke engine XeCl laser
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in
Fig. 20.32 Experimental setup for the simultaneous meas-
urements of fuel concentration, temperature and air—fuel

ratio in a two-stroke engine. The lower figure shows the
position of the measurements displayed in Fig. 20.33

temperatures now determined from the signal ratio the
fluorescence signals from either excitation wavelength
can be corrected for temperature effects to calculate the
number density N of tracer molecules. A calibration with
a known number density of tracer molecules at a known
temperature allows one to scale N to absolute number
densities. With the ideal gas law the local mole fraction
can then be calculated. The fuel-air equivalence ratio

s g~

can then be determined based on the assumption that the
cylinder contains fuel and air only and that the oxygen
concentration is homogeneous within the air. There are
limitations to these assumptions in systems with lots of
recirculated exhaust gases. Techniques to overcome this
problem will be discussed below.

The engine measurements [20.134] (Fig.20.32)
were conducted in a modified production-line single-
cylinder two-stroke engine (bore: 80 mm, stroke: 74 mm,
compression ratio: 8.6). The original cylinder head was
replaced by a quartz ring with a height of 4 mm to al-
low for the entrance and exit of the laser sheets, and
a full-size cylindrical quartz window on top through
which fluorescence was monitored. The engine was
carburetor-fueled with iso-octane doped with 10% (v/v)
3-pentanone. For the measurements described here the
equivalence ratio was kept at ¢ = 0.62 with an igni-
tion timing at —20° crank angle (CA) with respect to
top dead center (TDC) at a speed of 1000 rpm. Two
excimer lasers, operated with KrF (248 nm) and XeCl
(308 nm), were fired with a fixed delay of 150 ns to pre-
vent crosstalk between the LIF signals. The laser pulse
energies were adjusted to no more than 50 mJ within
a20x0.5 mm? light sheet. The signals were directed via
a metal-coated beam splitter to two ICCD cameras that
were equipped with fi =2, f = 100 mm achromatic UV
lenses.

Figure 20.33 shows the LIF intensities upon 308 nm
excitation for three single-shot images (18° CA after

Tracer-LIF
intensity
(arb. units)

600

Temperature

)

350
6

Number
density

10° (mol/l) Fig.20.33 Measurements of the

tracer LIF intensity (first row), tem-
09 perature (second row), fuel number
i density (third row) and fuel-air equiv-

Fuel/air alence ratio (fourth row) in a two

equiv.-ratio .

) stroke engine. The columns show
three randomly chosen data sets for
instantaneous measurements [20.134]
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TDC). The correction for temperature effects was per-
formed on a per-pixel basis. The temperature-corrected
LIF images were then calibrated to absolute number
densities using the measurements under perfectly mixed
conditions where the fuel concentration was calculated
from the ratio of measured air flow and fuel consump-
tion. The resulting images give absolute fuel number
densities (third row). Since pressure gradients within
the cylinder can be safely neglected temperature images
allow the calculation of total number densities, which
enable the calculation of fuel—air equivalence ratio dis-
tributions (fourth row). This series of images shows how
the actual equivalence ratio corresponds to the measured
LIF intensity.

Simultaneous Measurement of Fuel and Oxygen
Concentration. In future highly energy-efficient com-
bustion systems such as stratified-charge engines or
homogeneous-charge compression-ignition (HCCI) en-
gines, high concentrations of recycled exhaust gases
strongly dilute the fuel-air mixture. In these situations,
ignitability, flame speed, and auto-ignition susceptibility
are governed by fuel and oxygen concentrations (num-
ber densities) rather than equivalence ratios. Whereas
several techniques for measuring fuel concentrations
and equivalence ratios are available (measurements
for example based on the assumption that for tracers
that are strongly quenched by oxygen — within a lim-
ited range [20.258] — the LIF signal is proportional
to the equivalence ratio [20.207]. For the limitations
of this assumptions under combustion-engine condi-

Fluorescence intensity (arb. units)

Toluene

16

3-Pentanone (x 1500)

-y

400 450 500 550
Wavelength (nm)

Fig.20.34 Emission spectra of toluene and 3-pentanone
with excitation at 248 nm. The signal of both species can be
separated with appropriate filters. In pure nitrogen (shown
here) the toluene signal dominates by far (3-pentanone
signal enhanced by a factor of 1500) [20.135]

tions see [20.246,259]), we report here a technique
that allows the simultaneous measurement of oxygen
concentrations with a suitable tracer combination of
aromatic and ketonic tracers. Aromatic molecules are
efficiently quenched by molecular oxygen [20.260]. The
influence of O, quenching on aliphatic ketones on the
other hand is greatly reduced [20.213]. Aromatic and
ketonic compounds have different LIF emission spectra
upon excitation in the UV. Whereas single-ring aromatic
compounds such as toluene display a narrow emission
band peaking around 280 nm, the emission of ketones
like 3-pentanone appears between 320 and 450 nm with
a broad maximum at around 370 nm (Fig. 20.34). This
difference has been used previously for the detection of
the two different tracers when simultaneously observing
the distribution of different volatility classes of multi-
component fuels [20.199]. Here, we use this two-tracer
approach for measuring oxygen concentrations.

For weak excitation the LIF signal intensity Sg is
given above. Molecular oxygen is regarded as the only
relevant species quenching toluene fluorescence, while
3-pentanone fluorescence is considered independent of
oxygen concentration. For a mixture of 3-pentanone (3P)
and toluene (tol) the ratio of signal intensities Sﬁ (20.5)
is a function of the oxygen concentration only [ f(no,)]
since all the other factors are either constant (like ab-
sorption cross sections due to constant pressure and
temperature) or cancel (like the local laser intensity and
detection volume):

SR—SilP—constxi—f(n ) (20.5)
1 — Stol - ¢t01 - 0y) - :
fl il

The fluorescence quantum yield d)él for species i is

L
f=—1 (20.6)
¢ﬂ kiot + kf]n q
with the rate coefficient for spontaneous emission kél and
the sum rate of all collision-independent de-excitation
processes ki,. I~cf] is the rate coefficient for collisional
quenching with the quencher (i.e., O) number den-
sity nq.
For atmospheric pressure in 3-pentanone, as in all
aliphatic ketones, quenching by O; can be neglected
(because lngnq <L k3P). With the Stern—Volmer coeffi-

cient for toluene quenched by O (}’ctso\l;o2 = I}g’l’oz k)

the above equation can be rewritten [20.135]:
k3P(ktol+];toln )
R f1 Kot TKq g tl,0
Sﬂ = ConStk:ip—kw] =C] (l +kSOV znq) .
tot™f1
(20.7)
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Fig.20.35 Signal ratio of 3-pentanone and toluene LIF
normalized to the ratio measured in pure nitrogen [20.135]

The signal ratio of 3-pentanone versus toluene LIF there-
fore increases linearly with the oxygen number density.
The offset, given by ¢y, can be obtained from a single-
point calibration. An experimental validation is shown
in Fig.20.35. This simple approach assumes that the
toluene and 3-pentanone signals are detected indepen-
dently without any spectral overlap and that oxygen is
the only quenching species. Further corrections may be
added in order to reduce the systematic errors caused by
these assumptions [20.135].

The Stern—Volmer coefficients and absorption and
fluorescence spectra have been measured in a static cell
where evaporated tracers were combined with various
pressures of air and nitrogen. The imaging experi-
ments were carried out in an optically accessible quartz
cell with square cross section (40 mm? x40 mm?). Two

metal tubes (exit diameter 1 mm) were inserted 5 mm
apart with the gas streams mixing at an angle of ap-
proximately 30°. The tubes were supplied with various
mixtures of nitrogen and oxygen controlled by mass-
flow controllers. The gas mixtures were bubbled through
a blend of the liquid tracers (3-pentanone and toluene,
50:50 per volume), which were kept at a constant
temperature of 293 K. The gaseous tracer concentra-
tion was therefore constant in both gas streams with
a fixed ratio of both tracer compounds determined by
the vapor pressure of the binary mixture. The volume
of the liquid mixture was large enough to ensure neg-
ligible changes in its composition over time. For the
experiments presented here one stream was supplied
with pure nitrogen and the other contained variable oxy-
gen concentrations. The gas exit velocities were set to
5-15m/s. The mixing cell was purged with an addi-
tional nitrogen flow that was quiescent compared to
the velocities of the other two gas streams. For cal-
ibration of the LIF signal ratio, a single gas stream
with identical tracer concentrations but at various well-
known oxygen concentrations was used. For imaging,
the 248 nm laser beam was expanded to a light sheet
0.4 mm thick and 30 mm high and directed through the
quartz cell 2mm below the tube exits. The LIF signal
was detected simultaneously with two ICCD cameras
equipped with appropriate filters for observing each
tracer separately.

Results of the two-tracer imaging technique in an
arrangement of interacting N> and air gas jets within
a quiescent N atmosphere are shown in Fig. 20.36. The
first box Fig. 20.36a shows the individual pictures taken
in the toluene and 3-pentanone spectral region in the

a) b) 0
N, Air N, Air Air
(seeded) (seeded) |(seeded) (seeded) (seeded)
A
B
Ratio Turbulent Laminar Single jet 0 10 20 . . .
E 0O, conc. (%) Fig.20.36 Results of the Oy imaging
. measurements in the mixing cham-
0 O, concentration (%) 20

ber [20.135]. For details see the
text
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two interacting turbulent gas jets. The 3P-LIF image
shows increased signal intensities in the nitrogen jet due
to some spectral overlap from the strong toluene signal.
This error is corrected for by quantifying the relative
contribution of toluene LIF to the 3-pentanone detec-
tion channel in additional experiments where the flow is
seeded with toluene only. The second image shows that
the ratio of signal intensities is not directly a function
of oxygen number density [according to (20.7)] since
the left jet (containing no O) yields higher signal inten-
sities compared to the mixing region. After correcting
for energy transfer processes [20.135], this artifact dis-
appears (right image in Fig.20.36a) and the resulting
signal is calibrated using a measurement in pure air.
Figure 20.36b shows the oxygen distribution in sim-
ilar flows at a slower exit velocity at which the two
laminar gas flows stay mostly separated. Figure 20.36¢
shows the O distribution in an air jet injected into
a quiescent N> atmosphere where the dilution of O
by entrainment of N is clearly visible. The line plot
shows the oxygen concentration along the line in the
2-D image including error bars to demonstrate the sen-
sitivity of the technique. Since only the incoming jets
were seeded by tracers, the outer region does not yield
any information in these measurements and is shown in
black.

Quantitative Nitric Oxide Diagnostics

in High-Pressure Combustion
Detection of nitric oxide using LIF is of particular
interest because NO is one of the most important
combustion-generated pollutants. Oxides of nitrogen in
the atmosphere contribute to photochemical smog and
are precursors to acid rain. Exhaust from aircraft en-
gines can add to the destruction of stratospheric ozone
while automobile exhaust adds NO/NO; to our urban
atmosphere. A significant amount of this nitrogen oxide
is directly caused by combustion of biomass and fos-
sil fuels [20.262]. As regulations for the restriction of
NO become more stringent, much effort and research
is underway to develop new and improved combustion
systems that meet these standards. To optimize the com-
bustion processes involved, a coupled understanding of
physical and chemical processes and empirical diagnos-
tic methods to map out the formation of the pollutants
are required.

Choice of NO Detection Schemes for High-Pressure
Flames. Two-dimensional LIF measurements of trace
species require the coincidence of strong electronic tran-
sitions with the emitted wavelength of intense light

©.1)

NO A-X

©0.4)

225 250 275
Wavelength (nm)

L e’

Detection: red-shifted

Excitation: NO A-X (0,0) at 226nm

B S Excitation: NO A-X (0,1) at 236nm
L W W Detection: blue- or red-shifted

in the A — X band

sources; therefore, excimer lasers are a convenient
source for NO excitation, but the limited wavelength
tuning enables only a few excitation schemes. The NO
D-X(0,1) system can be probed with 193 nm radiation,
e.g., from an ArF excimer laser [20.263], the A-X(0,0)

Valve
Spark plug

Excitation: NO A-X (0,2) at 248nm
w Detection: blue- or red-shifted

Fig. 20.37 Different options for NO LIF detection with excitation

A-X (0,2)
I

x10'® NO molecules/cm’

Lasem>

0 3 6

7.5cm

Fig.20.38 Attenuation of laser light at different wavelengths dur-
ing NO imaging with 193, 225 and 248 nm excitation. All three
frames show the engine under identical operating conditions. Only
with the longest wavelength (248 nm) was the expected symmetri-
cal distribution of NO in the cylinder observed (¢ = 1 propane/air

flame, actual pressure: 13 bar) [20.253,261]
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band at 225 nm with a H, Raman-shifted KrF excimer
laser [20.150], or the A-X(0,2) band at 248 nm with
a tunable KrF excimer laser [20.264]. Other measure-
ments have been carried out with dye lasers and OPO
systems in the (0,0) [20.265,266] and (0,1) [20.267,268]
bands.

The NO D-X(0,1) system at 193 nm works for com-
bustion processes where strongly absorbing species are
present at low number densities only. In high-pressure
combustion systems drastic attenuation of laser and
signal light by hot CO,, H>O and O limits their appli-
cability [20.261,270]. Therefore, we focus here on three
NO detection schemes with A-X excitation, as depicted
in Fig. 20.37.

In lean and stoichiometric high-pressure flames the
selectivity of NO detection is perturbed by interfering
hot-bands of O; that overlap the NO excitations. At
pressures of a few bar, the quantum yield of O, LIF
is dominated by predissociation, and the NO quantum
yield decreases with increasing pressure due to col-
lisional quenching while the O-LIF quantum yields
remains constant. It is therefore crucial to choose NO
excitation schemes that minimize the simultaneous ex-
citation of O,.

The NO A-X(0,0) system at 225nm has
been successfully used for measurements in high-
pressure methane/air flames [20.271] and in en-
gines fueled with propane under conditions up to
20bar [20.272]. Three different strategies have been
studied and applied to combustion diagnostics. Whereas
DiRosa et al. [20.265] uses the combined P(23.5),
Q1 +R2(14.5), Q2 +R12(20.5) feature at 226.03 nm,

6

4

3000 Temperature
(K)

Wavelength (nm)

Fig.20.39 Wavelength and temperature dependence of the CO, ab-
sorption cross sections [20.269]. A parameter fit to this data for the
calculation of temperature- and wavelength-dependent absorption
cross sections can be found in [20.261]

Laurendeau et al. [20.266] prefer the Q2(26.5) tran-
sition at 225.58 nm. Within the tuning range of the
Raman-shifted KrF excimer Sick [20.272] chooses the
R; 4+ Qq(21.5) line at 225.25 nm. We use measurements
in a methane/air flames at 1-60 bar to compare the O,
LIF interference and signal intensities of these three

approaches.
Optical absorption in high-pressure combustion
environments increases strongly at short wave-

lengths [20.261,270] as a result of the transmission
properties of hot CO; and H,O [20.269,273]. In high-
pressure media, where the number density of absorbers
is high, itis therefore desirable to use the longest possible
wavelengths for excitation and detection. Excitation of
the NO A — X(0, 2) near 248 nm [20.264,274] exploits
the strong KrF laser sources and has significantly less
optical absorption in the engine; the feasibility of this
approach is demonstrated with detailed spectroscopic
studies [20.153,274] and in-cylinder engine measure-
ments (Fig. 20.38) [20.253,275,276]. In addition, this
strategy allows the detection of NO fluorescence in the
A —X(0, 1) band, which is blue of the excitation light.
This is a significant advantage as it suppresses LIF in-
terference from intermediate hydrocarbon compounds.
Unfortunately, the thermal population of the v = 2 level
at post-flame temperatures is small, leading to a rather
weak LIF signal intensity.

The availability of optical parametric oscillator sys-
tems (OPOs) which provide high laser pulse energies
throughout the UV (up to 30 mJ/pulse) allows conve-
nient excitation of the NO A — X(0, 1) transition, and
Jamette et al. applied this scheme to measurements in
an spark ignition (SI) engine [20.267].

A detailed analysis of the properties of the different
excitation/emission schemes in the NO A — X has been
performed based on spectroscopic measurements in lam-
inar high-pressure flames [20.153, 186, 277-280]. The
results were used to develop the LIFSim spectral simu-
lation code that allows the simulation of absorption and
emission spectra as well as the pressure and temperature
influence in user-specified gas mixtures [20.174,281].

Influence of Attenuation by Hot (0,. Experiments
in engines and high-pressure flames showed that hot
exhaust gases strongly attenuate UV laser and signal
light [20.261]. Figure 20.39 shows the strong wave-
length dependence of the transmission of laser light
in hot combustion gases. It was shown that this effect
is mainly due to the shift of vacuum-UV absorp-
tion features of CO; towards longer wavelengths with
increasing temperature [20.269]. For HoO a similar
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Table20.2a,b Transmission at NO excitation wavelengths
in two typical high-pressure combustion situations due to
hot CO, (CO; and H,0) absorption: (a) high-pressure
flame: diameter 8 mm, 40 bar, 2300 K and (b) engine cylin-
der: diameter 7 cm, 13 bar, 2400 K [20.261]

High-pressure flame,
diameter: 8 mm

Engine cylinder,
diameter: 7 cm

193 nm 13.7% (0.4%) 0.02% (10~°%)
226 nm 62.4% (58.1%) 11.5% (9.1%)
237 nm 75.4% (73.8%) 26.6% (24.8%)

248 nm 84.4% (83.9%) 44.3% (43.4%)

behavior can be found at short wavelengths. It is,
however, negligible at A > 230 nm [20.269]. Transmis-
sion in typical high-pressure combustion situations is
calculated (based on an empirical fit to the data in
Fig.20.40 [20.261]) for the different NO excitation
wavelengths and summarized in Table 20.2. These data
show that in many practical applications the longest pos-
sible wavelengths must be used for NO excitation despite
the relatively weak fluorescence intensity that can be

expected upon excitation from the excited vibrational
levels.

Temperature Dependence of the Different NO Excita-
tion Strategies. LIF diagnostics of practical systems are
greatly simplified if the signal is relatively insensitive
to the local gas temperature. The Boltzmann popula-
tion of each of the vibrational manifolds produces quite
different temperature sensitivities. In the temperature
range relevant to post-flame gases (1500—-2500 K) the
signal intensity after excitation in the (0,0) band de-
creases with increasing temperature whereas in the (0,1)
and (0,2) bands signals are strongly increasing. Minimal
variation of the ro-vibrational population with tempera-
ture is found for the intermediate rotational levels in the
(0,0) band. The (0,1) band has minimal pressure depen-
dence since the chosen excitation line is within a very
dense part of the spectrum where at elevated pressures
neighboring lines contribute significantly to the over-
all signal. The simulated temperature dependence of the
NO-LIF signal is shown in Fig.20.40 for p = 10bar
for the candidates with minimal O, LIF interference for
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LIF signal intensity (arb. units)
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80 /\ 80 80
60 60 60
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Fig.20.40 Simulated variation of NO LIF signal with temperature for three excitation strategies. Rotational transitions
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with minimal O, LIF interference have been chosen [20.186]. p = 10 bar
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each vibrational band. The data in Fig.20.40 include
the temperature dependence of Boltzmann population,
spectral overlap of laser and NO transition, and col-
lisional quenching. Note this temperature dependence
can be mitigated with the judicious choice of measur-
ing either number density or mole fraction. Excitation
in the (0,0) band has weak temperature dependence
of number density; however, excitation of the (0,1) or
(0,2) bands can provide mole fraction measurements
that are weakly temperature dependent at combustion
temperatures.

There are three practical schemes for NO A —X
LIF, which involve exciting transitions in the (0,0),
(0,1) and (0,2) bands. In systems where excitation
in the NO A —X(0, 0) band is not hindered by laser
and signal absorption an NO absorption feature at
226.03nm was found to be the best choice in terms
of spectral purity and signal intensity. A — X(0, 1) exci-
tation with (0,0) detection provides strong signal, small
variation of signal with gas temperature when evalu-
ating mole fraction, and good suppression of O,-LIF
interference. Any scheme exciting or detecting (0,0)
in high-pressure hydrocarbon combustion, however, is
plagued by attenuation of the excitation or fluorescence
light. Excitation of A —X(0,1) with (0,2) detection
provides significantly stronger signals with less tem-
perature variation than strategies using (0,2) excitation,
and the interference from Oy LIF is comparable for
(0,1) and (0,2) excitation. However, practical engine di-

400K -

Wl 2100K

Experiment
""" Simulation

226

226.05 226.1
Excitation wavelength (nm)

Fig.20.41 Schematic of multi-line 2-D temperature measurement
strategy based on a single point. NO A — X(0, 0) excitation at 5 bar.
The images show an area of 11 mm?x 13 mm? above the burner
exit [20.185]

agnostics have hydrocarbon fluorescence interference
red of the excitation light. The strategy of exciting
NO A —X(0,2) and detection of (0,1) provides LIF
signal blue-shifted compared to the excitation light.
This advantage may outweigh the lower signal and
greater temperature sensitivity for practical diagnostics
applications.

Quantitative Multi-Line Temperature Imaging. Tem-
perature imaging is often performed as a two-line
technique that probes the relative population of two
ro-vibrational ground states in molecules such as
NO [20.282,283] or OH [20.255,284]. This technique
typically requires a calibration with measurements in
an environment with known temperature and is affected
by background signal. With simultaneous application of
two excitation wavelengths, instantaneous temperature
imaging is possible. Alternatively, scanning techniques
have been applied that record the fluorescence exci-
tation spectrum over an extended range of excitation
wavelengths and evaluates absolute temperatures — in-
dependent of signal background — from the shape of the
spectra [20.271]. We use the latter approach to meas-
ure temperature fields in stationary flames [20.185].
For the multi-line temperature imaging, 2-D LIF ex-
citation scans were performed over a broad spectral
range in the NO A —X(0, 0) band. For each individual
pixel, LIF intensities were extracted versus excitation
wavelengths, yielding experimental excitation spec-
tra (Fig. 20.41).

The LIFSim spectral simulation code [20.281,285]
was then used to fit simulated spectra to the experimen-
tal data for each pixel. This yields absolute temperatures
without the requirement for calibration. Simultane-
ous fit of background signal and LIF strength makes
this technique robust against both broadband interfer-
ence and laser and signal attenuation. This evaluation
therefore yields temperature and semiquantitative NO
concentrations that then can be calibrated by adding
known amounts of NO to the fresh gases according
to [20.153]. The broadband background that was re-
cently attributed to CO, LIF [20.179] is measured at
the same time yielding spatial distributions of CO, LIF
intensities [20.179,286]. The temperature information
in turn can be used to calculate the local laser and sig-
nal attenuation due to hot CO, based on the data shown
in Fig. 20.39 assuming a homogeneous concentration of
CO; in the burned gases. These corrections have been
applied for the measurement of quantitative NO con-
centration distributions in the (unseeded) methane/air
high-pressure flame.
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Fig. 20.42a~f Imaging results from a methane/air flame (¢ = 0.95, without seeding). (a) Raw NO-LIF images (not
corrected for laser sheet inhomogeneities) (b) Raw off-resonant images (c) Absolute temperatures (d) Total attenuation
due to laser and signal absorption by CO, and H,O (e) Quantitative NO mole fractions (calibrated by NO-addition)
(f) Quantitative NO number densities (calibrated by NO-addition method)

Figure 20.42 shows raw NO-LIF images, cor-
rections performed for quantification, and evaluated
NO concentrations. For maximum selectivity (i.e.,
minimum O, LIF interference), excitation was per-
formed at 226.03 nm as discussed in the introduction
section (Fig.20.42a). Remaining interference was as-
sessed by tuning the laser off-resonance to 224.78 nm
(Fig. 20.42b). The temperature-sensitivity of the LIF sig-
nal was accounted for by using LIFSim. In many cases,
temperature insensitivity is advantageous when con-
ducting concentration imaging because of fluctuation
of temperature within the view of the image. The tem-
perature fields that were acquired using the multi-line
technique are shown in Fig. 20.42c¢. A correction for col-
lisional quenching was applied. Collisional quenching

scales linearly with pressure when the gas composition
is unchanged; however, due to the fact that gas compo-
sition and collisional cross-section are all temperature
dependent, correction for this temperature effect is re-
quired. Figure 20.42d shows the corrections applied for
signal and laser beam attenuation. Recent experiments
have shown that in high-pressure and high-temperature
combustion environments, the UV transmission is re-
duced by absorption from major species such as CO; and
H;O. The attenuation of both the laser beam and the LIF
signal due to CO, and H,O require calibration and have
been accounted for in the imaging processing stage. The
corrected and calibrated NO concentrations are shown
in Fig. 20.42e (mole fractions) and f (number densities).
Recent measurements report the application of multi-
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line NO-LIF thermometry also to sooting high-pressure
flames and spray flames [20.276,287-289].

Quantitative NO Diagnostics in Engines. Minimizing
the generation of the pollutant nitric oxide is of particular
interest when improving the environmental acceptance
of internal combustion engines. While the release of
many unwanted exhaust compounds like unburned hy-
drocarbons and carbon monoxide has been drastically
reduced within the last years, additional effort is nec-
essary to further reduce the NO release in order to
meet future legislative regulations. Especially in mod-
ern lean-burning engines, inhomogeneous combustion
conditions make it difficult to control the pollutant for-
mation. Furthermore, standard catalytic converters can
not be used since the overall air—fuel ratio deviates sig-
nificantly from unity. Exhaust gas recirculation (EGR)
has been used successfully in diesel and in gasoline
engines to reduce the raw NO formation mainly due
to decreased combustion temperatures. A detailed un-
derstanding of the elementary physical and chemical
steps involved as well as their coupling is necessary
to allow a mathematical description of the combus-
tion process. Models with the ability of predicting
optimized operating conditions, however, need input
and feedback from preferably quantitative in-cylinder
experiments.

For in-cylinder NO imaging diagnostics we use NO
excitation in the A —X(0, 2) band with a tunable KrF
excimer laser at 247.94nm and subsequent detection
of the fluorescence light emitted from the A —X(0, 1)
transition around 237 nm. This technique allows the
effective suppression of interfering LIF signals due

Measurement Simulation
4x10" 0_- 1x10"
AR &
7x10' 0_ 2x10"7
378°C

5x10"7 0 5x10"7

NO concentration (molecules/cm?)

Fig. 20.43 Comparison of measured an simulated NO concentration

distributions in an IC engine fueled with iso-octane/air [20.173]

to hot O, and CO; and partially burned hydrocar-
bons [20.274,291, 292]. Therefore, selective detection
of NO is possible even in inhomogeneous combustion
environments like in direct injecting gasoline [20.275]
and Diesel engines [20.293]. Furthermore, with this
scheme the influence of laser beam attenuation is mini-
mized [20.261,270] (Fig. 20.38).

Figure 20.43 shows experimental and numerical
results for the NO concentration distribution in a single-
cylinder engine fueled with iso-octane air equipped with
a production-type Volvo cylinder head [20.173, 294].
Care is taken to provide a homogeneous air/fuel mixture
in these cases. Figure 20.44 shows results of spatially
averaged NO concentration versus detection time in
crank angle in a direct-injection engine with variable
amounts of synthetic recirculated exhaust gases (vari-
able mixtures and concentrations of Np, CO,, H,O
added to the intake air) [20.275, 290]. The experi-
ments presented here were carried out in an optically
accessible gasoline engine featuring a direct-injection
cylinder head (BMW) and a Bosch injection system.
A significant reduction of peak NO concentrations from
1200 ppm to 200 ppm with increasing EGR rate can
be observed. A significant influence on the composi-
tion of the synthetic exhaust gas added to the fresh
in-cylinder gases was found that correlates well with
the heat capacity of the gas mixture [20.290]. For
comparison with exhaust gas NOy concentrations, re-
sults from the chemiluminescence (CLD) measurements

NO concentration (ppm)
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--@-no EGR

—0— 10%N,

=-a-- 10% CO,/N,
—— 10% CO,/H,0/N,
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Fig.20.44 Crank-angle-resolved spatially averaged NO
concentrations for the different EGR conditions (see leg-
end) in the BMW engine with gasoline direct injection.
CLD NOy concentration measurements are included in the
graph [20.290]
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have been included in Fig.20.44. It should be kept in
mind that the LIF images represent the NO concen-
tration present in the plane defined by the position of
the laser beam whereas the exhaust gas measurements
represent averaged concentrations after homogeneously
mixing the burned gases during the expansion and
exhaust stroke. The comparison shows a good agree-
ment of exhaust-gas concentrations and concentrations
of the in-cylinder LIF measurements in the observed
plane.

Soot Diagnostics
Soot formation has been a major issue in combustion
research over the last few decades as soot is emitted
by many practical combustion processes, e.g., power
plants and IC engines. Soot is the result of incomplete
combustion of hydrocarbons if not enough oxygen is lo-
cally available for full oxidation. Soot consists mainly of
carbon but may have a wide range of properties and com-
position [20.295]. Transmission electron microscopy
(TEM) shows that flame-generated soot consists of pri-
mary particles which have a typical size between 5 and
100 nm. Primary particles form aggregates that contain
up to several hundred primary particles and have a fractal
structure.

Laser-induced incandescence (LII) has proven to be
a powerful tool for soot diagnostics. It was observed
for the first time by Week and Duley in 1973 when
they heated aerosols of carbon black and alumina with
a CO; laser [20.296]. They set up the first energy bal-
ance describing the heating and cooling of particles
and suggested that the method could be used for par-
ticle sizing. Eckbreth observed the incandescence as an
interference in Raman scattering experiments in soot-
ing propane diffusion flames [20.297]. In 1984 Melton
set up the first detailed energy- and mass balance for
LII and suggested to use LII as a tool for quantita-
tive measurements of soot volume fractions [20.298].
Since the early 1990s LII has been used successfully
in a variety of systems for measuring volume frac-
tions of soot in laminar diffusion flames [20.299-303],
laminar premixed flames [20.22, 304, 305], and tur-
bulent flames [20.299, 306-308]. Particle sizes have
been deduced from the temporal behavior of the LII
signal taking the ratio of the LII signal at two differ-
ent delay times after the signal peak [20.309, 310] as
well as using the entire decay curve in point meas-
urements [20.311-315]. In exhaust gases particle sizes
have been measured with LII as well [20.316, 317].
Particle sizes were obtained assuming monodisperse
particles [20.311,313,314] as well as considering a poly-

disperse lognormal particle-size distribution [20.312,
315].

The LII signal is due to thermal radiation from
particles that are heated by an intense pulse laser. Sub-
sequent cooling occurs due to several heat loss channels
until, typically after a few hundreds of nanoseconds, the
particle temperature reaches ambient gas temperature
again. LII is basically used for two applications: Deter-
mination of the volume fraction of particles and particle
sizing in the submicron region. Though LII has been
used to investigate non-carbon particles [20.318-320]
with increasing interest in recent years with the upcom-
ing nanosciences, the main focus has been in the field of
soot diagnostics. In the following overview LII will be
discussed with respect to soot.

Soot volume fractions measured with LII are based
on the detection of the temporally integrated LII sig-
nal over a certain range of wavelengths. This allows the
expansion of the laser beam into a sheet and the detec-
tion of the signal light with a fast gated intensified CCD
camera equipped with appropriate detection filters. In
this way two-dimensional images of the soot distribu-
tion can be obtained, even in turbulent flames. As the
emitted radiation of the laser-heated soot is close to that
of a black body, corrected by the emissivity, a wide
choice of detection wavelengths is available. Experi-
mental and theoretical studies have shown [20.321,322]
that detection towards longer wavelengths minimizes the
influence of a variation in particle size and ambient gas
temperature. However, in most practical environments
a detection in the blue around 400 nm is preferred to ob-
tain a better discrimination of LII signal against flame
luminosity.

A large impact on the accuracy is caused by the
choice of the temporal detection gate. First, after the
laser heating smaller particles cool faster than large ones
because small particles have a larger surface-to-volume
ratio than large particles. If long or even delayed (relative
to the laser pulse) detection gates are used the integrated
signal will underestimate small particles [20.299,321].
Second, with increasing pressure the LII signal decays
faster due to an increased heat conduction with increas-
ing pressure [20.323]. If calibration is carried out at one
single pressure, long or delayed detection gates should
be avoided. Hence, short and prompt, i. e., with the start
of the laser pulse, detection gates of 50 ns or less should
be used.

In LII, several excitation wavelengths have been
used, mainly the fundamental, 1064 nm, and second
harmonic, 532nm, of pulsed Nd:YAG lasers. Light
at 532nm is easier to handle as it is visible and
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lower laser fluences are necessary to heat up the soot
particles as the absorption cross-section of soot at
532 nm is roughly twice the value at 1064 nm. However,
1064 nm causes less interference from electronically-
excited C; [20.22,324] and less broadband interference
from PAH [20.325]. For low laser fluences the LII in-
tensity rises monotonically with laser fluence as peak
particle temperatures increase. Increasing laser fluence
starts to vaporize the soot during the laser pulse and the
maximum particle temperature remains constant. In this
regime, where maximum particle temperature is reached
but only minor vaporization occurs, the variation of
LII with laser fluence is small, resulting in a so-called
plateau region. This plateau region is preferred in soot
volume fraction measurements as the LII signal is rel-
atively independent of laser fluence. This is important
in strongly absorbing environments. With higher flu-
ences, the soot concentration is significantly reduced by
vaporization resulting in reduced LII signals.

To obtain absolute soot volume fractions LII signals
need to be calibrated. Therefore, the accuracy of LII
is strongly influenced by the accuracy of the calibration
method. A common method is the use of light extinction.
However, this technique depends on the knowledge of
the refractive index of soot. Different values have been
reported for this value [20.326]. A method that is inde-
pendent of an external calibration is the calibration with
absolute light intensity [20.327]. The current status in
LII is reviewed in [20.328].

Numerous models have been developed to predict
the temporal behavior of the LII signal [20.298, 310,
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Fig. 20.45 Engine test bench and experimental setup, PMT: Photo-
multiplier

329-332]. The basis for most models is an energy
and mass balance between absorption of laser energy
and heat loss due to vaporization of material from the
surface, heat conduction to the surrounding gas and
radiation:

Gabs = qint + gevap T Gcond + Grad (20.8)

where gaps is the flux of laser energy absorption, gin
the flux of increase of internal energy, gevap the flux of
energy loss by evaporation, gcong the flux of heat conduc-
tion, and ¢raq accounts for the cooling due to radiation.
Various submodels for the different processes have been
suggested in the past. Solving the resulting differential
equation numerically yields the particle temperature as
a function of time which is then turned into LII signal in-
tensities using Planck’s law. A more detailed model for
soot particles including thermal annealing and oxidation
has been developed by Michelsen [20.333]. However,
several aspects in modeling LII are still related to large
uncertainty. The evaporation term is usually based on
equilibrium thermodynamics, e.g., describing the va-
por pressure of carbon using the Clausius—Clapeyron
equation. Large differences exist between experiment
and model results at high laser fluences when signif-
icant evaporation of soot particles takes place. Hence,
most experiments for obtaining particle sizes are carried
out using low laser fluences. Still, if the heat transfer is
dominated by conduction, which is the case for condi-
tions at atmospheric and higher pressure, uncertainties
remain in the value of the thermal accommodation coef-
ficient. There are different approaches to determine the
accommodation coefficient [20.319, 334]. However, in
these studies the coefficient is treated more like a gen-
eral calibration factor than assessing the true value of
accommodation for molecular energy transfer. A com-
parison of the model approches is published in [20.335].
A web-based simulation tool for LII signal, LIISim is
available [20.336].

In-Cylinder Diesel Particle Sizing. The engine used
for in-cylinder LII is a single-cylinder, two-stroke
Diesel engine with a displacement volume of 250 cm?.
A custom-designed cylinder head provides the required
optical access, which can be preheated or cooled,
respectively, to a suitable operating temperature of ap-
proximately 80 °C. The laser beam axis passes through
the center of the combustion chamber through two fused
silica windows. The optical axis of the detection sys-
tem is arranged perpendicular to the laser beam and has
access to the combustion chamber by a third window
at the top side of the chamber. Time-resolved signals
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were detected at 550 and 694 nm. The irradiated test
volume resulting from the present geometry is about
0.6cm>. The injection nozzle used is a Bosch com-
mon rail system, also located in the cylinder head.
The engine is motored by an electrical asynchronous
motor at a constant speed of 1500min~'. For time-
resolved LII (TiRe-LII) measurements, the engine was
fired for some individual cycles only. In this way, the
windows could be kept as clean as possible and the
thermal load on the cylinder head was low. The Diesel
engine was equipped with a pressure transducer and
a supplementary crankshaft position transmitter. All ex-
periments were performed at an injection crank angle of
23° CA before TDC and an air/fuel equivalence ratio of
¢ = 0.26. The particles were heated by an Nd: YAG laser
at 1064 nm with a laser fluence of 0.10J/cm?. Finally,
a thermophoretic particle sampler was located in the
exhaust gas manifold to get particle probes for further
analysis by transmission electron microscopy (TEM).
The system is shown in Fig. 20.45.

In contrast to the laminar and well-defined condi-
tions in the high-pressure burner the LII signals in the
Diesel engine were taken in turbulent conditions with
strongly varying pressures and temperatures. A series of
normalized particle emission signals during cooling ob-
tained from single shot experiments at six different crank
angles is shown in Fig. 20.46. Particle cooling strongly
depends on the engine crank angle and becomes longer
with increasing crank angle. The signals of Fig.20.46
and others were evaluated in terms of particle size by
fitting lognormal distribution functions to the measured
curves under the variation of the count mean diameter
(CMD) and geometric standard deviation oy.

For the evaluation of the particle radiation signals
in terms of particle size, it is important to know the re-
spective mean combustion chamber pressure p, and gas
temperature 7. For the present engine conditions, the
pressure varied from nearly 80 bar at 0° CA to close to
1 bar at 100° CA. Gas temperatures changed in this crank
angle range from 2000K to 1500 K, respectively. The
pressure was directly measured by a pressure transducer
and the temperature was evaluated both from two-color
pyrometry without laser heating and by calculating an
individual combustion cycle. With these two parameters
it was possible to evaluate the TiRe-LII signals shown
in Fig. 20.46.

The results are shown in Fig.20.47. CMD is in the
range of 30 to 75 nm, increases up to a crank angle of
about 10° CA and decreases again towards a value of
about 30 nm at 100° CA after TDC. This behavior can be
explained by particle formation and subsequent particle

Normalized signal
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Fig.20.46 Normalized TR LII signals at six crank angles

oxidation; oy is constant at a value of 1.1 up to a crank
angle of 70° CA and then increases towards about 1.32.
The two circled values of CMD and o, which are shown
at the right edge of the diagram, are results of the TEM
analysis of the exhaust gas primary particles. The agree-
ment between the TiRe-LII measured sizes at 100° CA
after TDC and the TEM determined primary particle
sizes in the exhaust gas is quite good.

Additional Species and Techniques

for In-Cylinder Measurements
Rayleigh scattering can be used as an alternative method
for gas-phase measurements of the distribution of large
molecular species (i. e., hydrocarbon fuels) in the pres-
ence of small molecular species (i.e., air). Rayleigh
scattering has been frequently used to measure gas den-
sity (and hence temperature) in homogeneously mixed

Count median diameter (nm) Geometric standard deviation
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Fig.20.47 CMD and o, evaluated from the signals in
Fig.20.46
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systems where the effective cross-section for elastic
scattering does not vary spatially [20.337]. It has also
been used to measure relative temperature distributions
in the post-flame gases in engines with simplified ge-
ometry [20.253]. Because of the linear dependence
of the Rayleigh signal on number density and laser
intensity, the interpretation of the signal is straightfor-
ward. As long as a single component dominates the
effective Rayleigh cross-section in a mixing system,
Rayleigh scattering also allows the measurement of
species number densities. Hydrocarbons have a much
larger cross-section for elastic scattering than air. There-
fore, the overall scattering intensity can be used for
measuring the local fuel density. With this technique,
fuel vapor density has been measured in internal en-
gine combustion [20.338-341] and in the mixing field
of atmospheric-pressure natural gas flames [20.142]. In
the case of single-component substitute fuels effects
due to preferential evaporation (i.e., spatial separa-
tion of different fuel components that might have
different scattering cross-sections) are avoided. The
cross-sections for elastic scattering can be calculated
based on data from [20.342-344] using dispersion rela-
tions from [20.345,346]. Fuel dominates the scattering
signal in the case of n-decane in air by a factor of
ORay,fuel/ORay,air = 120. As long as no background scat-
tering off surfaces and particles is present the total
signal can be directly correlated with fuel number
densities.

Rayleigh scattering, however, can be strongly in-
fluenced by scattering of laser light off walls and
particles. It is therefore necessary to assess the back-
ground level that comes from these additional processes.
In environments with lots of scattering off surfaces or
particles (small enclosed housings, presence of fuel
droplets, sooting environment) the standard technique
fails. Filtered Rayleigh scattering [20.347] has been
demonstrated under these conditions. Here, a narrow-
band laser is used for excitation that overlaps with
a narrow line filter. Only slightly frequency-shifted sig-
nal (shifted by Doppler broadening due to the thermal
velocity of the scattering molecules) is detected.

Raman Scattering. Valuable information for most ma-
jor species in engines can again be obtained from
spontaneous Raman scattering. Griinefeld et al. [20.249]
performed spontaneous Raman imaging along a line
with noise levels of a few per cent in a single shot using
the beam of a KrF excimer laser at 248 nm with spec-
tral as well as spatial dispersion of the scattered light
accomplished by mounting an intensified CCD (ICCD)

camera in the exit plane of a spectrograph. The larger
scattering cross-sections in the ultraviolet allow imag-
ing of the scattered light with smaller collection optics
and therefore, measurements in technically relevant de-
vices such as engines and boilers. By taking advantage
of the highly polarized Raman and Rayleigh scattered
light in comparison with unwanted laser excited fluo-
rescence and stray light from enclosure walls, they were
able to monitor major species in a iso-octane spray flame
burner and a four-cylinder in-line engine by subtracting
spectra taken with mutually perpendicular polarization
of the exciting laser beam.

CARS. The most accurate spatially-resolved tempera-
ture measurements in engines can be performed with
CARS as long as beam steering effects which severely
degrade the CARS signal generation process can be tol-
erated. Therefore, precise cycle-resolved thermometry
is possible in the compression stroke prior to igni-
tion [20.117], in evaporating sprays [20.348] and in
the expansion stroke when the flame front has tra-
versed through the focal volume of the beams [20.349].
In any case the unstable resonator enhanced (USED)
CARS phase-matching beam geometry [20.118] is pre-
ferred in such measurements to minimize beam-steering
effects.

20.4.5 Diagnostics for Stationary,
Large-Scale Combustion Processes

Efficient control and optimization of large-scale in-
dustrial combustion systems such as power plants,
incinerators or heavy industries, is of considerable eco-
logical and economical interest. In order to detect and
correct deviations from the optimal process conditions
detailed physical and chemical information — preferably
from within the main process volume — is needed to per-
mit feedback to the process by fast active-control loops.
This places high demands on sensors for the gaseous
major species and trace species concentrations, gas
temperature, gas residence time and other process pa-
rameters. An efficient use of feedback loops for process
control also requires sensors with sufficient temporal
resolution and close coupling of the sensor response to
the process of interest. Apart from sufficient sensitivity,
selectivity and response times, a sensor for industrial
process control applications must offer important addi-
tional features like compactness, long sensor life time,
good long-term stability, reliable and simple calibration,
ease of use, and finally low cost of ownership with re-
spect to the possible savings in the process [20.10,350].
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In power plants and other stationary industrial
combustion processes most parameters and especially
gas-species concentrations are predominantly measured
with extractive sensors. These are based on a multitude
of different detection principles ranging from spectrally
broadband optical sensors like nondispersive infrared
(NDIR) photometers, fluorometric NO detectors, or
Fourier transform infrared (FTIR)-based spectrometers
to non-optical principles like paramagnetic or ion-
conductive Oy analyzers, metal-oxide-semiconductors
and expensive multispecies gas chromatographs or mass
spectrometers [20.351]. Common to these devices is that
they always require extraction of a gas sample, which is
typically done well behind the main reaction zone via
a single access point in the flue gas duct. Prior to anal-
ysis the gas sample is filtered to remove particulates,
usually cooled well below room temperature to remove
water, avoid condensation and protect the sensor from
the hot gas, and than transported to the main analyzer
via a sampling tube that is sometimes up to 100 m long.
This sampling process significantly affects the useful-
ness of the species signal for process control and creates
numerous difficulties that can range from slow temporal
response, systematic errors due to effects like adsorp-
tion, condensation, chemical reaction and fractionation
during the sampling process and reduced representa-
tiveness due to the local sampling. Furthermore, many
of this sensors often suffer — especially in the case of
complicated gas mixtures — from a lack of specificity,
caused for instance by the low spectral resolution of the
optical filters used in some of these instruments. Ex-
tractive sensors in general and NDIR in particular also
have a rather high cost of ownership due to the require-
ment for frequent cleaning of the sampling lines and
routine calibrations with reference gases. Finally, due to
the heterogeneity in the extractive sensor principles and
the risk of fractionation during the sampling process it
is in most cases impossible to perform a stringent com-
parison of, e.g., multiple species concentrations with
high temporal resolution, which would be most interest-
ing for monitoring and optimization of the combustion
chemistry.

Avoidance of these problems requires a single, rather
universally applicable, non-intrusive in-situ measure-
ment technique for species concentrations, temperatures
and flow parameters, which provides sufficient selec-
tivity, resolution and speed, which completely avoids
probe sampling and the need for costly calibration proce-
dures and which is capable of simultaneously measuring
nearly unrestricted combinations of process parameters
within the same detection volume. Furthermore, in order

to facilitate a widespread industrial use, the measure-
ment technique should be rather independent of the type,
size, and specific process conditions (temperature, pres-
sure, particulate load of the gas) and, e.g., be applicable
to a direct measurement even within large combustion
chambers, with lateral dimensions in the order of tens of
meters.

High-Resolution Laser-Absorption

Spectroscopy
High-resolution laser absorption spectroscopy (LAS)
[20.6, 352] is probably the only analytical technique
that provides a simultaneous solution to most if not
all of the above mentioned requirements. In absorp-
tion spectroscopy (AS), one of the oldest techniques
of non-intrusive investigation of gaseous media, radi-
ation directed straight through the measurement zone
towards a radiation detector is being absorbed and this
loss is monitored and analyzed for its dependence on
wavelength.

AS is extremely versatile as every species of in-
terest will show internal degrees of freedom which
may be optically excited via the absorption process.
Atomic species (and homonuclear molecules) maybe de-
tected via electronic transitions in the ultraviolet (UV)
and visible (VIS) spectral range, whereas heteronuclear
molecules offer several important additional detection
pathways via radiative excitation

1. of rotational levels in the far-infrared spectral range
(FIR, A = 0-100 pm)

2. of vibrational and rotational sublevels in the mid IR
(MIR, A = 10-3 pum) and

3. via vibrational overtone and combination bands in
the near IR (NIR, A = 1-3 pum) [20.353-356].

This is a significant advantage to diagnostic tech-
niques based on light emission like fluorescence,
phosphorescence or chemiluminescence, which cannot
be applied to every analyte as radiative transitions are
prerequisite for those techniques [20.357]. Addition-
ally, emission techniques often suffer from problems
like radiative quenching, predissociation and other non-
radiative de-excitation mechanisms. Thus, even though
emission-based sensors are quite simple, inexpensive
and robust, extensive pressure-, species- and device-
dependent calibration information is needed in order to
deliver absolute process data. Especially the low spectral
resolution of chemiluminescence techniques provides
only limited specificity, making it difficult to separate
the signal from fluctuating background radiation.
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Fig.20.48 Wavelength range of various available laser light sources

Further unique properties of AS that are important to
combustion diagnostics are the possibility to determine
absolute absorber densities and temperatures without
the need for calibration and the linear sensitivity scaling
with absorption path length. The line-of-sight charac-
ter of AS may be, to a certain extend, a disadvantage
compared to laser-induced emission-based techniques,
because it prevents spatially resolved measurements in
complicated geometries. But on one hand this restric-
tion can be lifted for many cases using tomographic
techniques [20.358,359]. On the other hand this path-
averaging effect, as it permits much more representative
results than extractive or point-sampling techniques,
proves to be very important for the surveillance of the
very large measurement volumes frequently found in
stationary combustion processes, reaching up to 20 m in
diameter [20.10, 350,357,360].

Laser Sources for Absorption Spectroscopy
The analytical potential of AS could be significantly
enhanced through its combination with laser excitation.
The high spectral resolution of a laser light source maxi-

mizes the chemical selectivity especially in complex gas
mixtures. Its high spectral power density minimizes or
even completely removes the influence of detector noise,
one of the major limits when working with broadband
light sources, thereby significantly enhancing the spec-
trometer sensitivity. Furthermore, it is the high spectral
power density that is an enabling laser feature for non-
intrusive diagnostics in strongly luminescent processes,
as it often permits one to neglect the influence of the
strong thermal emission that occurs in many combustion
processes.

Additionally, by taking advantage of the good laser
beam quality it is possible to drastically reduce the size
of the optical access ports to the process, and even more
important, to considerably increase the maximum ab-
sorption path lengths, thereby permitting a significant
increase in the sensitivity. Using laser sources in com-
bination with simple single-path setups typical in-situ
absorption path lengths in the order 1-5m [20.361,362]
are used in combustion applications, but up to 20 m have
been demonstrated in large industrial combustion pro-
cesses [20.363,364]. If even longer path lengths are
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needed, e.g., for the detection of minor species concen-
trations, and provided that optical disturbances such as
light scattering by particles, are not too strong, it is pos-
sible to apply special, ruggedized multipass optics of the
Herriott [20.365,366] or White type [20.367,368] to fold
the beam path. Using that approach, path lengths in the
order of 100 m and beyond have been achieved and used
for gas-phase analysis in multiphase flows, e.g., to study
the dynamics of ice cloud formation [20.369,370]. The
same technique is also advantageous if the measurement
region has to be spatially confined. Such an approach
was realized for the investigation of fire-suppression sys-
tems to study the gas-phase composition within water
sprays [20.371].

When comparing laser sources for absorption spec-
troscopy rapid and, if possible, continuous tunability
of the laser wavelength [20.10,372] is one of the key
features for combustion diagnostics. Rapid wavelength-
tuning capabilities of many laser sources endow LAS
with high temporal resolution and simultaneously permit
a high degree of robustness against optical disturbances.
On the other hand continuous wavelength tuning al-
lows the recovery of entire absorption line shapes.
This provides not only enhanced signal stability via
suppression of spurious baseline effects, but more
importantly the possibility of using line-shape analy-
sis to access all the parameters that affect line area,
shape and position (e.g., gas pressure, temperature,
velocity, electric and magnetic fields etc. [20.6]) ex-
perimentally. Additionally, and most importantly for
industrial applications, complete coverage of the absorp-
tion profile allows a calibration-free determination of the
absolute absorber concentration by extraction of the in-
tegrated line strength according to the Lambert—Beer
law [20.352,361,362,364,371].

Laser Selection and Spectral Coverage. Another key
feature for laser selection is spectral coverage [20.10].
In general, the impressive versatility of LAS is based
upon the very large spectral coverage provided by mod-
ern laser technology, spanning nearly seamlessly from
the UV-VIS (e.g., via excimer, dye and solid-state
lasers), over the mid infrared (e.g., CO, and CO gas
lasers) [20.372,373] to the far-infrared and THz region
(via masers, quantum-cascade diode lasers) [20.374—
376] (Fig.20.48).

Nevertheless, it must be kept in mind that most in-
dividual laser types are limited to a relatively narrow
spectral range and that many of them feature only dis-
continuous or even no tuning capabilities at all. thus
having only rather specialized applications.

Typical examples are MIR gas lasers like the
CO; and the infrared HeNe laser (A ~ 10.6 um resp.
3.39 um). Both are based on quite mature and thus ro-
bust technologies, but their applicability for gas sensing
relies on accidental coincidences with strong absorption
lines. As the single emission line of the IR-HeNe co-
incidences nicely with the very strong C—H stretch of
the ro-vibrational transitions of most hydrocarbons it is
quite frequently used for CH4 monitoring [20.377,378].
Combined with special IR-transmitting fibers, robust,
fast, and sensitive absorption sensors with up to 2kHz
time resolution have been demonstrated and for instance
used to study local mixing effects in CH4 combus-
tion [20.379].

The CO; laser is substantially more flexible owing
to its high output power (> 1 W) and the multitude of
discretely accessible lines. This enabled the realization
of important sensing applications of hydrocarbons, am-
monia and other species [20.380-382] and led to one of
the first commercialized industrial in-situ species sen-
sors for closed-loop control applications in large power
plants: a laser in-situ ammonia sensor [20.383, 384]
used for optimization of NOy removal via the selec-
tive catalytic reduction (SCR) or selective non-catalytic
reduction (SNCR) process [20.358, 385].

Despite these successful applications, only very few
laser principles feature the possibility to cover a sub-
stantial part of the UV-VIS-IR spectral range with
a single lasing mechanism, which is advantageous as
the development efforts and cost are substantially lower
when new species and hence new laser wavelengths
must be incorporated. The two most important members
of this laser class are semiconductor diode lasers and
solid-state lasers, which provide this special property
especially in combination with nonlinear crystal-based
wavelength-mixing techniques like optical parametric
generation (OPG), as well as second-harmonic, sum-
frequency, and difference-frequency generation (SHG,
SFG and DFG) [20.386].

However, practical combustion applications impose
severe restrictions on the laser choice simultane-
ously requiring advantageous technical properties like
room-temperature operation, long device life time, com-
pactness, high electrical efficiency, and low cost, to name
a few. As many of these laser systems are still in a de-
velopmental stage they have to mature significantly to
be routinely applicable to the harsh boundary conditions
often found in stationary combustion systems. As a con-
sequence, the use of nonlinear laser-light generation
techniques seems currently, despite turbulent develop-
ments, due to complexity, robustness, cost and space
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restrictions limited to the mid-term future, which leaves
the diode laser as the premier choice with regard to
general applicability.

The continuously tunable diode laser (TDL) is one
of the most powerful laser sources for combustion diag-
nostics. Developed in the 1960s, soon after the first laser
demonstration by Maiman [20.4], TDLs in the mid IR
quickly became an important working horse in analyti-
cal basic research because they combined the three most
important properties for analytical problems.

® Excellent selectivity due to their very high spectral
resolution (1073-10*cm™)
® Very good sensitivity,
— due to the access to the strong absorption lines
in the molecular fingerprint region in the mid
infrared, in combination with their
— rapid, versatile and continuous wavelength-
tuning properties. Latter permitting the de-
velopment of advanced noise-reduction tech-
niques [20.387], which provide significant
sensitivity enhancement; in some cases even up
to the shot-noise limit, the ultimate limit for
absorption techniques [20.388].
e Excellent flexibility, due to their near-complete cov-
erage of the MIR (A = 4-20 um).

The versatility of MIR-TDL is widely documented in
literature [20.389,390] and first experiments deploying
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Fig. 20.49 Selection of detectable species and achievable sensitivi-
ties using NIR diode lasers. Vibrational overtone transitions of some
species are connected with dashed lines. Sensitivities in ppm at one
meter absorption path length are calculated assuming a detectable
fractional absorption A/l of 10~4 OD

their advantageous spectroscopic properties date back
as far as in the 1970s, when a CO detection was first re-
alized for environmental applications [20.391] and then
quickly transferred to combustion problems [20.392—
394]. However, despite significant long-term develop-
ment efforts the major drawback of these so-called
lead salt or IV-VI lasers [20.395] remained their
need for cryogenic cooling to liquid-nitrogen or even
liquid-helium temperatures, which severely hindered
the widespread transfer into industrial combustion di-
agnostics. Nevertheless, MIR-TDLs are still frequently
applied and of significant importance for basic [20.396]
and combustion research [20.397].

The availability of room-temperature operated near
infrared diode lasers (NIR-DL) in the AlGaAs and
InGaAs material system (X =780-1550nm) with
relatively high optical output power (3—200 mW) signif-
icantly changed this situation, especially for diagnostics
in large stationary combustors, because NIR-DL, which
were initially developed and mass-produced for data
storage and fiber-based data transmission, for the first
time combined wide spectral coverage with superior
spectroscopic and technical specifications. As a conse-
quence, the NIR spectral range became quite interesting
for absorption-based combustion diagnostics, first, to
take advantage of the NIR-DLs high spectral quality,
simple operation and low costs, and second, partially
because the lower absorption coefficients of molecular
overtone and combination bands in the NIR (Fig. 20.49)
could be compensated by the longer absorption path
commonly available in stationary combustion systems.

In recent years the wavelength coverage and thus the
versatility of TDLAS has improved even further. As data
storage capacities of optical discs improved, the avail-
able wavelength band for room temperature DL was
first extended to the red (A > 630 nm) and meanwhile
even to the blue and near UV (450-350nm) [20.398],
with a small gap remaining in the 460—620 nm range.
Simultaneously, the increased interest in industrial sens-
ing applications in combination with a strong growth of
the demand for security applications for military coun-
termeasures and public safety provided the driving force
for the development of promising new diode lasers in the
short wave IR, the mid IR and even the far-infrared (FIR)
or Terahertz (THz) spectral ranges. The short wave IR
at 1.8—2.8 wm, which is important for combustion di-
agnostics, as this range is a good compromise between
stronger absorption lines without too severe interference
from hot water or CO;, could be very recently accessed
with relatively mature room-temperature devices, that
are based on the InSb material system [20.362,399,400].
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Another major wavelength expansion could be derived
from the invention of a completely new semiconduc-
tor laser type, the so called quantum-cascade lasers
(QCL) [20.401]. QCLs permit not only surprisingly high
output powers of up to watts, of at least the same if not
higher importance is the possibility of operation at or
near room temperature in the MIR, as well as the access
to the THz region [20.376], though only at cryogenic
temperatures.

This increasing flow of new semiconductor devel-
opments has already lead to a revival of absorption
spectroscopy, which will proceed and expand as THz
and especially room-temperature MIR sources will ma-
ture and as hybrid technologies like diode laser pumped
solid state lasers improve nonlinear wave mixing tech-
niques. This will provide spectroscopic sources with
very high spectral resolution, very wide range tunabil-
ity and a spectral coverage extending from the UV
to the THz-region thus encompassing electronic, ro-
vibrational as well as pure rotational transitions, making
a TDLAS even more versatile.

In-Situ Tunable Diode-Laser Absorption

Spectroscopy (TDLAS)
The development of in-situ laser diagnostics suitable for
permanent use in stationary combustion processes im-
pose very high demands on the spectrometer and its
components. Currently the NIR spectral region offers
the best boundary conditions for such applications, as all
components, lasers, (fiber) optics as well as detectors,
are highly developed due to their mass production for
communication and data-storage technology. Commer-
cial NIR-DL, provide near-complete spectral coverage
from 635 to 1650 nm, which was recently expanded to
2600 nm by use of new InSb materials. With regard to
industrial sensors NIR-DL offer a unique combination
of positive properties like low cost, tiny size, room-
temperature operation, very long laser lifetime of 10°
hours and more, single-mode output power of up to
several 100 mW, and excellent spectral resolution of
10~3 nm. Their sole disadvantage, to cover only rela-
tively weak transitions in the visible and near infrared
range (Fig. 20.49, e.g., overtone and combination vibra-
tional bands, magnetic dipole transitions, line strength
10723 to 1072 cm/molecule), is of minor importance
for stationary combustion sensors, as the species con-
centrations to be monitored are often quite high and the
absorption lengths in full-scale combustors are rather
large.

The versatile tuning properties of NIR-DL are most
important for sensing applications. Monolithic diode

lasers provide a wide range but slow tuning by laser tem-
perature (typically 2—5 nm within a few 100s), as well
as a very fast and continuous tunability by laser current
modulation (103-10°cm™!/s over Av=1-3cm™").
Complete absorption line shapes may thus be captured
even on ps time scales. The use of entire line shapes
improves the stability of the data evaluation as time
dependent baseline distortions may be separated. Fur-
thermore by evaluation of the spectral line profile, it
is possible to simultaneously extract absorber concen-
tration as well as the physical boundary conditions in
the measurement volume. The high tuning speed on
the other hand is quite important for in-situ measure-
ments in harsh environments as it permits to freeze
all disturbances in the measurement volume, which is
a prerequisite for their efficient removal [20.362].
Current tuning, however, simultaneously generates
an unavoidable side effect: the amplitude modulation
(AM) of the laser output power. AM tends to hide the
weak molecular absorption signal in a strongly sloping
background (Fig. 20.50) and also limits the usable dy-
namic range of the data acquisition system. The figure
of merit, the specific AM, dP/dA, i.e., the change in
output power per wavelength interval, is usually best for
vertical-cavity surface-emitting lasers (VCSELs), and
worst for high data rate telecommunication distributed
feedback diode lasers (DFB-DL), which on the other
hand provide highest spectral purity [20.388]. However,
hybrid diode lasers like external cavity diode lasers (XC-
DL), which use antireflection-coated laser chips and
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Fig.20.50 Generic in situ TDLAS signal trace and measurement
principle of direct tunable diode-laser spectroscopy. The distur-
bances [Tr(¢), E(¢)] have to be compensated before applying Beer’s
law. Tr(z) indicates the unspecific loss of the initial laser light (o)
due to scattering and refraction, E(¢) is the level of background
light and gray-body radiation reaching the detector. The line area is
after disturbance correction proportional to the number density of

absorbers

1289

%°0Z|) Hed



1290

4°0¢|) Hed

Part C

Specific Experimental Environments and Techniques

externally mechanically tuned optics to select the laser
wavelength, may be used to avoid AM [20.402]. More-
over, XC-DL access the complete gain profile of the
semiconductor thus providing the widest tuning ranges
(20 nm in the red, up to 200 nm in the NIR) [20.403].
However, increased cost, size, and susceptibility to me-
chanical instability, and reduced tuning speed, severely
hinders their use in combustion applications.

The basic setup of an absorption spectrometer is
quite simple: the beam of a diode laser is collimated,
directed through the measurement volume, collected by
a spherical mirror and projected onto a photo detector.
As the laser wavelength is continuously scanned over
the absorption line, the photodetector signal is amplified,
filtered, digitized by an analog-to-digital (AD) converter,
transferred to a computer, and evaluated for narrow band
losses by a curve fitting algorithm, which, after removal
of the AM and other disturbances, usually extracts the
area of the absorption line by applying the Lambert—Beer
law, here written for homogeneous conditions along the
beam path:

I(L) = ITo(A) exp [—S(T)g(A —Xo)NL] .

The Lambert-Beer law relates the detected inten-
sity I(A) to the initial intensity Io(A) (describing the
current- and thus wavelength-dependent AM) and the
molecular absorption signal of a well-resolved indi-
vidual absorption line. The latter is described by the
temperature-dependent line strength S(T) of this line,
the number density N of absorbers, the absorption
path length L, and an area normalized (= 1) function
gL — Lo), describing only the shape of the absorption
line, which is centered at wavelength 1g. Using this
normalization, this equation can be solved to yield the
absolute absorber density N,

V=g [ () x =N
S(T)L 1) p

or the absorber concentration X by applying the ideal
gas law and the measured temperature 7' and total
pressure p.

It is important to note, that this equation does not
contain any calibration parameters and that S(7) is
a molecular parameter, which is independent of the
spectrometer configuration. Thus the absolute absorber
density N, respectively the absolute absorber concentra-
tion X, can be directly inferred from the measured line
area without any calibration. Only L, T and S(7), and
the total pressure p, must be known/measured. Further-
more, given a spectrally well-isolated absorption line,

the line profile integration yields that N is indepen-
dent of the line shape, i.e., all line-broadening effects
and the total pressure. This property to avoid any cal-
ibration as well as pressure-broadening effects, is very
advantageous for in-situ measurements in combustion
devices or processes with variable pressure or tempera-
ture, and is hardly achievable with other measurement
principles, thus giving absorption spectroscopy a rather
unique position.

However, in order to take advantage these proper-
ties, it has to be kept in mind, that the normalization
of the line area only holds in wavelength space. Hence,
the absorption signal has to be transferred from time
space to wavelength space by taking care of the dy-
namic tuning behavior, di/dt, of the diode laser. For
very slow, quasistatic current tuning the conversion fac-
tor is just a constant. But, for higher tuning speeds,
which are needed for fast measurements or, as we will
see, under harsh boundary conditions in combustors,
the tuning becomes highly nonlinear, which results in
asymmetrically distorted line shapes in time space. The
line fitting process thus requires that di/dr is deter-
mined experimentally and taken into account. This is
frequently realized using solid or air-spaced etalons as
relative frequency markers [20.402]. As the system-
atic errors in N or X are dominated by errors in S(7)
and dX/dt, it is most important to determine dA/dr at
least with the accuracy of S(T'). The use of compact,
solid etalons, within the instrument, may therefore, de-
spite their robustness, generate too large uncertainties,
due to refractive index errors, temperature effects, and
reduced resolution. More precise are large air spaced
etalons, whose frequency markers depend to a very
large extend on the spatial separation of the etalon
mirrors only.

In-situ laser absorption spectroscopy in combus-
tion environments requires not only the consideration
of the spectroscopic effects of temperature or pressure
variations on the molecular signal. Furthermore, great
care has to be taken to correct the detector signal for
various strong disturbances that are often unavoidable
under combustion conditions [20.362, 363, 404]; most
important are strong fluctuations of the overall transmis-
sion Tr(t) of the measurement path, which are caused
by broadband absorption and scattering by particles,
or beam steering due to refractive-index fluctuations.
Additionally, there is frequently an intense thermal
background radiation E(#) from the combustion zone
or radiating particles that increases the detector sig-
nals. Both effects may be changing rapidly in time and
have to be included in an extended version of Beer’s
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law:
1) = Io(AM)Tr(2) exp [—S(T)g(A — Ao)NL] + E(1)

An exaggerated sketch of a typical in-situ TDLAS
signal trace is shown in Fig.20.50, indicating the
additive emission and the multiplicative transmission
term.

The relative signal-to-disturbance ratio depicted in
Fig.20.50 is however far from reality, as NIR absorp-
tion signals only rarely yield more than 5% absorption,
while the transmission losses, e.g., in large coal com-
bustors [20.363] or dense water sprays in fire research
can [20.371,405] exceed 99.99%, and the thermal back-
ground in coal plants may become 10 times stronger than
the transmitted laser light. As the disturbances are often
orders of magnitudes larger than the molecular absorp-
tion signals, they may bury the net signal completely.
Effective disturbance suppression, compensation and re-
moval strategies are thus essential in order to extract
the narrow-band absorption and compute the desired
combustion parameters.

The basic idea to effectively separate and correct
the molecular absorption for the transmission and emis-
sion effects takes advantage of two important features of
diode lasers: their fast wavelength tunability and — taking
advantage of a mistake — their simultaneous current-
induced output power modulation. By tuning the laser
much faster than the transmission and emission fluc-
tuations, both disturbances are effectively frozen, thus
can be assumed to be constant during the wavelength
scan and corrected by subtracting the offsets and di-
viding the offset-corrected scan through the baseline
function [20.362]. The AM thus serves as a transmis-
sion sensor, while the emission term can be isolated
from the DC coupled detector signal by quickly switch-
ing off the laser at the beginning of each scan. Hence, it
is still possible to avoid calibrations and extract absolute
absorber densities directly from the DC coupled detec-
tor signal by exploiting the extended Lambert—Beer law,
provided that Tr(¢) and E(¢) can be extracted from the
unprocessed detector signal. Additionally rapid phase-
locked averaging of the wavelength scans, equivalent to
using a comb filter at the modulation frequency and its
overtones, may be used for further noise reduction and
improvement of the detection limits [20.362,406].

The described experimental concept, to directly
capture and evaluate the DC coupled detector sig-
nal, including all offsets and disturbances, is termed
direct absorption spectroscopy (DAS). Though the
simplest approach to LAS, it was proved that DAS
is capable of routinely achieving fractional optical

resolutions, AI/Iy, of 1073-5x 107 in the in-situ sig-
nal, depending on the complexity of the disturbances
and the measurement environment [20.362, 364, 407,
408]. Other more-complicated double-modulation tech-
niques such as wavelength modulation spectroscopy
(WMS) [20.387,406,409-414] or frequency modula-
tion spectroscopy (FMS) [20.397,415,416] or dual-path
approaches such as balanced detection [20.388,417] are
reported to provide one to two orders higher resolution,
with Al/Iy better than 107> —10~° being reported un-
der well-controlled laboratory conditions or in extractive
measurements. Application of these techniques to in-situ
measurements in combustion scenarios, however, con-
siderably increases their technical complexity and cost,
which limits their widespread use. Especially the treat-
ment of pressure and temperature dependent line shape
effects, as well as the removal of transmission fluctua-
tions is not straightforward with these techniques, so that
sensor calibration if often required and most of the res-
olution advantage is lost due to incomplete disturbance
correction.

In comparison, DAS has a under certain circum-
stances reduced sensitivity, but it also provides several
highly important features, i.e., a relatively simple and
robust setup, rapid response, and particularly the pos-
sibility to perform a calibration-free measurement of
absolute gas concentrations while simultaneously avoid-
ing line broadening effects. Hence, DAS offers a good
compromise between sensitivity and complexity, and
therefore is of great value for in-situ combustion diag-
nostics in technical processes.

Application of In Situ TDLAS
TDLAS has been extensively used over the last decades
for combustion diagnostics [20.10, 350, 357, 360]. Its
versatility can be nicely demonstrated by the long
list of accessible process parameters using NIR-TDLs.
Most important and most frequently employed is the
detection of species concentrations, which has been
realized for many light molecules (via their molecu-
lar overtone and combination bands (Fig.20.49), and
even many atomic species [20.418,419], (e.g., most
alkali [20.402] and earth alkali atoms) via their elec-
tronic transitions. Nearly as important to combustion
diagnostics is the measurement of gas temperatures,
which may be determined either via two-line thermom-
etry [20.364] from the line strength ratio of a suitable
line pair or from Doppler broadening [20.420]. Colli-
sional broadening of the line shape has been used for
pressure measurements [20.420]. Even the flow speed
of the absorber may be extracted using tracer meth-
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ods [20.402,421] or from the Doppler shift of the
line profile and combined with the species concentra-
tion to derive mass flux or thrust [20.420, 422]. The
residence time distribution of the product gases in a re-
actor [20.402] is another important parameter which
in high-temperature flows could only be measured by
radioactive tracer methods. Using diode lasers that pa-
rameter could be inferred by seeding the flow with
a tracer molecule [20.402,421] and detecting the re-
lease of the tracer. Continuous seeding has been used in
a pulsed flow [20.421,423], as well as pulsed seeding in
a continuous flow [20.402].

Multi-Parameter  Spectrometers. One particular
strength of laser absorption spectroscopy is the possi-
bility for multi-parameter sensors with near arbitrary
combinations of measurement parameters [20.10, 350,
357]. By optically superimposing the required number
of different laser beams, usually one per measurement
parameter, a multicolor laser beam is formed and used
to enable simultaneous multi-parameter detection in the
same detection volume via a single pair of optical ac-
cess ports. Beam superposition can be realized by free
space optics [20.364], or particularly elegant and robust
by fiber-multiplexing several diode lasers into a single-
mode glass fiber [20.424-427], taking advantage of
the high-quality fiber-optical components developed for
telecommunication. Depending on the spectral separa-
tion of the lasers needed for the individual parameters
different wavelength multiplexing schemes maybe used:

® Spectral wavelength multiplexing may be used for
well-separated wavelength channels. In this case
the absorption signals are acquired by simulta-
neously scanning all lasers and dispersing the
multi-wavelength beam after passage of the ab-
sorption path onto multiple detectors by use of
a grating [20.424-427] or dichroic beam split-
ters [20.361,364].

® Alternatively, for insufficient spectral separation,
multi-parameter measurements may be realized by
temporal wavelength multiplexing [20.408, 428],
taking advantage of the rapid amplitude modula-
tion possible with diode lasers. Time multiplexing
means sequentially scanning each individual laser
of a laser array and detecting the transmitted light
with a single detector.

® Finally there is the possibility of modulation fre-
quency multiplexing [20.410], which has only be
demonstrated in combination with double modu-
lation techniques like WMS. Here all lasers are

operated simultaneously, but at different modulation
frequencies. The light of all the lasers is directed
onto a single detector and the respective compo-
nents are separated by narrow-band electrical filters,
e.g., lock-in amplifiers.

Due to the scan range limitations of monolithic
lasers multiple-parameter detection has mostly been
performed with a combination of several indi-
vidual diode lasers. However, with the persistent,
telecommunication-driven progress in external-cavity
diode lasers [20.403,429] and multi-section distributed-
feedback (DFB) and distributed-Bragg-reflector (DBR)
lasers [20.428, 430] laser systems continuously scan-
ning up to 100 nm have become available, which will
simplify the design of time-multiplexed multi-parameter
spectrometers significantly.

Laboratory-Scale Combustion Control Applications.
For large stationary combustion systems such as power
plants, incinerators and heavy industries, a tight moni-
toring and control of combustion is of great importance
to achieve a high fuel efficiency and reduced pollu-
tant emission. The development of adequate sensors and
fast active control loops suffered for a long time from
the complex boundary conditions found in full-scale
combustors. Thus the first successful TDLAS-based
closed-loop combustion control experiments have been
realized in well-controlled laboratory environments us-
ing small atmospheric burners with a few cm absorption
path [20.424, 431]. This first setup consisted of two
fiber-coupled wavelength-multiplexed DFB-DLs, which
were rapidly scanned (1 kHz) across two water absorp-
tion lines in the 1.3 pum overtone band to measure water
concentration (from peak height) and gas temperature
(from peak ratio) 6 mm above the burner surface with
2 ms time resolution. This permitted a closed-loop tem-
perature control from 900 to 2400 K by adjusting the
fuel flow with a proportionally acting voltage-controlled
solenoid valve thereby achieving a temperature devia-
tion of only 1% (1) between 1800 and 2100 K. The
next HyO/temperature sensor generation [20.432] (with
Al =10cm) used an adaptive controller and acoustic
forcing to optimize within 100 ms the performance of
an atmospheric 5kW non-premixed, CoHy—air, annu-
lar dump combustor (ADC) through improved fuel-air
mixing achieved by adjusting amplitude and relative
phase between air and fuel flow forcing. System scale-
up ended with a 50kW pulsed ADC waste incinerator,
where CO emissions dropped from 2500 ppm to be-
low 200 ppm by active optimization of the relative
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phase between primary and secondary air flow based
on temperature measurements with 100 s resolution in
a 18 cm-wide flue gas duct [20.433]. Recently TDLAS
control was also applied to modern propulsion sys-
tems, so-called pulse detonation engines (PDE). PDEs,
essentially narrow, few cm-inner-diameter steel tubes,
generate thrust by discontinuously igniting premixed
gas. To optimize fuel consumption, maximize specific
impulse and reduce temporal propulsion fluctuations
it is important to avoid overfilling of the PDE and
to adapt the ignition timing to the changing bound-
ary conditions in the PDE (i.e. temperature, residual
gas). Using fixed-wavelength DFB-DLs and standard
lock-in detection C,Hy mixture fraction and temperature
(for T =300-900 K) was determined (after calibration)
from the peak height/peak ratio of the CoH4 Q-branch
multiplet at 1.62 um [20.434]. Then, a simple closed-
loop on—off controller adapted the fuel loading and
ignition timing. This reduced the shot-to-shot thrust
fluctuations significantly, clearly demonstrating the ad-
vantages of TDL-based control.

TDLAS Application

to Stationary Combustion Systems
Sensor scale-up from rather short absorption paths in
the order of 10cm and laboratory-like conditions into
industrial combustion environments (i. e. power plants
with combustion chambers up to 100 times larger) has
long been hampered by the large, quite variable and
only rarely characterized disturbances present in large
stationary combustors. Careful characterization of the
optical and optomechanical properties of the in-situ
absorption paths in these combustors has increased
the knowledge about these problems in a way that
robust and highly efficient correction and data eval-
uation algorithms for direct absorption spectroscopy
could be developed, which can cope with the extreme
disturbances levels, and extract weak molecular absorp-
tion signals despite severe light losses of more than
99.99% and background radiation signals, which may be
more than a 10-fold stronger than the transmitted laser
light [20.352,361,362,364,371]. The development of
these procedures extended the working range of in-situ
absorption spectroscopy drastically, so that despite the
moderate laser output powers of 1-100mW it became
possible to detect and quantify specific absorptions on
the order of a few percent with an optical resolution of
10~3-10* and with a temporal resolution of 0.1-30s.

Another key development which proved indis-
pensable for the realization of industry grade in-situ
spectrometers, was the design of a new computer-

controlled optomechanical setup, which, in spite of
strong disturbances caused by the in-situ path, is able
to ensure permanent optical access to the measure-
ment volume by automatically controlling, optimizing,
and stabilizing the optical alignment of the spectrom-
eter. Combined with various techniques to suppress
the in-situ disturbances, this optomechanical setup
could compensate for strong temperature-induced de-
formations of the combustion chambers, which before
prevented continuous measurements during large com-
bustor load changes [20.364]. Further, in cases of
extremely poor visibility, this system could also be used
to perform an automatic, computer-controlled initial
alignment of the in-situ spectrometer [20.363].

All these critical developments are about to change
the situation, and to permit the scale-up of TDLAS sen-
sors to full-size combustion processes thus opening up
new possibilities to optimize stationary combustion pro-
cess. As a result of this progress NIR-DL-based in-situ
TDLAS has been recently applied to an increasing range
of industrial combustion processes (including grate-fired
waste incinerators [20.361], rotary kilns [20.362], box-
fired power plants [20.363] and even high-pressure coal
combustion [20.408]) and an extensive variety of fuel
types (encompassing coal, natural gas, biomass, house-
hold and special waste) thus impressively demonstrating
the versatility and flexibility achievable by TDLAS.
In order to give further insight in the potential of
NIR-TDLAS for applications in stationary combus-
tion processes, selected example applications will be
described in further detail below, which indicate that
NIRDL-based absorption sensors are now most promis-
ing for real-world applications, ranging from mobile and
severely space-restricted sensors to fast, non-intrusive,
in-situ species and temperature sensors working in
high-temperature and high-pressure environments like
full-scale power plants.

Waste Incinerators. The incineration of house hold as
well as special waste is in many developed countries
the most strictly regulated combustion process, which
in combination with the high variability of the calorific
value and water content of the waste creates a strong
need for active combustion control to adapt the waste
feed, the waste mixing or the amount of air/oxygen sup-
plied to the process. To monitor the process conditions,
enable process optimization via feedback control and
ensure a highly efficient and environmentally safe waste
incineration numerous optical techniques have been
combined in an advanced combustion control system
(CCS) and were applied to an industrial 20 MWy, waste
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incinerator with a 4 m-diameter combustion chamber,
depicted in Fig.20.51.

Efficient NO reduction according to the SNCR pro-
cess required the injection of precise amounts of NH3,
which could be effectively monitored by the very first
in-situ laser absorption sensor (LISA) based on a 13Co,
laser and differential absorption spectroscopy [20.383].
In addition, the primary air injection, grate movement
and fuel input are under closed-loop control through
a scanning IR camera (TACCOS) [20.435] measuring
the waste-bed temperature. Finally in order to control
the secondary air injection actively a fast NIR-DL-based
in-situ sensor for the simultaneous in-situ detection of
0, and H;O directly in the combustion chamber was
successfully developed and tested [20.361].

Strong disturbances caused by the in-situ path such
as transmission fluctuations and thermal background

LISA

CCS l IR-scanner-camera

O,-sensor: ZrO,

—_—

H,0O-sensor: NDIR

B

Laser | |_>
sensor

Ammonia
injection

Secondary
air

Fig. 20.51 Intersection through a 20 MW incinerator for household
waste in which the in situ detection of O, and H,O has been
performed. A selection of important sensors (in situ diode-laser
sensor, in situ laser ammonia sensor, LISA, and IR-scanner-camera,
TACCOS) as well as the possible actors that are connected to the
combustion control system (CCS) are indicated (further information
in [20.361,383,435])

emission, which interfere with the molecular absorption
signal had to be suppressed. The laser signals, which
provided a linear response with a sensitivity of about
0.3 vol. % and a temporal resolution of 1s were veri-
fied by extractive reference O, and H>O sensors, which
probed the cold flue gas duct. As the laser spectrom-
eter completely avoided gas transport the laser signals
were up to 60 s faster than the extractive reference sig-
nals, which is of major importance for the combustion
control loop. A follow-up version of this sensor could
be further improved by fiber-coupling of the laser and
by the development of an inexpensive, compact and ro-
bust, purely analog data evaluation [20.436], with the
potential for low-cost production. In the meantime even
fully fiber-coupled TDLAS spectrometers [20.437] have
been demonstrated, which enable the important expan-
sion of TDLAS to highly space-restricted applications
like internal combustion engines or high-pressure gas
turbines.

Gas-Fired Power Plants. Owing to their short turn-on
time large, gas-fired power plants are frequently used to
compensate for demand fluctuations in the power distri-
bution network. But on rare occasions ignition delays
in the sequentially ignited multi-burner system, pre-
sumably due to excessive humidity levels inside the
combustion chamber, are not detected because of a lack
of suitable rapid response security sensors for CHy. In
these cases disastrous explosions causing damage of
$10 to 100 million dollar have been experienced, even
though UV flame sensors and extractive CHy4 detectors
have been installed. In the future, such accidents can
be avoided with the help of the first laser spectrome-
ter [20.364] for the simultaneous in-situ measurement of
the gas temperature and all majority species (CHg, H>O,
03, CO») in large stationary combustors which has been
developed recently (Fig.20.52). Employing two DFB-
DL at 760 nm and 1.65 pum to detect O, CHy4 and CO»
and a Fabry—Pérot DL at 812nm to extract absolute
H,O concentrations it is now possible to determine rep-
resentative, spatially integrated species concentrations
from within the main combustion chamber. The tem-
perature signal that is needed to extract absolute species
concentrations, which was not available before, is simul-
taneously derived from the line strength ratios within the
group of rotational transitions of HoO near 0.81 pm via
two-line thermometry. These transitions have the advan-
tage of coinciding with high-output-power diode lasers
(& 35 mW), which increase the spectrometers tolerance
to the substantial light losses often found in the large
technical combustors.
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Further, to allow permanent measurements during
start-up conditions it was necessary to compensate for
strong temperature-induced wall deformations, which
was accomplished with a new active laser beam

Fig.20.52 Experimental setup of the spectrally multi-
plexed multi-parameter in situ diode-laser spectrometer
used for the detection of CHy, H>0, O, CO, and gas tem-
perature in the combustion chamber of a 1000 MW gas-fired
power plant. Only the four of the 20 burners located in the
plane of measurement are indicated. The optical setup con-
taining lasers, optics, and detectors has been enlarged for
clarity [20.364]

alignment control loop. Using this multi-parameter spec-
trometer it was possible to analyze the full start-up
and power-down procedure of a 1000 MW gas-fired
power plant with 20 50 MW burners and a 10 m furnace
diameter and achieve to a time resolution of 1.6s and
a minimum detectable absorption better than 10~3 OD.
This resulted in a CHy detectivity of about 100 ppmV
and a dynamic range of more than two orders of mag-
nitude, as well as a relative temperature resolution of
+10K and a total temperature range of 300—1300K.
The ability to monitor H,O as the possible cause, as
well as CHy as the consequence of an ignition delay
offers new possibilities to ensure a safe ignition proce-
dure of large-scale multi-burner gas-fired combustion
systems. The device also demonstrates the excellent
expandability of multiplexed in-situ diode laser spec-
trometers and is of high interest to investigate the fuel
to air ratio as well as the local chemistry in combustion
processes.

Coal-Fired Power Plants. CO, another important com-
bustion species is one of the key control parameters for
combustion processes and one of the major pollutants of
fossil-fuel combustion. Furthermore it is closely linked
to reducing conditions in the combustor, which are re-
sponsible for high-temperature corrosion effects as well
as fouling and slagging of the combustor containment.
CO in-situ sensors are therefore of high interest and in-
tensively studied. In the near-infrared range CO may be
detected via two overtone transitions, the 2v and 3v vi-
brational bands at 2.3 and 1.5 pm. The 2.3 wm band has
long been inaccessible due to the lack of suitable lasers,
while the 1.5 pm band directly coincides with the wave-
length range of telecommunication lasers. Using the
high optical power (over 20 mW) of the 1.5 pm telecom
lasers, the long absorption paths available in full-size
power plants and combining it with highly efficient and
robust algorithms for the suppression of in-situ distur-
bances it was recently shown for the first time that CO
can be detected even in the very large combustion cham-
ber (20 m diameter) of a 700 MWy, lignite-fired power
plant. [20.363]. This offers new diagnostic opportunities
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to investigate the slagging and fouling process in power
plants and their dependence on the composition of the
combustion gases. In addition by spectrally multiplex-
ing the 1.5 pm CO laser with a 35 mW 813 nm FP-DL
it was possible to access a HoO overtone transition,
which permitted a simultaneous in-situ measurement
of HyO and gas temperature. A major problem which
had to be solved was the compensation of beam steering
and severe optical losses (Fig.20.53) of 99.9-99.999%
by dust. This zero-visibility condition also required
a method to permit the initial spectrometer alignment,
which was ensured by an automatic feedback-controlled
beam alignment based on motorized bending mirrors
and a special phase-locked extraction algorithm to sep-
arate the weak laser light from the strong background
radiation.

Rotary Kiln Combustors. Batch-fired rotary kilns
(Fig.20.54), used for the combustion of special wastes,
are known to generate rapid and strong intermittent
CO peaks, which have to be kept below a safety limit,
thereby restricting the total waste throughput and the
plant efficiency. Advanced control concepts to reduce

Detected signal U (V)

0.8
0.6
0.4
0.2
@ E
0O 2 4 6 8 10 12 14 16 18 20 22 24
Time (ms)
0 0.5 1 1.5 2 2.5 3

Transmission (x107)

Fig. 20.53 Illustration of the transmission disturbances found in the
combustion chamber of a 700 MW coal-fired power plant. Top: DC
coupled in situ detector signal over a high number of wavelength
scans (each sharp spike corresponds to an up and a down scan).
The amplitude modulation of the signal is modified by strong trans-
mission losses along the absorption path. In addition, the detector
signal is increased by thermal background emission E. Bottom: dis-
tribution of transmission levels found over a longer time period,
indicating an average in situ transmission of the measurement path
(vertical line) of 8 x 10 [20.363]

the CO peaks and improve the throughput demand
a very fast CO detection, preferentially directly through
the rotary kiln. This could be realized for the first
time [20.404] using a modified version of the 1.5 um
CO spectrometer described above. [20.363]. However,
first measurements using standard personal computer
(PC)-based data-acquisition (DAQ) cards showed that
the strong, rapid and burst-like transmission fluctuations
lead to saturation and clipping in the detector signal
and systematic errors in the measured CO concentra-
tion. A new high-speed data-acquisition system based
on a fast digital signal processor (DSP) removed these
problems by enabling — at modulation frequencies of
up to 3kHz — a real-time evaluation of the individ-
ual, unaveraged absorption scans on a ms time scale,
so that distorted scans could be rejected. Furthermore
the DSP ensured a much higher data throughput close
to 100% and allowed the transmission information of
each scan to be used to realize an automatic real-time

_ Gas, liquids, 1 5;1 1000-1300°C =P
pasty substances * O Flue

gas
Waste/
wood /glass

PCC Burners @~ @ 8.6m

800—
1200°C
Main burner
i Laser B
I X
Tracer
injection
Slag
I 8.4m 1 Post-combustion
Rotary kiln chamber

Fig.20.54 Simplified cross section of the THERESA plant
(Thermische Entsorgung spezieller Abfille) [20.362], a ro-
tary kiln fired incinerator for special waste. A secondary
high-temperature combustion section [the post-combustion
chamber (PCC)] is attached to the kiln exit. TDLAS was
used in the process to realize a simultaneous CO/O;
detection through the kiln (path A, Fig.20.55), and at
the kiln exit (path B, Fig.20.56), as well as simultane-
ous Oy/H,O/Temperature in the PCC. Multi-section gas
residence-time measurements using binary alkali tracers
were realized in the same process by injecting the tracer
next to the main burner in the kiln and detecting the tracer
at the exit of the kiln (path B, Fig. 20.57) and the exit of the
PCC (path C, Fig.20.57)
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gain adaptation of the detector amplifiers, which signif-
icantly improved the usable dynamic range of the AD
converter.

A comparison of both systems revealed that the
relative systematic errors, that could be removed com-
pletely by the DSP system, can be larger then 1000%
under special conditions in the case of a § m-long rotary
kiln with 3 MWy, thermal power. Further enhancement
of the DSP-based spectrometer was realized by spec-
trally multiplexing the 1.5 wm and 760 nm diode laser
to access the R23-CO and the R23R23 O, transition
for the first simultaneous CO/O;, detection within a ro-
tary kiln [20.404]. A 1.9s response time yielded an
optical resolution of 3—7 x 10~* and detection limits of
450 ppm CO resp. 2000 ppm O,, which was sufficient
to experimentally reveal the close anti-correlation of the
intermittent CO and O, peaks (Fig. 20.55).

However, the approach of using the 3v CO tran-
sitions is not feasible in smaller combustors or at
low-ppm CO concentrations often found in modern
combustion systems. To address this sensor deficiency
new 2.3 um distributed-feedback diode lasers (DFB-
DL) that access the R30 line in the CO-2v-band have
been employed recently to develop a fast and highly
sensitive in-situ CO absorption spectrometer suitable
for hazardous waste incinerators [20.362, 404]. Addi-
tionally spectrally multiplexing the 2.3 wm DL with
a 760nm DFB-DL accessing the R17Q18/R19R19 O,
lines again enabled a simultaneous in-situ detection
of CO and Op, which is most interesting for con-
trol strategies requiring the coverage of a wide range
of fuel/air ratios. These new spectrometers were suc-
cessfully tested over periods of up to two weeks in
a 3.5 MWy, special waste incinerator. The absorption
path (/ =2.5m) was located at the rotary kiln exit
in the lower part of the post combustion chamber
with temperatures of 800—1000°C (Fig. 20.54). Direct
absorption spectroscopy using the DSP-based data eval-
uation enabled calibration-free species detection. With
1 s data-acquisition time a fractional absorption resolu-
tion (1o') of 1.2x 10~* for CO (6 x 10~ for O,) could be
achieved corresponding to significantly improved detec-
tion limits of 6.5 ppm CO (250 ppm O3) [20.362]. This
sensitivity and time resolution was high enough to de-
tect even under lean-fuel conditions and with a relatively
short absorption path small quasiperiodic stoichiometry
changes of £15ppm CO caused by the periodic fuel
feed of the rotary kiln (Fig.20.56), thus nicely demon-
strating the great potential of this device to establish
an active combustion control system to optimize waste
throughput in special waste incinerators.
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Fig.20.55 Temporal evolution of the CO and O, concentration
(lower and middle traces with symbols) and the broadband trans-
mission (fop trace) within the THERESA rotary kiln (Fig. 20.55)
measured with 1.56 and 760 nm DFB-DL. While all signals vary
synchronously with the waste feed cycle of 30s, O and CO are
clearly anti-correlated, as expected from combustion chemistry. For
comparison the flat lower line corresponds to a simulated signal for
an extractive CO sensor [20.404]

High-Pressure Coal Combustion. The danger of se-
vere corrosion damage in the high-temperature gas
turbines needed for future high-efficiency pressurized
coal combustion generates an immediate demand for
optical in-situ diagnostic tools that are compatible with
high-temperature high-pressure conditions. In particu-
lar alkali halide compounds have to be detected, but
are spectroscopically difficult to access. ELIF [20.438—
440], excimer-laser-induced fragmentation fluorescence
is one of very few non-intrusive techniques capable of
direct monitoring of alkali compounds in an industrial
environment. Here an excimer laser photodissociates
gaseous alkali compounds within the flue gas duct and
generates electronically excited alkali atoms [Na(32P),
K(42P)], which are then readily detected by their flu-
orescence in the visible region via a fiber-coupled two
species detection system [20.438]. The measured signals
are converted to absolute concentrations by a calibra-
tion of the complete detection apparatus under known
thermodynamic conditions. A detection limit of 0.2 ppb
could be established for both alkalis at 10bar total
pressure and 800 °C gas temperature.

As an alternative to the experimentally demanding,
costly and calibration dependent, direct detection of
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Fig.20.56 Left panel: high-speed detection of fast, periodic CO fluctuations with 17 ppm amplitude (£10 ppm for
10 s average) measured with 2.3 um DFB-DL at the rotary kiln exit of the THERESA plant (Fig. 20.54). A fast Fourier
transform (FFT) of the fluctuations over a 2 h period (right panel) shows a single prominent peak, with the same frequency

as the feeding cycle of the incinerator [20.362]

the alkali compounds a diode-laser-based high-pressure
compatible in-situ absorption spectrometer to monitor
the alkali atoms (Li, K, Rb, Cs), which are produced
by thermal dissociation of the compounds, was de-
veloped and tested in the flue gas duct of a 1 MWy,
coal combustor at temperatures of 1400 K and pressures
up to 15bar [20.408]. In spite of severely broadened
absorption lines, transmission fluctuations, and strong
background emission it was shown for the first time in
a practical combustion system that a fast and highly sen-
sitive in-situ detection of alkali atoms is possible via
their D-lines in the 670—850nm spectral range. Cru-
cial to the realization of these spectrometers was the use
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00:30
Time since injection (min:s)
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and detailed characterization of widely tunable vertical-
cavity surface-emitting lasers (VCSEL). Despite the low
VCSEL output power of only a few 100 wW it was possi-
ble to realize the first VCSEL-based in-situ detection of
alkali-metal atoms in a technical combustor and achieve
detection limits of 1.4 pptm potassium. This demon-
strates the applicability of TDLAS to high-pressure
in-situ gas analysis and the possibility of low-cost ab-
sorption sensors for the surveillance of hot gas filters
needed for the protection of flue gas turbines in future
coal-fired combined-cycle power plants.

Gas Residence-Time Measurements. Up to now the
residence time distribution of the product gases in
high-temperature production processes could only be

Fig.20.57 Simultaneous residence-time distribution meas-
urements in different plant segments of the THERESA
rotary kiln (Fig.20.54) using a binary tracer made from
amixture of K and Rb salts; the tracer mixture was injected
at t =0 over a period of 836 ms at the head of the rotary
kiln (Fig. 20.54). The two species were measured at two lo-
cations within the plant: Rb atoms at the exit of the rotary
kiln — 8.5m from the injection site (left peak at t =95s);
K atoms at the end of the PCC — 8.6 m downstream of the
first measurement location (peak to the right at t = 15).
Since K is part of the fuel its signal has — in contrast to Rb
— an offset even without a tracer injection. Concentration
distribution functions are fitted to the two traces [20.402]
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measured by the use of radioactive tracers. In addition
to the complicated regulations that have to be fulfilled
for the manipulation of radioactive substances, their
use inevitably causes a contamination of the plant and
therefore hinders a frequent inspection of this impor-
tant process parameter. Using the fast-response in-situ
spectrometers for alkali atoms [20.408] it was possible
to develop a new and promising alternative technique
for the in-situ measurement of gas residence time distri-
butions in high-temperature processes (patent pending),
which uses cheap and harmless alkali compounds as
temperature stable tracer species. These compounds can
be effectively monitored via the alkali atoms produced
by thermal dissociation near the detection volume af-
ter the compounds pass through the process volume.
During the first successful demonstration of this tech-
nique [20.402] in a 3 MWy, rotary kiln followed by
a high-temperature post-combustion chamber (PCC;
Fig.20.54) it could be shown that an injection of only
100 mg of the tracer compound near the kiln entrance

20.5 Conclusions

Despite intensive research for alternative energy sources
further economic growth will be closely linked to an
extensive use of combustion processes for mobility, en-
ergy conversion, and generation of industrial process
heat. The drastic increase of combustion fuel consump-
tion has, however, now reached a level where the annual
worldwide demand corresponds to amounts of fossil fuel
that has been accumulated during a period of 1 million
years of the Earth’s history. The limited supply of fos-
sil fuels and the detrimental environmental effects of
the global use of combustion require pollutant emission
to be minimized and total energy conversion efficiency
and process performance to be optimized. Demands
are similarly important for industrial combustion-based
production processes, which are indispensable for high-
volume products such as steel, glass, cement, and which
require simultaneous optimization of combustion pa-
rameters, product quality, and product costs.

After four decades of research and development in
the area of laser-based concepts for combustion di-
agnostics, many of the spectroscopic methods have
matured now from qualitative to quantitative tech-
niques. Its capabilities go far beyond the observation of
two-dimensional distribution of signal intensities. The
instantaneous simultaneous measurement of concentra-
tion distribution of several scalars (species concentration

was sufficient in such a large process to effectively
determine the residence time distribution. This high
efficiency results from the extremely high detectivity
of the laser in-situ absorption spectrometer of 80 ppq
potassium (ppq = 1 in 10'3) or 4x 10'! K atoms/m? at
1200 K [20.402]. Using binary K/Rb tracer mixtures and
a multispecies spectrometer detecting the atoms at dif-
ferent locations in the plant it was possible to realize
the simultaneous characterization of the transport prop-
erties of two consecutive plant segments (Fig.20.57)
located 8.4 m/17.0 m from the tracer discharge location
and determine the mean residence times to (15£1)s
and (26=£1) s, which met the expected values. With this
new technique it is feasible for the first time to real-
ize a permanent online measurement and verification of
the residence time distribution of a combustion process,
which is particularly important for the optimization of
chemical reactors and processes such as waste inciner-
ators with statutory limits for the residence time of the
combustion products.

and temperature) gives insight in correlation of species,
i. e., in turbulent combustion processes. The spatial com-
bination of several observed planes on the other hand
allows a visualization of three-dimensional concentra-
tion distributions and yields a unique view into turbulent
nonreactive and reactive flow systems. The calculation
of absolute (three-dimensional) species concentration
gradients and scalar dissipation rates is of major
importance for combustion modeling. Finally, multiple-
time-step imaging yields movie-like insight into fast
processes and therefore allows for the first time the
investigation of highly dynamic processes in real time.

The interpretation of measured signal intensities
in practical combustion situations is not trivial. High
pressure, high temperature and a variety of sources of
interfering signal and attenuation of laser and signal
light hinders the selective and quantitative measure-
ment. The spectroscopic properties of the species under
study, therefore, must be well examined. We pre-
sented the required studies in high-pressure laminar
flames for the example of nitric oxide. This informa-
tion enables quantitative measurements even in harsh
environments such as in-cylinder gasoline and Diesel
engine measurements with direct injection. Advanced
laser-based imaging diagnostics turns out to be an im-
portant tool for the development and optimization of
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modern combustion devices that can fulfill the future re-  plasma chemistry, and chemical vapor deposition and

quirements in terms of energy efficiency and pollutant material synthesis. Even biological applications of so-

minimization. phisticated laser techniques are now being pursued in

Laser diagnostics techniques similar to those dis- some combustion diagnostics groups since the coupling
cussed here are also used to study diverse applications of elementary chemical reactions with various transport
beyond combustion, including atmospheric chemistry, processes is also the basis of living systems.
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