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Abstract

Recent advances in diagnostic methods are providing new capacity for de-

tailed measurement of turbulent, reacting flows that are strongly radiating.

Radiation becomes increasingly significant in flames containing soot and/or

fine particles, and also increases with physical size, therefore many flames of

practical significance are strongly radiating. Under these conditions, the cou-

pling between the turbulence, chemistry and radiative heat transfer processes

are also significant, making it necessary to obtain simultaneous measurement

of controlling parameters. However, these environments are also particularly

challenging for laser-based measurements, since soot and other particles cause

additional interferences to the signal and also increased attenuation of the

beam. The paper reviews the influence of physical scale and resolution on

reacting systems and measurement approaches. It then reviews the recent

advances in techniques to measure temperature, mixture fraction, soot vol-

ume fraction, velocity, particle number density and the scattered, absorbed
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and transmitted components of radiation propagation through particle laden

systems and the further influences of facility size. Finally it also considers

remaining challenges to diagnostic techniques under such conditions.

Keywords: Radiation heat transfer, Laser Diagnostics, Soot, Turbulent

reacting flows

1. Introduction

Radiation is the dominant mode of heat transfer in most practical high

temperature thermal processes, owing to the fourth power dependence of

radiant heat transfer on the temperature differential. For this reason, con-

siderable effort has been expended to understand and predict radiation heat

transfer and great progress has been made. It is well established that the tur-

bulent processes are directly coupled to the radiation heat transfer in reacting

flows, and these influences can be very significant. Substantial progress has

been made in capacity to account for these coupling processes, but mostly

under conditions where scattering can be ignored [1]. However, scattering

cannot be ignored in the presence of soot and/or particulate fuels. Further-

more, the presence of particles such as soot adds greatly to the complexity of

reacting flows, and hence further to the computational requirements of sim-

ulations since it increases the strength of the coupling between turbulence,

radiation and reactions. Even without the presence of particles, the devel-

opment of reliable models requires detailed, well-resolved and simultaneous

measurements of the key controlling parameters. To meet this need, laser

diagnostics have been developed to provide unrivalled edge over intrusive

probes in terms of spatial and temporal resolution and species selectivity [2].
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However, despite their substantial contribution to combustion science, many

of these laser diagnostic tools are limited to application in environments

that avoid the presence of soot — along with most of the other complexi-

ties of practical systems, which include large physical scale, multiple phases,

multi-component fuels, inorganic species, secondary turbulent motions and

high pressure. Nevertheless, a number of laser-based diagnostic methods are

emerging which promise to open new windows into these complex processes

on which radiant heat transfer depends. The aim of the paper is to review

these methods.

The need for improved capacity to understand and predict radiative heat

transfer in and from flames is driven by the challenge to supply ever-cleaner

energy. Radiation is typically the dominant mode of heat transfer in flames

containing soot or particulate fuels, so influences both energy efficiency and

pollutant formation, through temperature [3]. The need to optimise com-

bustion systems is increasing, despite an increase in the use of renewable

energy. The Intergovernmental Panel on Climate Change predicts a growth

in the utilization of all fuels to 2030 by 52%. Also, while a significant drop

in world-wide coal utilization for power generation from 23.9 to 17% over

the period to 2030, owing to the switch to natural gas fired integrated gas

turbine combined cycles (IGCC), the absolute utilization of coal is expected

to increase by about 1% [4]. It should also be noted that, while pyrolysis and

gasification may reduce the proportion of combustion, this does not obviate

the need for capacity to provide detailed measurements. The use of gasifica-

tion and pyrolysis offers some advantages in allowing the ash to be retained

in the char. However, gasifiers and pyrolysis systems are typically even more
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complex to investigate in detail than combustion systems, operating under

very dense particle loadings, where optical access is even more difficult. Pro-

ducer gas is also typically of relatively high sooting propensity. Furthermore,

new technologies are emerging such as solar gasification [5, 6] in which the

need to obtain detailed understanding and modelling capacity of radiation

in complex media is paramount for design optimisation. Hence there is an

ever-growing need to overcome the challenges for spatially and temporally

resolved measurements of the parameters controlling radiation heat transfer

in complex environments.

Computational capability has advanced to the stage where the direct

numerical simulation (DNS) of turbulent reacting systems is now possible

[7]. Nevertheless, DNS of turbulent reacting systems is unlikely to become a

tool of choice for predictive purposes as it is limited to very small physical

domains, relatively simple flows and relatively simple chemistry [8]. This

is especially true in the investigation of radiation heat transfer in realistic

systems [1]. Instead DNS is used to provide complex and dependent correla-

tions for combustion models: essentially small scale numerical experiments.

Likewise, the understanding of chemical kinetics has advanced to the extent

where reliable reduced mechanisms are now available for a significant num-

ber of hydrocarbon fuels [9] and surrogate gasoline fuels [10]. Nevertheless

a substantial challenge remains to expand this research to the stage where

such schemes are available for many practical fuels [9, 10]. These issues mean

that the development of models for practical combustion systems, necessarily

with a limited range of validity, will continue to rely on experimental data for

the foreseeable future for model development and validation. Hence the mea-
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surement of temperature, along with mixture fraction and particle volume

fraction, on which emissivity depends, are critical to determining radiation.

Furthermore, because radiation propagates along rays, there is a significant

advantage in planar measurements, from which line-of-sight data can be ob-

tained. Simultaneous planar measurement of these parameters is therefore

highly desirable.

The key challenges to the extension of laser diagnostics to resolve the

parameters on which into radiation depends in turbulent reacting flows in-

volving soot, particulate fuels and larger physical scale are:

• Increased background interference: Optical interference increases

with the presence of any particles, which radiate incandescently and/or

scatter laser signal. The natural background radiation from a flame also

increases with the size of the flame and the use of furnace walls.

• Optical attenuation: The attenuation of both the incoming laser

beam and the outgoing laser-generated signal (termed “signal trapping”

increases with the introduction of particles and/or the size of a flame.

• Reduction in spatial fidelity: Both beam steering due to density

gradients, and optical diffraction due to particles, lead to an increase

in the uncertainty in spatial location.

• Increased number of parameters to measure: The number of

parameters to measure increases dramatically with the use of particu-

late, multi-component fuels that contain fuel impurities (i.e. inorganic

components). These include particle size, shape, number density, com-

position and temperature.
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• Reduced optical access: Investigations of large scale and/or pres-

sured systems entail reduced optical access into the flame and may

require optical probes to be inserted into the flame to achieve sufficient

optical penetration.

Given these challenges, the aim of the present paper is to review progress

and ongoing challenges in present ability to perform spatially and temporally

resolved measurements of increasing relevance to practical reacting flows.

Particular emphasis is placed on the use of planar measurement techniques,

since these offer many advantages in the understanding of turbulent reacting

flows and also allow for ray tracing of radiation. Despite their practical sig-

nificance, the investigation of pressurised combustion and the measurement

of inorganic species are outside the scope of the present review.

2. Measurement requirements

The requirements for measurements to be suitable for the development

and validation of detailed models in turbulent reacting flows have been re-

viewed previously [11]. Such measurements should:

• employ well defined initial and boundary conditions,

• measure multiple parameters simultaneously,

• measure multiple dimensions — planar or 3D,

• resolve spatial and temporal gradients of interest.

Even apparently small changes to the in-flow conditions, such as dif-

ferences in a boundary layer profile, can influence a flow or flame as they
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propagate into the far field [12]. This issue has driven the need for well-

characterised in-flow and boundary conditions for flames to be suitable for

model development and validation — a process well demonstrated by the

International Turbulent Non-premixed Flame Workshop [13].

The challenge to achieve well-resolved and simultaneous measurement of

key controlling parameters in turbulent systems has been driving research

for many years [11]. This need arises because of the unsteady and non-

linear relationship between the controlling parameters of even isothermal

turbulent flows, which increase with reactions. Considerable effort has thus

been invested to define and resolve the smallest scale of turbulent flows,

the Kolmogorov scale, λK , and of turbulent mixing, the Bachelor scale, λB,

along with scalar gradients and the scalar dissipation [14–16]. The challenge

to resolve scalar dissipation in reacting flows has only recently been met

with the breakthrough work of Wang et al. [17]. Such methods could, in

principle, be extended to larger scale, which would be valuable for systems

such as lean pre-mixed gas turbines, where localised extinction under high

strain is a particularly important issue.

The controlling parameters for turbulent flows transporting reacting par-

ticles are strongly coupled, providing increased need for simultaneous mea-

surements. A notable example is the coupled dependence of soot volume

fraction on temperature [18, 19]. Both the formation and oxidation of soot

depend upon fuel type, mixture fraction, ξ (the local mass fraction of species

originating from the fuel stream), temperature, T [20], and on the residence

time (and hence on strain rate) in the reaction zone [21]. At the same time,

T also depends on soot concentration, which dominates radiant heat trans-
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fer, and on turbulent mixing through fluid properties. Likewise, the rates of

heating and reaction of fuel particles depends on the local temperature, and

the volatile gases and energy they release influence T . Also, the processes of

droplet evaporation and gasification or devolatilisation are also endothermic.

The many large-scale coherent motions inherent in turbulent systems

make planar measurements desirable. Planar images permit the acquisition

of spatially correlated measurements and the measurement of scalar gradi-

ents, which are useful both in scientific research and in the study practical

combustion systems [22]. They also provide physical insight that is not pos-

sible with single point measurements.

3. Need for, and challenges to, measurements in large scale flames

Thermal processes become increasingly cost-effective and efficient with

increased physical size. There is therefore an ongoing need to develop mod-

els that can be applied at ever-increasing scale. At the same time, model

development and validation is expensive, and is inevitably undertaken pre-

dominantly at smaller scale where more detailed access is possible. This

raises the challenge that flames of sufficiently different physical scale can ex-

hibit quite different behaviour. This point is illustrated below by comparing

four of the key dimensionless parameters that characterize some of the most

important physical processes in a typical full-scale pulverized fuel flame and

a geometrically similar model at 1/10th scale. It is particularly the case with

radiation heat transfer in the presence of soot and fine particles, where suffi-

ciently large scale can result in the attenuation of radiation. These differences

mean that reliable prediction of the processes on which radiation depends at
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industrial-scale requires experimental data at comparable scale, and cannot

rely solely on data at low Reynolds number and/or small physical scale. The

optical thickness of a flame also increases with physical scale [1] and the ra-

diative properties of fires become fundamentally different at sufficiently large

scale [23].

Table 1 presents the key physical parameters of the burner and flame.

Here d and U represent a reference diameter and bulk mean velocity char-

acterising the burner. In practice all industrial burners are complex, with

multiple streams of fuel and oxidizer, often containing swirl etc.. However,

since the reference and model systems are geometrically similar, any single

reference diameter can be used, so long as it is consistent. Likewise, the

particles inevitably comprise a wide distribution, but provided that same

relative size distribution is used, any reasonable reference size can be used.

In principle it is possible to operate with reduced size particles, but in prac-

tice this is rarely done owing to the added cost and difficulty in reducing the

size sufficiently to maintain similarity. The dimensionless parameters com-

pared are the Reynolds Number, Re = ρUd/µ, the characteristic residence

time (e.g. of a coal particle) in a flame, τres = LF /U , the ratio of flow speed

to laminar flame speed, U/SL and the Stokes Number, Sk = ρpUd2
p/18µLt,

which describes the ratio of particle response time to a characteristic eddy

time. Here Lt is the length scale of the large turbulent eddies, which also

scale with LF and the other symbols have their usual meanings.

From the data in Table 2 it is clearly not possible to select a velocity for

the pilot-scale model that does not result in at least an order of magnitude

change in at least two dimensionless parameters, and this list of dimension-
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less groups is not intended to be exhaustive. Of course, the influence of many

dimensionless parameters is typically asymptotic. For example, a change in

Re will not have a large influence when it is sufficiently high to be in the

fully turbulent regime. Hence, a pilot-scale program should be designed so

dimensionless groups with the greatest influence are analogous to real condi-

tions [24]. Without this, a smaller scale facility could operate in an entirely

different regime (or mode) of behaviour. Nevertheless, some compromise is

inevitable and model validation at the laboratory scale will not automatically

result in reliable prediction at the industrial scale.

Further evidence of the influence of physical scale on performance of

flames is found in the scaling assessment of Weber [25]. Figure 1 presents the

NOx emissions measured from a series of geometrically similar burners each

scaled by constant velocity scaling. It is evident that the emissions depend

on physical scale, and that there is no simple way to scale from one flame to

another.

The requirement for data at realistic physical scales is well known, and

extensive measurements have been performed at pilot-scale, to contribute

to model development and validation. An example of such a program in

boiler flames is the extensive data sets from International Flame Research

Foundation [26, 27]. Despite their value, such data were, for many years, typ-

ically limited to mean values of temperature and stable species, as obtained

by suction probes, and to two-component velocity obtained by LDA. Pilot

scale investigations assessing heat flux and total emissions have also played

a vital role in technology development [27–29]. More recently, the extensive

investigations by Sandia of larger scale pool fires have included single point
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measurements of soot volume fraction [30] and temperature [31] using semi-

intrusive laser diagnostics. These have provided significant new insights and

demonstrate the benefits that are possible with further developments in laser

diagnostic measurement capability. Nevertheless, such data are uncommon

and there remains a significant need for reliable data in flames of significant

scale for the development and validation of models of radiation heat transfer

[1].

Turbulent mixing occurs at a wide range of scales. The smallest scale

of turbulence is characterised by the Kolmogorov scale, λK , which can be

estimated for a jet from the well-known relation of Antonia et al. [32] to be:

λK = LC1Re−0.75
L . (1)

Here L is the local width of the jet, which in turn scales with the nozzle

diameter, d, while C1 is a constant (for a non-reacting system), which for a

cold jet is estimated to be 2.4. Hence the smallest scales of turbulence, λK

are typically about the same at industrial scale as at the laboratory scale,

while the largest scales of motions, i.e. L, are much greater at the indus-

trial scale. The additional challenges for experimental techniques at a large

physical scale result because chemical reactions occur at the molecular scale

while the energy-containing turbulent eddies that typically control mixing,

occur at the largest scale of the system. The separation between these tur-

bulent scales increases with the physical size of the system. Hence pilot- or

industrial-scale systems have a wide separation of scales, making computa-

tion of large turbulent systems difficult. For example at constant velocity

and temperature
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L/λK ∝ (dfull/dmod)
0.75 . (2)

A similar ratio will apply for the Batchelor scale [14]. This means that

the difficulty of simultaneously resolving both large and small scales increases

with the scale of the facility. Planar measurements are best obtained with

collimated light sheets, the maximum physical dimension of which is typically

limited to around 50 mm for readily available optics. Ability to increase the

sheet size is also limited by available laser power and by the reduction in

spatial resolution associated with a larger measurement area and the size of

a given pixel array on a CCD detector. Nevertheless, these challenges can be

expected to diminish with advances in optical technology, as high-powered

lasers become cheaper and as imaging detectors are developed with increasing

spatial and dynamic resolution.

While the challenge of increasing the scale of the facility on measurement

resolution is common to reacting and non-reacting facilities, the challenge

of increased background interference is unique to combustion. The accuracy

of a laser-based measurement depends on the strength of the signal relative

to the background optical noise. The background interference, Ib, comprises

components both from the flame and the furnace walls, and can be estimated

to scale as follows:

Ib ≈ εF σAF

(
T 4

F − T 4
amb

)
+ εW σAW

(
T 4

W − T 4
amb

)
(3)

Here εF and εW are the emissivities of the flame and furnace walls, re-

spectively, σ is the Stefan-Boltzmann constant, AF is the projected area of

the flame, AW the area of the furnace wall viewed by the imaging device,
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while TF and TW are the temperatures of the flame and furnace walls.

Most measurements in a laboratory are performed in open flames, avoid-

ing the interference from a wall entirely. This cannot be avoided in many

realistic flames. The squared dependence of background interference with

the size of the flame and path-length highlights the increased difficulty in

providing reliable measurements at realistic scale. Finally, the background

interference from the flame depends on both its temperature and emissivity.

Most practical flames operate at elevated temperature relative to most lab-

oratory flames, owing to the combustion air being preheated. Furthermore,

the emissivity of a flame is dominated by the presence of particles, and in

particular of soot. The volume fraction of soot within a flame, fv, scales

inversely with the intensity of strain in a flame [33]. While local strain rates

fluctuate with both space and time, they can be characterised by the exit

flame strain rate, u/d, or its inverse the characteristic flame time [34] or by

the global mixing rate [35]. It is readily apparent that this corresponds to

1/τres. Returning to Table 2, it is evident that global strain rates decrease

dramatically (typically by from one to two orders of magnitude, depending

on the scaling approach) with increased scale. The reduced global strain rate

significantly increases the presence of soot in flames of realistic scale, and so

also the background interference.

The combination of the above challenges associated with increased scale

means that complete detailed and simultaneous measurements have only been

performed in small-scale laboratory flames with ambient temperature air, no

soot and without the presence of furnace walls [36, 37]. Nevertheless, signifi-

cant progress has been made in the development of measurement approaches
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of key parameters within larger scale flames.

A range of optical measurements has been performed in furnaces. In

some cases the optical access is provided through viewports in the walls

of the furnace. However another approach is to insert optical components

into the flame, using water-cooled jackets to protect them. This has been

termed “semi-intrusive” devices. The International Flame Research Founda-

tion plays a leading role in developing semi-intrusive systems first for single

point LDV systems [38] and then for planar imaging [39]. More recently

Sandia National Laboratory has developed a water-cooled probe to transfer

an image to an ICCD camera via a fibre-optical coupling for measurements

of soot volume fraction in a metre-scale pool fire [40].

Another ongoing challenge related to the investigation of practical react-

ing flows is the interaction of the reacting flows with the walls of a furnace or

combustion chamber. Depending on the type of device, the vessel walls may

be substantially hotter (e.g. a refractory quarl) or colder (e.g. boiler tubes

and cylinder walls) than the adjacent reacting flow. The boundary layer

therefore exhibits high gradients in both temperature and velocity. Hence

these regions have a significant influence on heat loss or gain, local extinction

and/or ignition, flame stability and pollutant formation. Most laser-based

techniques are unable to resolve the boundary layer close to the wall, owing

to the strong interference by scattering that occurs close to a surface. This

issue is still unresolved and requires further attention.

14



4. Measurement of temperature

Temperature is a dominant parameter in combustion processes and the

key parameter in radiation heat transfer owing to its fourth power influ-

ence on heat transfer. It characterises the enthalpy of reaction and controls

many of the important chemical and physical processes, which also influence

composition. A variety of laser-based thermometry techniques have been

developed [2]. However, most of these are limited to clean combustion envi-

ronments and are not applicable in the presence of particles, such as dust,

coal, biomass and soot. Absorption, scatter and other interferences due to

the presence of soot and its precursors prevent many laser diagnostic tech-

niques from being applied reliably. This limits the capacity to investigate

and understand many systems of practical significance.

A relatively simple, yet useful, laser-based thermometry technique is

Rayleigh scattering. The elastic scatter of light from molecules gives a mea-

sure of the total number density, which when coupled with ideal gas law, al-

lows the temperature to be deduced. Rayleigh scattering, however, is highly

susceptible to interference from the elastically scattered light from particles

(Mie scattering) and surfaces. It can therefore only be employed under very

clean, particle-free environments, which limits its applicability in practical

combustion systems [41]. Filtered Rayleigh scattering (FRS) is an extension

of the conventional Rayleigh scattering that was first proposed by Miles et

al. [42] and widely investigated subsequently [41, 43–46]. The FRS tech-

nique utilises a narrow band filter at the centre of the frequency of a single

mode laser to reject interference that is spectrally identical to the incident

light. The FRS technique has been primarily used with molecular-iodine
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filters paired with frequency doubled single mode Nd:YAG lasers. The un-

filtered component of the pressure- and/or temperature-broadened signal of

the scattered light unfiltered is subsequently used for thermography. The

broadening of the Rayleigh line-shape in relation to an iodine filter is ap-

parent in Figure 2, reproduced from Hoffman et al. [41]. The filter allows

temperature imaging to be performed in the presence of strong elastic scat-

ter that would otherwise obscure the Rayleigh scattered signal, although its

potential in highly particle-laden flows is questionable. An example of the

impact of the filter on the Rayleigh scatter from a mildly sooty, slightly

premixed methane-air flame may be seen in Figure 3, reproduced from Hof-

mann et al. [44]. It is apparent in the bottom image (collected without a

filter) that the scattering from the soot sheets dominate the image. When

the filter is used (top figure) the temperature may be determined from FRS

with minimal interference from the soot. Despite the improved capability of

FRS over unfiltered Rayleigh scattering, it remains susceptible to variation

in the Rayleigh cross-section across the reaction zone, which can be difficult

to account for in turbulent imaging applications.

One approach to circumvent problems associated with elastic scatter is to

employ the inelastic Raman scattering for thermometry [47]. However, the

inherently low signal from spontaneous Raman does restrict its application.

It is typically limited to point or line measurements. Nonetheless, point-

wise temperature measurements have been collected in practical devices in

soot-free environments, such as a premixed gas turbine swirling flame [48].

Offering stronger signal due to its coherent nature, Coherent Anti-Stokes

Raman Spectroscopy (CARS) is more applicable to thermometry in lumi-
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nous and particle laden flows [49]. Indeed CARS has been the most widely

used thermometry technique for harsh combustion environments, such as gas

turbine combustors [50], liquid fuel combustors [51] and sooty turbulent pool

fires [46].

The basic operating principle of CARS [2, 47] involves the use of three

laser beams (typically two of the same wavelength) that interact in the mea-

surement volume to generate the signal (as a fourth beam) as a result of

the third-order nonlinear susceptibility [2, 47]. A ‘pump’ beam at frequency

ωpu (non-resonant to molecular transitions) excites a virtual level. By tuning

a second Stokes beam to frequency ωS, where ωpu-ωS corresponds to a vi-

brational or rotational transition of the molecule, Raman resonance occurs.

A third, ‘probe’ beam (ωpr) is then used to generate a coherent CARS sig-

nal at ωCARS = ωpu − ωS + ωpr. By scanning the Stokes beam across the

Raman transitions of the molecule, the spectral shape is used to determine

the temperature. Scanning of the Stokes wavelength may be performed on

a shot-by-shot basis, or alternatively a broadband laser enables single-shot

spectra to be generated. The advent of femto-second lasers is particularly

important for the continued development of single-shot CARS for turbulent

environments. The inherent frequency spread of femto-second laser pulses

can be used to excite multiple pump-Stokes pairs, as shown in Figure 4 [52].

A key advantage of the CARS technique for assessing practical systems

results from the frequency shift in the signal relative to the excitation beams.

This allows filtering to separate out the influence of scattered interference

from soot. Careful selection of the excitation scheme is necessary to minimise

soot interferences [53]. Approaches include a dual-pump CARS technique
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with an annular phase matching geometry (USED CARS) [54] and shifted

vibrational CARS [55]. In exciting N2, O2 and CO2, this approach has the

further advantage of avoiding seeding, and accessing species that are widely

present in the flame. In addition the signal is coherent, allowing the signal

to noise be increased by moving the collection optics further from the flame

(since the background is incoherent), so attenuates with r2. The use of short-

pulse (sub-nanosecond) laser excitation has the further advantage of allowing

the signal to be delayed relative to the scattered interference, providing high

signal quality and effectively eliminating interference from soot [56].

Despite these advantages, CARS suffers from a number of disadvantages

for application in turbulent flames. The necessity for line-of-sight optical

access and the experimental complexity are practical limitations. However,

more fundamentally, the beam configuration results in an elongated probe

volume of typical dimensions 1.5 mm×60 µm [51]. This lack of high spatial

fidelity in comparison to planar techniques has previously been recognised as

restricting the generic application of CARS [2]. In addition, its reliance on

three beams with different optical paths means that the method is subject

to differential beam steering and differential attenuation in a turbulent envi-

ronment, especially in the presence of soot. Finally, the method has hitherto

been limited to single point and no method to extend it to allow planar mea-

surement has been proposed, as is desirable for investigation of turbulent

systems and compatibility with other planar measurements.

The signal collected from laser-induced fluorescence (LIF) is typically

shifted from that of the excitation, allowing it to be separated from the

scattered interference that plagues Raman and Rayleigh scattering. The
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fluorescence signal is typically quite strong, making LIF better suited to

two-dimensional imaging than Raman and Rayleigh techniques [22]. Various

strategies exist for thermometry, all of which are based upon the species’ pop-

ulation according to the Boltzmann distribution. The species of excitation

can be naturally occurring or artificially seeded.

The use of in-situ species (e.g. OH, CN, CH) for LIF thermometry is

limited because of their low concentrations, and the narrow regions within

the flame in which they typically exist. Of the naturally occurring species

within a flame, the OH radical has been most commonly used [57–61]. In

nonpremixed flames, OH only exists over a small range of temperature and

mixture fraction, and so is not well suited for general measurements [62]. Fur-

thermore, in fuel-rich flames the OH concentration is low, making it poorly

suited to simultaneous measurements with soot, which is typically found in

the fuel-rich size of the reaction zone [63]. Nitric oxide (NO), which is formed

natively during the combustion process, could potentially be used for ther-

mometry, though additional NO is typically added to the inlet streams to

give a much improved signal quality [57, 64]. However, in the presence of

soot, background interferences can lead to a significant error in two-line NO-

LIF thermometry [65]. Multi-line approaches for NO thermometry alleviate

issues with background [66], but at the cost of being restricted to averaged

results. The excitation wavelengths required for NO (around 226 nm) can

also cause problems with interference and attenuation, and pressure broad-

ening of the excitation lines leads to spectral overlap [67]. Furthermore, in

fuel-rich flames, NO is consumed due to reburn reactions, leading to a loss of

signal [64, 68, 69]. As an alternative to naturally occurring species, a wide
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range of seeded species can be introduced, of which organic molecules are

most common [70].

The accuracy of single-wavelength LIF thermometry relies on the knowl-

edge of the quenching species densities and quenching rate constant, since

the spectra and intensity of LIF are influenced by the variation in collisional

processes across reaction zone. However, this problem can be avoided by tak-

ing the ratio of two excitation/detection wavelengths [22, 71]. The number

density, absorbing species concentration and the collisional quenching de-

pendencies that are often associated with single line LIF technique are also

nullified by taking the ratio of the fluorescence signals. Figure 5 presents an

example of two-line LIF using 3-pentanone as a fuel tracer in a two-stroke

internal combustion engine [72]. It is also possible to employ single laser

excitation and detection at two different wavelengths, e.g. with toluene as

the tracer [73]. However, as with many fuel tracers, 3-pentanone and toluene

are consumed in the reaction zone, and so measurements are only possible in

the unburned region.

Alternative two-line fluorescent techniques have also been explored. For

aqueous systems, the use of two different laser dyes has been proposed [74].

For simultaneous thermometry and velocimetry, the use of liquid-crystals

has also been proposed [75]. However, their relevance to turbulent flames

is not clear, since they have a limited temporal response and do not sur-

vive the combustion environment. Two-line phosphorescence using ZnO:Zn

& ZnO:Ga has also been reported, with claims of short lifetimes enabling

elimination of background interference [76]. Temperature measurements us-

ing naphthalene has also recently been reported [77]. However, the feasibility
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of these techniques in practical flame environments is yet to be adequately

demonstrated.

Of the laser-based thermometry techniques, two-line atomic fluorescence

(TLAF) is potentially one of the most suitable for sooting environments,

especially for two-dimensional imaging [78]. TLAF follows the same principle

as other LIF-based thermometry techniques, but employs a seeded atomic

species. Some advantages of the TLAF technique include good sensitivity

over a temperature range relevant to combustion, insensitivity to collisional

quenching effects and capacity to separate the inelastic fluorescence from

interference by spurious scattering [79–82].

Of the atomic species available, indium seeded into the flame has been

identified as a suitable thermometry species for TLAF [83]. Indium has good

sensitivity over the temperature range 800 to 2800 K [84] and both of the

wavelengths are in the visible spectrum (viz. 410 nm and 450 nm), where

interferences are less pronounced than in the UV range typically employed for

excitation. Feasibility studies [62, 80] have shown that TLAF with indium

holds promise for temperature measurement in a highly sooting environment.

The indium is typically introduced to the system as indium chloride dissolved

in water. Within the flame front, neutral indium atoms are generated, which

are spectroscopically probed using the TLAF technique.

The strong transitions of atoms are easily saturated. To remain in the lin-

ear excitation regime, which is required for insensitivity to collisional quench-

ing effects, the laser energy must be limited to low fluences. This leads to

weak signal strength, and so affected by low signal-to-noise ratio, thus time-

averaging is typically necessary. To circumvent this issue, the possibility of
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extending the technique to higher laser energies, so called nonlinear exci-

tation regime TLAF (NTLAF) has been undertaken to extend the work to

single-shot imaging, initially under premixed conditions without the presence

of soot [78, 85]. Still more recently single-shot imaging of temperature has

been demonstrated in the presence of soot, and performed simultaneously

with LII of soot volume fraction, as shown in Figure 6 [86].

The strong signal strength of the NTLAF results in good signal to noise

ratios and measurement uncertainty of about 60 K within its operating range.

However, the highly reactive nature of the indium ions means that they are

readily consumed under oxidising environments. This limits the range of

mixture fraction for which measurements can be performed to Φ>0.9. Note

that the consumption of indium does not directly influence the accuracy of

the temperature measurements, which is determined from the ratio of the in-

tensity of the two colours (Stokes and Anti-Stokes). However it may increase

the measurement uncertainty by reducing the signal relative to noise. This is

a fundamental limitation of the method. However, further advances in seed-

ing approaches are potentially achievable, which may allow the method to be

extended further into the lean regime beyond its present limitation of Φ>0.9

and to temperatures below its present limit of 800 K [78, 86, 87]. Measure-

ments to date have only been demonstrated under conditions of relatively low

soot volume fraction, owing to interference due to condensed species and/or

PAH on the fuel-rich side of the soot particles [88]. Recent analysis of this

interference suggests that the correction for these interferences is realistic.

Hence, while measurements under high loading are yet to be demonstrated,

this can be anticipated in the near future.
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5. Measurement of mixture fraction

Mixing plays a key role in radiation heat transfer through its influence

on composition, and so on emissivity, which depends significantly on the

presence of specular gases such as CO2 and H2O, and of soot [1]. Mixing

also influences the control and emission of pollutants. Both large scale and

molecular mixing are important in determining flame shape, stability and

burning characteristics. This role is less important in premixed flames, al-

though turbulence can still play a role through strain and residence time.

Mixture fraction, ξ, is a conserved scalar which represent the mass fraction

of reactant(s) that originated in the fuel stream. This scalar is used in many

combustion models to reduce the number of variables needed to represent the

mixing process and, through it, the local flame structure. Models such as

Conditional Moment Closure, CMC, and the Laminar Flamelets Model are

based on the mixture fraction, which is calculated from species concentration

[89–91].

The process of model development and validation requires reliable exper-

imental measurements of mixture fraction in reacting flows that have been

performed under conditions where experimental and computational data can

be directly compared. Such data allows researchers to focus on the compo-

sitional structure without the complication of flame shape and size. These

measurements are usually conducted on one or more of the key fuel compo-

nents that are spectroscopically accessible and whose kinetics are well under-

stood. Measurements are done either through intrusive sampling probes and

gas chromatography or through temporally and spatially resolved laser based

techniques. In the latter, some challenges are faced in accurately measuring
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the mixture fraction in all parts of the flame.

It is possible to measure the key species and deduce the mixture fraction

based on elemental conservation. However, such measurements are restricted

to point measurements and 1-D line measurements of late. Planar imaging of

the fuel has two main challenges, which are the early dissociation of the fuel

(such as CH4), on the rich side of stoichiometric, and the effect of differential

diffusion. In addition imaging of the fuel alone restricts the measurements to

the rich side of the flame. Fuel dissociation results in very low concentration

of the probed species and results in poor quality signal around stoichiometric

conditions. Differential diffusion arises when molecular diffusion is more sig-

nificant in one component of the mixture than the others, and is especially

for multi-component fuels containing H2. This leads to a misrepresentation

of the mixing when only one part of the fuel composition is measured.

An alternative to the direct measurement of all of the fuel species is the

use of a fuel tracer. The most widely employed tracer species employed

to date for this purpose are fuels such as acetone, 3-pentanone or toluene,

although more recently Krypton has emerged as an exciting alternative, at

least for gaseous fuels [92].

The fuel-based tracers are most suitable for liquid fuels, but also suffer

from a range of systematic errors that limit their applicability to the measure-

ment of fuel mass fraction. These limitations include the difference between

spray formation and evaporation of the fuel and the tracer (noting that these

tracers are typically liquid), different ignition chemistry and their breakdown

at temperatures well below that of the reaction zone. Also, their quantifica-

tion depends on understanding the effect of molecular quenching, correction
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for interferences and the need to quantify the temperature to determine the

population distribution of electrons, known as the Boltzmann distribution.

Higher pressures add further complexity to resolve.

Schulz and Sick [70] reviewed the techniques used to measure fuel mass

fraction and temperature by LIF, with a focus on application in internal

combustion engines and at high pressure. They concluded that LIF is one of

the more robust techniques for measuring fuel concentration in such environ-

ments, and also in the presence of particles. They noted that the selectivity

of the LIF technique allows the probing of the specific species, either added

as tracers or found naturally in the flame. Shultz and Sick have also high-

lighted the difficulties associated with the quantification of the measured

species and their relevance to the actual fuel mass fraction. They further

identified the lack of discrimination between liquid and gas phase signals,

as a remaining challenge for tracer-LIF in many applications. Indeed the

measurement of mixture fraction in liquid and solid fuels in reacting system

remains a challenge for all techniques. The phase transition hampers the ac-

curate measurement of the fuel in the gas phase and the presence of droplets

and particles interferes with most laser diagnostics techniques [93]. Finally

the presence of soot in the flame adds both further complexity due to laser

beam scatter and attenuation due to the dense medium of soot particle and

fluorescence and chemiluminescence from the hot soot particles, as noted

above.

Despite the above limitations and complexities, many valuable measure-

ments of mixture fraction and temperature in “clean” gaseous turbulent non-

premixed flames have been reported in the last two decades [36, 94]. Such

25



measurements involve an elaborate experimental arrangement and extensive

experimental procedures for calibration and to correct for the various interfer-

ences. Figures 7 and 8 are examples of such arrangements for two dimensional

and 1-D line configurations, respectively. These data have contributed signifi-

cantly to the understanding of the turbulent mixing characteristics (through

mixture fraction) and their dependence on controlling parameters such as

Reynolds number, stoichiometric mixture fraction and the type of fuel. Fig-

ure 9 shows detailed planar structure of the mixing field, OH and tempera-

ture, using the Raman, LIF and Rayleigh techniques respectively [37]. These

data were taken at different heights in a bluff body stabilised turbulent non-

premixed CH4/H2 flames and show the impact of the vortical structure shed

from the edge of the bluff body on the structure of the flame downstream.

The capacity to measure mass fractions of major species, temperature and

minor species have formed the basis of an international workshop on turbu-

lent nonpremixed flame, the TNF workshop, which capitalises on the wealth

of data available for model validation and development [13]. Invariably, these

major species data have been collected using the Raman scattering technique.

The Raman scattering technique is used to measure species concentra-

tion in gaseous flows. This technique can probe a specific species but suffers

from weak signal and cannot be used in any environment where particles or

droplets are present. The Raman signal can also suffer from other interfer-

ences such as those from high hydrocarbons and overlap between the Raman

lines. Single-point [36] 1-D line [95] and 2-D planar imaging [37] measure-

ments have been reported in the past. These data provided valuable insight

into the fate of the fuel in a variety of turbulent jet flames and fuels and its
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impact on the reaction zone structure.

Of late, two comparatively similar systems have been developed at Sandia

National Laboratories [95] and Darmstadt University [96] to overcome the

limitations of the Raman technique. These systems contain four combined

Nd:YAG lasers to maximize the fluence in the probe volume and stretch the

pulse over 40 ns. Another innovative feature is a spinning wheel system with

a small slit to gate the signal and minimise interference from the flame, while

synchronising the exposure with the laser pulse. This approach has helped

improve the signal to noise substantially and reduce the noise associated

with an electronic intensifier. An increasingly utilised extension involves the

modelling of the Raman spectra [97] to provide the temperature-dependent

calibration and a correction for the cross talk between the different Raman

responses for the different species. These new systems have underpinned

capacity to provide resolved measurements of scalar dissipation [17] and offer

potential to extend the Raman capabilities to flames with small amounts of

soot or to larger flames.

The measurement of mixture fraction will remain a key requirement for

future research to characterise non-premixed flames. The existing laser di-

agnostics techniques are still limited in its scope to deal with many of the

issues associated with practical flames, notably those that contain soot and

particulates.

The method with the greatest promise for conserved scalar measurement

in strongly radiating flows is the recently proposed measurement of Kyrp-

ton by two-photon fluorescence. As a noble gas, Krypton is well suited to

conserved scalar measurements, being very stable in a flame, although it has
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the disadvantage of being expensive. It is also optically accessible, albeit

with some challenges. The two photon technique means that the collection

wavelength at 760 nm is very different from the excitation wavelength of

215 nm, making it well suited to separation of the signal from laser induced

interference by filtering. The signal is subject to quenching, so an iterative

approach combined with the measurement of temperature is required to de-

termine mixture fraction. The method has recently been validated against

the established Raman-Rayleigh methods in a non-premixed flame [92], but

has yet to be assessed in flames with soot. It is also well suited to planar

imaging.

6. Measurement of soot

The broad-band incandescent radiation from soot, where it is present,

dominates over the narrow-band energy from gaseous species, making its

measurement of paramount importance. Laser-induced incandescence is cur-

rently the most versatile technique for quantitative measurement of soot vol-

ume fraction, fv. The technique is based on the property of soot particles

that causes them to absorb laser radiation at any wavelength. Laser energy

is introduced at sufficient fluxes to heat the soot particles to temperatures

far above the flame temperature. Hence these laser heated soot particles will

emit radiation at shorter wavelengths than the flame, allowing its separa-

tion from the background [2, 98]. The attraction of this technique is that

the detected LII signal, SLII , is linearly proportional to the fv. This en-

ables spatial and temporal quantitative soot measurements with the use of a

high-energy pulsed laser coupled with suitable photo detection equipment as
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shown in Figure 10. The detected SLII counts need to be calibrated, which

may be achieved using either in-situ, or ex-situ methods such as laser ex-

tinction (LE) [99, 100] or by gravimetric sampling [101]. The LE technique,

preformed in a well-controlled laminar premixed flames (as shown in Fig-

ure 11) using continuous-wave lasers, is used widely to obtain the calibration

factor. The value of the measured laser extinction, Kext, is directly related to

the soot volume fraction, which can be described by the following equation:

Kext = −π2

λ
Im

(
m2 − 1

m2 + 2

)
Nd3 . (4)

N , d, λ and m are defined here as the number density, particle diameter,

laser wavelength and a complex number which represents the refractive in-

dex, respectively. Equation 4 is valid in the Rayleigh regime where the soot

diameters are expected to be in the range of dp<0.3λ/π. This limits the range

of soot diameters to >50 nm, >60 nm and >101 nm, for laser wavelengths of

532 nm, 632 nm and 1064 nm, respectively. The presence of polycyclic aro-

matic hydrocarbons (PAHs) influences the line of sight LE and may cause an

overestimation on the soot volume fraction profiles by an order of magnitude.

Bengtsson and Alden [102] concluded that, at low burner heights in a laminar

flame, the presence of PAHs emits strong fluorescence signals that increase

with C/O ratio. Zerbs et al. [103] report on the influence of wavelength on

the measured extinction for calibration of LII. They recommend calibration

at long wavelengths (e.g. 1064 nm) for the laser extinction measurements to

reduce the laser absorption by molecular species (e.g. PAH) in the flame.

Recently LII has been used to obtain fv in three different flames to inves-

tigate the effect of global mixing [35]. Very recently, Qamar et al. [104] re-
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ported experimental measurements of fv in piloted turbulent diffusion flames.

Henriksen et al. [105] have also reported LII measurements in a highly sooty

pool fire. They also reported simultaneous images of fv and OH. Lee et al.

[106] reported simultaneous measurements of fv and OH in a turbulent flame

of ethylene.

The application of LII in turbulent flames, in presence of soot, requires

careful consideration. This is because these flames are generally large and

contains high temperature gradients. The soot distribution in the flame and

the temperature gradients will influence the laser beam propagating through-

out the flame, causing both beam steering and diffraction effects. This leads

to an unavoidable degradation in spatial resolution, typically in the range of

500% for a flame width of order 0.2 m [107]. Zerbs et al. [103] note that

beam steering, due to the combined effects of turbulence, thermal gradients,

pre-heat and pressure, implies that a spatial resolution below 1 mm in the

dimension of the laser sheet thickness is not realistic under technical con-

ditions. In addition to the spatial resolution degrading, the magnitude of

computed fv values will also be affected by these issues. Another complexity

of turbulent flames is that soot is present at different diameters and mor-

phologies, associated with different ages that can cause diameters to exceed

the restricted soot diameter values addressed in Equation 4. To minimise this

effect, a longer wavelength for the laser extinction measurements is desirable,

which also reduces the laser absorption by molecular species [103].
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7. Measurements of droplets

Turbulent flows transporting reacting droplets are not only of great prac-

tical significance in their own right, they represent an intermediate step in

complexity between gaseous and particulate fuels. This is as true for the ra-

diative heat transfer processes as the other process of combustion. Droplets

have a number of properties that can be exploited in their measurement

within reacting environments. Firstly, being spherical allows the exploitation

of a range of methodologies that require sphericity, such as phase Doppler

particle anemometry, PDPA, and particle sizing from scattering [108]. PDPA

is a single point technique that will also provide, for each droplet, all three

components of velocity, as well as diameter. A wide range of single-point

measurements have been employed of turbulent reacting flows with particles,

including the series of well-characterised flames by Masri and co-workers [93].

However, multiple droplets within the measurement volume result in spu-

rious results, or measurement inaccuracy. This sets the critical mass loading,

above which the number of bad measurements exceeds a useful threshold

and also results in a significant bias. By counting, the size distribution and

mass loading of the droplets can be obtained. Laser sheet drop-sizing, LSD,

measures simultaneously the scattered signal from one laser, which depends

on d2
p, and another on the fluorescence from another laser, which depends

on d3
p. Hence the ratio of these two signals can be used to measure diame-

ter. While LSD has been used to provide measurement of mean diameter,

Kalt et al. [109] have found that LSD is not useful in providing detailed

statistics. This is because the cubic dependence of the fluorescence signal

on droplet diameter means that it is not possible to obtain good resolution
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of both large and small droplets simultaneously. That is, avoiding satura-

tion from the large droplets results in too low a signal-to-noise ratio from

the small droplets for reliable measurement. This method is also limited to

isothermal environments, since the fluorescent species will also persist in the

vapour phase, rendering the ratio irrelevant.

A range of liquid fuels are also suitable for fluorescence measurements.

This has made acetone the fuel of choice for some investigations [93]. Al-

ternatively, fluorescent materials such as toluene can be dissolved into other

fuels for measurement of temperature and/or mixture fraction, as described

above [70]. At the same time, such measurements cannot distinguish between

the fluorescent species in the liquid and vapour phases [70]. Hence planar

measurements of droplet size and number density are still not realistic under

reacting conditions.

8. Measurements of particles

Most solid fuels, both of fossil or biomass origin, are burned in pulverised

form, since the combustion intensity can be increased as particle size is re-

duced. The distribution and number density of coal particles as they disperse

into a combustion chamber influences the location of the ignition plane, the

distributions of temperature and mixture fraction and hence also the ra-

diation heat transfer and pollutant emissions [110]. The large numbers of

particles, combined with the presence of soot they produce, make radiation

from these flames even more dominant than in gas flames. Knowledge of

these parameters is thus central to the optimisation of all aspects of such

systems.
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In pulverised fuel (PF) combustion systems, the fuel is typically crushed

to produce particles with a log-normal size distribution that spans two to

three orders of magnitude. The mean size is typically around 60 µm, the

largest particles are typically around 300 µm and the smallest particles num-

bers are <1 µm. This size allows them to be conveyed pneumatically and also

provides a high surface area to volume ratio for rapid combustion. Such parti-

cles are typically conveyed in the “dilute” phase, i.e. at velocities sufficient to

prevent particles from settling to the floor of the duct, with mass loadings of

less than 10 kgparticles/kgair but more commonly at around 1 kgparticles/kgair

[111]. Under these conditions the volume fraction of particles is typically

about 1% and 0.1% respectively. However, the particles disperse as they

move from the conveying system into, and through, the flame, resulting in

significantly lower number densities in much of the flame. Importantly, the

cubic relationship between particle numbers and mass causes the fine par-

ticles to dominate particle numbers. For example, a typical coal of density

1300 kg/m3 and a mass loading ratio of 10 would have 1013 particles per m3,

based on 10 µm diameter.

It is difficult to measure particle numbers accurately with such a wide

size distribution. This is because intensity of the scattered signal from a

laser scales approximately with d2
p when the particle is much larger that the

wavelength of light. This scaling causes scattered signal to be dominated

by the large particles. The effects of optical attenuation are also very sig-

nificant in investigations of conditions of relevance to pulverised fuel flames.

These effects have typically limited previous laser-scattering images from

pulverised coal particles to providing qualitative insight, as in the 2 MW,
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pilot-scale combustion investigations of Smith et al. [112]. The combined

effects of attenuation and signal trapping have also limited most previous in-

vestigations of instantaneous particle number densities to either single point

methods [113] or to planar investigations under dilute conditions where the

effects of attenuation can be neglected [114]. Nevertheless, the attenuation

in PF environments is typically not so great as to prevent reasonable signal

from throughout the flame [112]. Hence it is realistic to consider that re-

liable measurements are possible under conditions of relevance to practical

pulverised fuel combustion.

One important step in the development of reliable planar measurements of

particle distributions is the shot-by-shot correction for in-plane attenuation.

Kalt et al. [115, 116] have developed a ray-tracing approach. They applied

an iterative correction to the Beer-Lambert Law of gaseous absorption, i.e.

by ignoring effects of diffraction. Specifically, they derived the following

correction:

ϕP = CK(πr2
P )nP I ′ . (5)

Here ϕP is the detected signal from the particles, CK is a constant of

correction that can be applied for the entire optical arrangement, πr2
P is

the average particle cross-sectional area available to scatter signal, nP is the

number of particles and I ′ is the laser intensity entering the measurement

volume. This can be applied in differential form using ray tracing from pixel

to pixel, as is illustrated in Figure 12. It can also be applied in modified form

to divergent light sheets.

Diverging laser sheets cause some additional complications. Firstly, the
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sheet divergence causes both a drop in the local laser fluence [J/mm2] and an

increase in the dynamic range of fluence in the image plane. Secondly, the

particles cast conical shadows rather than cylindrical shadows. The influence

of particles on the extinction of the diverging sheet depends on the particle

position with respect to the virtual origin of the laser sheet (Figure 13). The

extrusion of square image volumes allows ray tracing through the laser sheet.

The simplified 1-D model of collimated attenuation corrections that account

for divergence for a 1-D ray, constructed by interpolation for each pixel back

to the laser source (virtual origin), is shown schematically in Figure 14.

Importantly, Kalt et al. also assessed the effect of signal trapping, i.e.

the attenuation of signal between the measurement volume and the detection

optics. They found that, using sufficiently large optics, the effects of signal

trapping can be corrected based only on the mean values to provide a total

accuracy of typically 3%, or up to 10% for the case where the transmittance

is only 50%, i.e. where half of the energy has been attenuated. However, to

date, no method to account for non spherical particles has been developed.

Furthermore, many biomass particles tend to be fibrous in shape, which

makes their aerodynamic behaviour even more complex. The drag depends

on orientation, aspect ratio and rotational velocity. Their motions are now

becoming to be better understood under settling [117, 118], but are only

beginning to be investigated in detail in non-reacting turbulent environments

[119]. The measurement of fibres is also significantly more difficult than

of spheres, since the intensity of the scattered signal also depends on the

orientation of the fibre within the light sheet. These challenges have limited

the conditions in which the most detailed data-sets are available to relatively
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simple systems. Hence the challenge to provide detailed measurements under

conditions of direct relevance to turbulent combustion remains significant.

Another exciting recent development for the planar measurement of densely

laden flows of particles is Structured Laser Illumination Planar Imaging

(SLIPI) [120, 121]. This method allows removal of the influence of sec-

ondary scattering as the laser propagates through a particle laden flow. It

employs three laser sheets, each slightly separated in time and each with

a sinusoidal spatial variation in the distribution in intensity, slightly offset

from each other. The sinusoidal variation in spatial intensity, generated by

the use of a grating, is illustrated in Figure 15. Each image comprises the

superposition of the primary signal, generated only by the direct scattering

of the laser sheet, with the secondary scattering, generated by multiple scat-

tering events. The primary signal is identical in each sheet, except for the

variation in intensity, while the secondary scattering is random. The appro-

priate recombination of the three images allows the random scattering to be

removed, as illustrated in Figure 16.

9. Measurement of velocity

It is well established that strain rate is a major controlling parameter

for the formation of soot, while also influencing temperature and mixture

fraction. However, laser based velocity measurements in turbulent flames

with soot suffer from large interferences, which has hindered any attempt of

such measurements in the past. Novel investigations are therefore required

to ensure that the soot (which is not a flow tracer, being both produced

and consumed) does not bias measurements by Particle Image Velocimetry,
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PIV, or LDA. Likewise, the simultaneous measurements of velocity and soot

volume fraction have been hindered by the need to demonstrate that the PIV

seed particles do not interfere with the LII measurement.

To confirm that reliable optical discrimination between the two measure-

ments is possible, the authors have performed a preliminary investigation

in a laminar ethylene diffusion-flame issuing from a 10 mm nozzle at 1 m/s

(Figure 17). Both the fuel and air were seeded with 0.5 µm aluminium oxide

particles as flow tracers for the PIV and illuminated at 532 nm from a Quan-

tel Twins B PIV double pulsed Nd:YAG laser, operated at 300 mJ/pulse. A

430 nm interference filter was found to be sufficient to suppress any inter-

ference from the seed particles on the LII image to below detectable limits.

This is demonstrated in Figure 17b, since LII signal is found only in the thin

sheet of the flame, where the soot is known to be found. This verifies that

the use of PIV will not interfere with the LII measurement here, and any

interference will be even less with 1064 nm.

A polarising filter was sufficient to suppress the scattering from the soot

to background levels, to avoid interference of soot on the PIV measurement.

The Mie-scattering efficiency of the Aluminium Oxide particles used in these

preliminary investigations is reduced by a factor of approximately 8 at the

temperatures in the flame-front relative to ambient. This results in a low

signal intensity of the Mie-scattering in the flame zone, as shown in Fig-

ure 17c. The replacement of aluminium oxide with particles of higher scat-

tering efficiency at elevated temperature, such as magnesium oxide, can fur-

ther enhance measurements. Despite the draw backs of Aluminium Oxide,

Figure 17d demonstrates that it provides sufficient Mie-scattering signal to
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conduct PIV under laminar conditions. Discrimination can also be enhanced

by the use of a better camera.

10. Components of radiation propagation

The corrections for the attenuation of light described in § 8 can be ex-

tended to provide direct planar measurement of all components of radiation

through a scattering-absorbing medium on a shot-to-shot basis. Such mea-

surements have not been reported previously and have potential to provide

an important step in model development and validation. The attenuation

corrections can be used to quantify particle concentration if the appropriate

scaling constant, CK , can be found. This scaling constant, which represents

the detector sensitivity to scattered radiation can be determined for a given

optical arrangement — either in advance by testing against a known concen-

tration of particles, or by measuring the intensity of the transmitted laser

sheet and iteratively determining a CK value that yields the same overall

transmission. The quantitative processing of Mie-scattering nephelometry

data will then provide laser sheet fluence, particle concentration and correc-

tions for local laser intensity due to absorption of the laser sheet and diver-

gence of the beam. Figure 18 [122] shows how these components can be used

to determine the components of radiation collectively scattered and absorbed

by the particulate medium. The diffusely scattered component, which de-

pends on the surface properties and diameter, is typically dominant (around

96%) while the absorbed component very much weaker. For sufficiently large

particles the scattered light is no longer coherent, becomes depolarised, and

contributes to the multiple scattering signal and background radiation lev-
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els. The influence of the absorbed radiation depends on its composition and

environment and can result in an increase its temperature and/or a change

in phase or composition. However, the wavelength of the emitted radiation

from a particle is typically broad-band and temperature dependant, and can

be separated from the narrow-band scattered radiation by use of a sufficiently

high wavelength laser.

It is a relatively easy proposition to measure the laser power shot-to-

shot, as the data is collected. If the total power and laser sheet energy

profile are known then the scattered and absorbed radiative components can

be quantified on a shot-to-shot basis, as illustrated in Figure 18.

11. Conclusions

A number of complementary planar laser diagnostic techniques have re-

cently emerged that together offer the potential for a breakthrough in ca-

pability to investigate strongly radiating turbulent reacting flows. Notably,

nonlinear two line atomic fluorescence (NTLAF) has been demonstrated for

the measurement of gas-phase temperature in flames with soot, while two

photon fluorescence of krypton is emerging for the measurement of mixture

fraction. Such measurements have not previously been possible under condi-

tions of strong interference, notably from the presence of soot and its precur-

sors. Similarly, two planar measurement techniques have recently emerged to

enable measurement of particle volume fraction under much higher loadings

than previously possible. One employs ray tracing to account for single-shot

attenuation of the primary laser sheet, while the other employs structured

illumination to remove much of the secondary scattering. Furthermore, these
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methods could, in principle, be applied simultaneously, although this is yet

to be done. Hence, they offer the potential to enable detailed measurement

of the coupled processes of turbulence, combustion and radiation. Such cou-

pling is particularly significant in strongly radiating flows, notably involving

soot, making these flows too complex to model without the use of a range of

simplifying assumption.

For in-situ laser-based thermometry, perhaps the best established method

is Rayleigh scattering, whose simplicity continues to make it the method of

choice for clean environments. However its vulnerability to interference from

scattering makes it poorly suited to investigate strongly radiating flows, such

as those involving soot. Of the established techniques, the Coherent Anti-

Stokes Raman Spectroscopy, CARS, offers the greatest capability in such en-

vironments. The use of pico-second lasers has recently been shown to enable

good separation between signal and noise in the presence of soot. Neverthe-

less, CARS retains the disadvantages of a relatively large probe volume (i.e.

moderate spatial resolution), which is linked to its vulnerability to differen-

tial beam steering, and to being poorly suited to planar measurement. The

thermometry technique with greatest promise for planar and well-resolved

measurement of temperature in the presence of soot and other fine particles

is NTLAF. This method has recently been demonstrated to provide simul-

taneous measurement of temperature and soot volume fraction. While, to

date, it has only been demonstrated under conditions of moderate soot load-

ing. It is anticipated that corrections for interference will allow the range

to be extended to high soot loadings also. Similarly the presently accessi-

ble temperature range is limited to 800 K<T<2800 K, and that of mixture
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fraction to the range 0.9<Φ<1.4. These ranges are of primary immediate

interest because they span the high temperature reaction zone, and with fur-

ther development, it is anticipated that will be extended to a wider operating

range.

For the measurement of mixture fraction in turbulent flames, Raman-

Rayleigh techniques have proved to be well suited for clean flames. However,

these methods are highly vulnerable to interference from the presence of soot

(or other particles) and its precursors. Such measurements have presently

also been limited to laboratory scale flames, although incremental refine-

ment offers potential to extend them to larger physical scale. Tracer LIF is

presently the only realistic technique by which to measure mixture fraction

in the presence of particles, and is also well suited to planar measurements.

Until recently, the tracers identified for measurement are themselves com-

bustible, limiting their application to the relatively low temperature region

on the fuel rich side of the reaction zone. The use of krypton as a tracer

gas offers potential to overcome these disadvantages. Being inert, this tracer

survives the reaction zone. It is also accessible with a two photon technique,

which allows the signal to be separated from spurious scattering. Its recent

emergence means that this method is yet to be demonstrated for turbulent

flames with soot. Nevertheless, it has potential to allow the planar measure-

ment of mixture fraction in strongly radiating turbulent flames.

Laser-induced incandescence has advanced to the stage where it has be-

come the method of choice for the measurement of the volume fraction of

soot and other nano-sized particles. It is well suited to planar measurements

and has also been performed at large physical scale using water-cooled col-
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lection optics coupled to the ICCD with a fibre-optical probe. Nevertheless,

the technique is still under development owing to the complex nature of soot

and the environment under which it is produced and consumed. For exam-

ple, calibration remains a challenge in turbulent flames especially in those

environments where some of the soot grows to sizes that take it outside of

the Rayleigh limit. These issues can be minimised by the use of longer wave-

length radiation. The use of 1064 nm, corresponding to the fundamental of

a Nd:YAG laser, is therefore well suited both to minimising such losses and

also avoiding interference from PAH and other soot precursors. Also, even

in moderate scale turbulent flames, say of 200 mm diameter, the presence of

soot, combined with other beam steering issues in turbulent flames, causes

broadening of the laser sheet, and hence a loss in spatial resolution of some

500%.

A series of recent measurements have confirmed that LII can be performed

simultaneously both with temperature (by NTLAF) and with the seed parti-

cles required for velocity measurements in the presence of soot, at least under

laminar conditions. This provides confidence that simultaneous measurement

of soot volume fraction, temperature and velocity is possible, although they

are yet to be demonstrated all together in turbulent environment.

Measurement in the presence of soot or other particles also imposes the

additional challenges of optical diffraction, attenuation and signal trapping.

A number of approaches are being devised to incrementally advance capa-

bility to correct for these effects. However, such corrections retain some

constraints and are presently limited to spherical particles. Also, the simul-

taneous planar measurement of particle size and particle number density is
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presently not realistic under reacting conditions, even for liquid fuels. Hence

substantial development is required before it is possible to provide detailed

measurement of reacting flows under a wide range of conditions of practical

relevance.

The simultaneous measurement of the scattered, absorbed and transmit-

ted components of radiation has recently been demonstrated for spherical,

non-reacting turbulent flows. This represents an important advance in ca-

pacity to develop detailed understanding of radiation propagation in more

realistic conditions. This method could, in principle, be extended to react-

ing flows, but further work is required to account for non-spherical particle

sizes and for non-uniform particle size distribution. It could also be com-

bined with the SLIPI method, which allows removal of secondary scattering

effects. Not only do these methods offer the advantage of spatially corre-

lated information that is desirable for all turbulent systems, they also enable

instantaneous ray-tracing, which is particularly valuable for radiation mod-

elling. Such data, while not presently available in strongly radiating and

turbulent environments owing to the challenges which particles impose on

the measurements of key parameters such as temperature and mixture frac-

tion, are now becoming possible.

These recent advances in measurement capability suggest that it will be

possible to achieve significant advances in understanding and modelling ca-

pability of strongly radiating turbulent reacting flows through coordinated

efforts, building on the great progress that has already made both in soot-free

turbulent flames. Nevertheless, significant challenges remain to be overcome

before such measurement are possible under many of the other conditions of
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practical significance, including non-spherical particles, polydisperse particle

size distributions and/or larger physical scale.
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Table 1: Typical operating conditions for industrial-scale flame and a 1/10th scale model.
d (m) U (m/s) dp (µm) LF (m)

Reference 1 30 100 30
Model (1/10th scale) 0.1 See Table 2 100 3
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Table 2: The influence on key dimensionless parameters of the choice of characteristic
velocity (from Table 1), chosen for the model.

Scaling method Umodel (m/s) Remod

Refull

U/SLmod

U/SLfull

τmod

τfull

Skmod

Skfull

Const Re 300 ×1 ×10 ×0.01 ×100
Const U 30 ×0.1 ×1 ×0.1 ×10
Const τ 3 ×0.01 × 0.1 ×1 ×1
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scaled by constant velocity scaling. It is evident that the 
emissions depend on physical scale, and that there is no 
simple way to scale from one flame to another.  

The requirement for data at realistic physical scales is 
well known, and extensive measurements have been 
performed at pilot-scale, to contribute to model development 
and validation. An example of such a program in boiler 
flames is the extensive data sets from International Flame 
Research Foundation [8][56]. Despite their value, such data 
were, for many years, typically limited to mean values of 
temperature and stable species, as obtained by suction 
probes, and to two-component velocity obtained by LDA. 
Pilot scale investigations assessing heat flux and total 
emissions have also played a vital role in technology 
development [49][56][97]. More recently, the extensive 
investigations by Sandia of larger scale pool fires have 
included single point measurements of soot volume fraction 
[48] and temperature [100] using semi-intrusive laser 
diagnostics. These have provided significant new insights 
and demonstrate the benefits that are possible with further 
developments in laser diagnostic measurement capability. 
Nevertheless, such data are uncommon and there remains a 
significant need for reliable data in flames of significant 
scale for the development and validation of models of 
radiation heat transfer [118]. 

 
The additional challenges for experimental techniques at 

large physical scale result because chemical reactions occur 
at the molecular scale while the energy-containing turbulent 
eddies that typically control mixing, occur at the largest 
scale of the system. The separation between these turbulent 
scales increases with the physical size of the system as well. 
Hence industrial systems have a wide separation of scales, 
making computation of large turbulent systems presently 
intractable. The smallest scale of turbulence is characterised 

by the Kolmogorov scale, λK, which can be estimated for a 
jet from the well-known relation of Antonia et al [83] to be: 

 

λK = L C1 ReL
-0.75 .  (1) 

 
 

 
Figure 1: The influence of physical scale on the NOx 
emissions from burners scaled using constant velocity 
scaling [95]. 
 

Here L is the local width of the jet, which in turn scales 
with the nozzle diameter, d, while C1 is a constant (for a 
non-reacting system), which for a cold jet is estimated to be 

2.4. Hence the smallest scales of turbulence, λK are typically 
about the same at industrial scale as at the laboratory scale, 
while the largest scales of motions, i.e. L, are much greater 
at the industrial scale. The additional challenges for 
experimental techniques at a large physical scale result 
because chemical reactions occur at the molecular scale 
while the energy-containing turbulent eddies that typically 
control mixing, occur at the largest scale of the system. The 
separation between these turbulent scales increases with the 
physical size of the system. Hence pilot- or industrial-scale 
systems have a wide separation of scales, making 
computation of large turbulent systems difficult.  For 
example at constant velocity and temperature  

 

L / λK α (dfull/dmod)
0.75    (2) 

 
A similar ratio will apply for the Batchelor scale [54]. This 
means that the difficulty of simultaneously resolving both 
large and small scales increases with the scale of the facility. 
Planar measurements are best obtained with collimated light 
sheets, the maximum physical dimension of which is 
typically limited to around 50mm for readily available 
optics. Ability to increase the sheet size is also limited by 
available laser power and by the reduction in spatial 
resolution associated with a larger measurement area and the 
size of a given pixel array on a CCD detector. Nevertheless, 
these challenges can be expected to diminish with advances 
in optical technology, as high-powered lasers become 

Figure 1: The influence of physical scale on the NOx emissions from burners scaled using
constant velocity scaling [25].
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was first proposed by Miles et al. [84] and widely 
investigated subsequently [5][21][22][33][101]. FRS utilises 
a narrow band filter at the centre of the frequency of a single 
mode laser to reject interference that is spectrally identical to 
the incident light. The FRS technique has been primarily 
used with molecular-iodine filters paired with frequency 
doubled single mode Nd:YAG lasers. The unfiltered 
component of the pressure- and/or temperature-broadened 
signal of the scattered light unfiltered is subsequently used 
for thermography. The broadening of the Rayleigh line-
shape in relation to an iodine filter is apparent in Figure 2, 
reproduced from Hoffman et al. [21]. The filter allows 
temperature imaging to be performed in the presence of 
strong elastic scatter that would otherwise obscure the 
Rayleigh scattered signal, although its potential in highly 
particle-laden flows is questionable. An example of the 
impact of the filter on the Rayleigh scatter from a mildly 
sooty, slightly premixed methane-air flame may be seen in 
Figure 3, reproduced from Hofmann et al. [22]. It is apparent 
in the bottom image (collected without a filter) that the 
scattering from the soot sheets dominate the image. When 
the filter is used (top figure) the temperature may be 
determined from FRS with minimal interference from the 
soot. Despite the improved capability of FRS over unfiltered 
Rayleigh scattering, it remains susceptible to variation in the 
Rayleigh cross-section across the reaction zone, which can 
be difficult to account for in turbulent imaging applications. 
 

 
Figure 2: Broadening of the Rayleigh line-shape as a 
function of temperature, in relation to the transmission of an 
iodine filter, as used for Filtered Rayleigh Scattering (FRS) 
thermometry [21]. 

 

 

 
 
Figure 3: Two-dimensional image of temperature obtained 
using Filtered Rayleigh Scattering (top) and corresponding 
scattering image (bottom) collected without filtering [22]. 

 

 
4.2 Raman scattering techniques 
 

One approach to circumvent problems associated with 
elastic scatter is to employ the inelastic Raman scattering for 
thermometry [2]. However, the inherently low signal from 
spontaneous Raman does restrict its application. It is 
typically limited to point or line measurements. Nonetheless, 
point-wise temperature measurements have been collected in 
practical devices in soot-free environments, such as a 
premixed gas turbine swirling flame [110]. 

 
Offering stronger signal due to its coherent nature, 

Coherent Anti-Stokes Raman Spectroscopy (CARS) is more 
applicable to thermometry in luminous and particle laden 
flows [63]. Indeed CARS has been the most widely used 
thermometry technique for harsh combustion environments, 
such as gas turbine combustors [112], liquid fuel combustors 
[103] and sooty turbulent pool fires [101]. 
 

The basic operating principle of CARS [2][58] involves 
the use of three laser beams (typically two of the same 
wavelength) that interact in the measurement volume to 
generate the signal (as a fourth beam) as a result of the third-
order nonlinear susceptibility [2][58]. A ‘pump’ beam at 

frequency ωpu (non-resonant to molecular transitions) excites 
a virtual level. By tuning a second Stokes beam to frequency 

Figure 2: Broadening of the Rayleigh line-shape as a function of temperature, in relation
to the transmission of an iodine filter, as used for Filtered Rayleigh Scattering (FRS)
thermometry [41].
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One approach to circumvent problems associated with 
elastic scatter is to employ the inelastic Raman scattering for 
thermometry [2]. However, the inherently low signal from 
spontaneous Raman does restrict its application. It is 
typically limited to point or line measurements. Nonetheless, 
point-wise temperature measurements have been collected in 
practical devices in soot-free environments, such as a 
premixed gas turbine swirling flame [110]. 

 
Offering stronger signal due to its coherent nature, 

Coherent Anti-Stokes Raman Spectroscopy (CARS) is more 
applicable to thermometry in luminous and particle laden 
flows [63]. Indeed CARS has been the most widely used 
thermometry technique for harsh combustion environments, 
such as gas turbine combustors [112], liquid fuel combustors 
[103] and sooty turbulent pool fires [101]. 
 

The basic operating principle of CARS [2][58] involves 
the use of three laser beams (typically two of the same 
wavelength) that interact in the measurement volume to 
generate the signal (as a fourth beam) as a result of the third-
order nonlinear susceptibility [2][58]. A ‘pump’ beam at 

frequency ωpu (non-resonant to molecular transitions) excites 
a virtual level. By tuning a second Stokes beam to frequency 

Figure 3: Two-dimensional image of temperature obtained using Filtered Rayleigh Scat-
tering (top) and corresponding scattering image (bottom) collected without filtering [44].
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Figure 4: CARS excitation processes for nanosecond and femtosecond laser pulses [52].
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soot, background interferences can lead to a significant error 
in two-line NO-LIF thermometry [108]. Multi-line 
approaches for NO thermometry alleviate issues with 
background [39], but at the cost of being restricted to 
averaged results. The excitation wavelengths required for 
NO (around 226nm) can also cause problems with 
interference and attenuation, and pressure broadening of the 
excitation lines leads to spectral overlap [106]. Furthermore, 
in fuel-rich flames, NO is consumed due to reburn reactions, 
leading to a loss of signal [11][15][72]. As an alternative to 
naturally occurring species, a wide range of seeded species 
can be introduced, of which organic molecules are most 
common [18]. 
 

The accuracy of single-wavelength LIF thermometry 
relies on the knowledge of the quenching species densities 
and quenching rate constant, since the spectra and intensity 
of LIF are influenced by the variation in collisional 
processes across reaction zone. However, this problem can 
be avoided by taking the ratio of two excitation/detection 
wavelengths [71][88]. The number density, absorbing 
species concentration and the collisional quenching 
dependencies that are often associated with single line LIF 
technique are also nullified by taking the ratio of the 
fluorescence signals. Figure 5 presents an example of two-
line LIF using 3-pentanone as a fuel tracer in a two-stroke 
internal combustion engine [99]. It is also possible to employ 
single laser excitation and detection at two different 
wavelengths, e.g. with toluene as the tracer [70]. However, 
as with many fuel tracers, 3-pentanone and toluene are 
consumed in the reaction zone, and so measurements are 
only possible in the unburned region. 
 

Alternative two-line fluorescent techniques have also 
been explored. For aqueous systems, the use of two different 
laser dyes has been proposed [30]. For simultaneous 
thermometry and velocimetry, the use of liquid-crystals has 
also been proposed [19]. However, their relevance to 
turbulent flames is not clear, since they have a limited 
temporal response and do not survive the combustion 
environment. Two-line phosphorescence using ZnO:Zn & 
ZnO:Ga has also been reported, with claims of short 
lifetimes enabling elimination of background interference 
[34]. Temperature measurements using naphthalene has also 
recently been reported [104]. However, the feasibility of 
these techniques in practical flame environments is yet to be 
adequately demonstrated. 
 

Of the laser-based thermometry techniques, two-line 
atomic fluorescence (TLAF) is potentially one of the most 
suitable for sooting environments, especially for two-
dimensional imaging [82]. TLAF follows the same principle 
as other LIF-based thermometry techniques, but employs a 
seeded atomic species. Some advantages of the TLAF 
technique include good sensitivity over a temperature range 
relevant to combustion, insensitivity to collisional quenching 

effects and capacity to separate the inelastic fluorescence 
from interference by spurious scattering [37][46][64][86]. 

 
 
Figure 5: Instantaneous temperature images from two-line 
LIF of 3-pentanone in a two-stroke internal combustion 
engine. Black colouration indicates burned areas. 
Reproduced from Einecke et al. [99]. 

 

Of the atomic species available, indium seeded into the 
flame has been identified as a suitable thermometry species 
for TLAF [36]. Indium has good sensitivity over the 
temperature range 800~2800K [17] and both of the 
wavelengths are in the visible spectrum (viz. 410nm and 
450nm), where interferences are less pronounced than in the 
UV range typically employed for excitation. Feasibility 
studies [46][55] have shown that TLAF with indium holds 
promise for temperature measurement in a highly sooting 
environment. The indium is typically introduced to the 
system as indium chloride dissolved in water. Within the 
flame front, neutral indium atoms are generated, which are 
spectroscopically probed using the TLAF technique. 
 

The strong transitions of atoms are easily saturated. To 
remain in the linear excitation regime, which is required for 
insensitivity to collisional quenching effects, the laser energy 
must be limited to low fluences. This leads to weak signal 

Figure 5: Instantaneous temperature images from two-line LIF of 3-pentanone in a two-
stroke internal combustion engine. Black colouration indicates burned areas. Reproduced
from Einecke et al. [72].

69



strength, and so affected by low signal-to-noise ratio, thus 
time-averaging is typically necessary. To circumvent this 
issue, the possibility of extending the technique to higher 
laser energies, so called nonlinear excitation regime TLAF 
(NTLAF) has been undertaken to extend the work to single 
shot imaging, initially under premixed conditions without 
the presence of soot [82]. Still more recently single-shot 
imaging of temperature has been demonstrated in the 
presence of soot, and performed simultaneously with LII of 
soot volume fraction, as shown in Figure 6 [123].  

 

 
 
Figure 6: Instantaneous planar measurement of temperature 
in the presence of soot, measured using Nonlinear excitation 
regime Two-Line Atomic Fluorescence (NTLAF), recorded 
simultaneously with soot volume fraction by Laser Induced 
Incandescence (LII) in a wrinkled laminar flame. 
Reproduced from Chan et al. [123]. 
 
The strong signal strength of the NTLAF results in good 
signal to noise ratios and measurement uncertainty of about 
60K within its operating range. However, the highly reactive 
nature of the indium ions means that they are readily 
consumed under oxidising environments. This limits the 
range of mixture fraction for which measurements can be 
performed to φ > 0.9. Note that the consumption of indium 
does not directly influence the accuracy of the temperature 
measurements, which is determined from the ratio of the 
intensity of the two colours (Stokes and Anti-Stokes). 

However it may increase the measurement uncertainty by 
reducing the signal relative to noise. This is a fundamental 
limitation of the method. However, further advances in 
seeding approaches are potentially achievable, which may 
allow the method to be extended further into the rich regime 
beyond its present limitation of φ < 0.9 and to temperatures 

below its present limit of ∼ 800K [82],[123]. Measurements 
to date have only been demonstrated under conditions of 
relatively low soot volume fraction, owing to interference 
due to condensed species and/or PAH on the fuel-rich side of 
the soot particles [131].  Recent analysis of this interference 
suggests that the correction for these interferences is 
realistic. Hence, while measurements under high loading are 
yet to be demonstrated, this can be anticipated in the near 
future. 

5. Measurement of Mixture Fraction 

 
Mixing plays a key role in radiation heat transfer 

through its influence on composition, and so on emissivity, 
which depends significantly on the presence of specular 
gases such as CO2 and H2O, and of soot [118]. Mixing also 
influences the control and emission of pollutants. Both large 
scale and molecular mixing are important in determining 
flame shape, stability and burning characteristics. This role 
is less important in premixed flames, although turbulence 
can still play a role through strain and residence time. 

 

Mixture fraction, ξ, is a conserved scalar which 
represent the mass fraction of reactant(s) that originated in 
the fuel stream. This scalar is used in many combustion 
models to reduce the number of variables needed to 
represent the mixing process and, through it, the local flame 
structure. Models such as Conditional Moment Closure, 
CMC, and the Laminar Flamelets Model are based on the 
mixture fraction, which is calculated from species 
concentration [10][77][94].  

 
The process of model development and validation 

requires reliable experimental measurements of mixture 
fraction in reacting flows that have been performed under 
conditions where experimental and computational data can 
be directly compared. Such data allows researchers to focus 
on the compositional structure without the complication of 
flame shape and size. These measurements are usually 
conducted on one or more of the key fuel components that 
are spectroscopically accessible and whose kinetics are well 
understood. Measurements are done either through intrusive 
sampling probes and gas chromatography or through 
temporally and spatially resolved laser based techniques. In 
the latter, some challenges are faced in accurately measuring 
the mixture fraction in all parts of the flame. 

It is possible to measure the key species and deduce the 
mixture fraction based on elemental conservation. However, 
such measurements are restricted to point measurements and 
1-D line measurements of late. Planar imaging of the fuel 

Figure 6: Instantaneous planar measurement of temperature in the presence of soot,
measured using Nonlinear excitation regime Two-Line Atomic Fluorescence (NTLAF),
recorded simultaneously with soot volume fraction by Laser-Induced Incandescence (LII)
in a wrinkled laminar flame. Reproduced from Chan et al. [86].
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has two main challenges, which are the early dissociation of 
the fuel (such as CH4), on the rich side of stoichiometric, and 
the effect of differential diffusion. In addition imaging of the 
fuel alone restricts the measurements to the rich side of the 
flame. Fuel dissociation results in very low concentration of 
the probed species and results in poor quality signal around 
stoichiometric conditions. Differential diffusion arises when 
molecular diffusion is more significant in one component of 
the mixture than the others, and is especially for multi-
component fuels containing H2. This leads to a 
misrepresentation of the mixing when only one part of the 
fuel composition is measured. 

 
An alternative to the direct measurement of all of the 

fuel species is the use of a fuel tracer. The most widely 
employed tracer species employed to date for this purpose 
are fuels such as acetone, 3-pentanone or toluene, although 
more recently Krypton has emerged as an exciting 
alternative, at least for gaseous fuels [128]. 

 
The fuel-based tracers are most suitable for liquid fuels, 

but also suffer from a range of systematic errors that limit 
their applicability to the measurement of fuel mass fraction. 
These limitations include the difference between spray 
formation and evaporation of the fuel and the tracer (noting 
that these tracers are typically liquid), different ignition 
chemistry and their breakdown at temperatures well below 
that of the reaction zone. Also, their quantification depends 
on understanding the effect of molecular quenching, 
correction for interferences and the need to quantify the 
temperature to determine the population distribution of 
electrons, known as the Boltzmann distribution. Higher 
pressures add further complexity to resolve.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Schulz and Sick [18] reviewed the techniques used to 

measure fuel mass fraction and temperature by LIF, with a 
focus on application in internal combustion engines and at 
high pressure. They concluded that LIF is one of the more 
robust techniques for measuring fuel concentration in such 
environments, and also in the presence of particles. They 
noted that the selectivity of the LIF technique allows the 
probing of the specific species, either added as tracers or 

found naturally in the flame. Shultz and Sick have also 
highlighted the difficulties associated with the quantification 
of the measured species and their relevance to the actual fuel 
mass fraction. They further identified the lack of 
discrimination between liquid and gas phase signals, as a 
remaining challenge for tracer-LIF in many applications. 
Indeed the measurement of mixture fraction in liquid and 
solid fuels in reacting system remains a challenge for all 
techniques. The phase transition hampers the accurate 
measurement of the fuel in the gas phase and the presence of 
droplets and particles interferes with most laser diagnostics 
techniques [113]. Finally the presence of soot in the flame 
adds both further complexity due to laser beam scatter and 
attenuation due to the dense medium of soot particle and 
fluorescence and chemiluminescence from the hot soot 
particles, as noted above. 

 
Despite the above limitations and complexities, many 

valuable measurements of mixture fraction and temperature 
in “clean” gaseous turbulent nonpremixed flames have been 
reported in the last two decades [6][7]. Such measurements 
involve an elaborate experimental arrangement and 
extensive experimental procedures for calibration and to 
correct for the various interferences. Figures 7 and 8 are 
examples of such arrangements for two dimensional and 1-D 
line configurations, respectively. These data have 
contributed significantly to the understanding of the 
turbulent mixing characteristics (through mixture fraction) 
and their dependence on controlling parameters such as 
Reynolds number, stoichiometric mixture fraction and the 
type of fuel. Figure 9 shows detailed planar structure of the 
mixing field, OH and temperature, using the Raman, LIF and 
Rayleigh techniques respectively [13]. These data were 

taken at different heights in a bluff body stabilised turbulent 
nonpremixed CH4/H2 flames and show the impact of the 
vortical structure shed from the edge of the bluff body on the 
structure of the flame downstream. 

 

Figure 7: Experimental arrangement for the simultaneous imaging of methane Raman
scattering, Rayleigh scattering, and OH-LIF.
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The capacity to measure mass fractions of major 
species, temperature and minor species have formed the 
basis of an international workshop on turbulent nonpremixed 
flame, the TNF workshop, which capitalises on the wealth of 
data available for model validation and development [42]. 
Invariably, these major species data have been collected 
using the Raman scattering technique. 

 
 
 
 
 
 
 
 
 
 

Figure 7: Experimental arrangement for the simultaneous 
imaging of methane Raman scattering, Rayleigh scattering, 
and OH-LIF. 

 
 

The Raman scattering technique is used to measure 
species concentration in gaseous flows. This technique can 
probe a specific species but suffers from weak signal and 
cannot be used in any environment where particles or 
droplets are present. The Raman signal can also suffer from 
other interferences such as those from high hydrocarbons 
and overlap between the Raman lines. Single-point [7]   1-D 
line [90] and 2-D planar imaging [13] measurements have 
been reported in the past. These data provided valuable 
insight into the fate of the fuel in a variety of turbulent jet 
flames and fuels and its impact on the reaction zone 
structure.  

 
Of late, two comparatively similar systems have been 
developed at Sandia National Laboratories [90] and 
Darmstadt University [62] to overcome the limitations of the 
Raman technique. These systems contain four combined 
Nd:YAG lasers to maximize the fluence in the probe volume 
and stretch the pulse over 40ns. Another innovative feature 
is a spinning wheel system with a small slit to gate the signal 
and minimise interference from the flame, while 
synchronising the exposure with the laser pulse. This 
approach has helped improve the signal to noise 
substantially and reduce the noise associated with an 
electronic intensifier. An increasingly utilised extension 
involves the modelling of the Raman spectra [20] to provide 
the temperature-dependent calibration and a correction for 
the cross talk between the different Raman responses for the 
different species. These new systems have underpinned 
capacity to provide resolved measurements of scalar 
dissipation [31] and offer potential to extend the Raman 
capabilities to flames with small amounts of soot or to larger 
flames. 

 

 

Figure 8: Experimental system for simultaneous line 
imaging of Raman scattering, Rayleigh scattering, and CO 
LIF [91]. 

 

The measurement of mixture fraction will remain a key 
requirement for future research to characterise non-premixed 
flames. The existing laser diagnostics techniques are still 
limited in its scope to deal with many of the issues 
associated with practical flames, notably those that contain 
soot and particulates.  
 
The method with the greatest promise for conserved scalar 
measurement in strongly radiating flows is the recently 
proposed measurement of Kyrpton by two-photon 
fluorescence. As a noble gas, Krypton is well suited to 
conserved scalar measurements, being very stable in a flame, 
although it has the disadvantage of being expensive. It is 
also optically accessible, albeit with some challenges. The 
two photon technique means that the collection wavelength 
at 760nm is very different from the excitation wavelength of 
215nm, making it well suited to separation of the signal from 
laser induced interference by filtering. The signal is subject 
to quenching, so an iterative approach combined with the 
measurement of temperature is required to determine 
mixture fraction. The method has recently been validated 
against the established Raman-Rayleigh methods in a non-
premixed flame [128], but has yet to be assessed in flames 
with soot. It is also well suited to planar imaging. 

Figure 8: Experimental system for simultaneous line imaging of Raman scattering,
Rayleigh scattering, and CO LIF [11]
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Figure 9: Instantaneous image triplets of mixture fraction, 
temperature, and OH mass fraction collected in flame BB2 
(90% of blow-off) [13]. Three triplets are presented for each 
axial location with images covering an 8-mm region 
centered at 22, 34, 46, and 62 mm. The flow is from bottom 
to top. Overlaid on the mixture fraction image are contours 
marking the lean (ξl = 0.01,yellow) and rich (ξr = 0.1, white) 
reactive limits of H2/CH4 fuel mixture. 

6 Measurement of soot 

 
The broad-band incandescent radiation from soot, where 

it is present, dominates over the narrow-band energy from 
gaseous species, making its measurement of paramount 
importance. Laser induced Incandescence is currently the 
most versatile technique for quantitative measurement of 
soot volume fraction, fv. The technique is based on the 
property of soot particles that causes them to absorb laser 
radiation at any wavelength. Laser energy is introduced at 
sufficient fluxes to heat the soot particles to temperatures far 
above the flame temperature. Hence these laser heated soot 
particles will emit radiation at shorter wavelengths than the 
flame, allowing its separation from the background [1][58]. 
The attraction of this technique is that the detected LII 
signal, SLII, is linearly proportional to the fv. This enables 
spatial and temporal quantitative soot measurements with the 
use of a high-energy pulsed laser coupled with suitable 
photo detection equipment as shown in Figure 10. The 
detected SLII counts need to be calibrated, which may be 
achieved using either in-situ, or ex-situ methods such as laser 
extinction (LE) [12][43] or by gravimetric sampling [89]. 
The LE technique, preformed in a well-controlled laminar 
premixed flames (as shown in Figure 11) using continuous-
wave lasers, is used widely to obtain the calibration factor. 
The value of the measured laser extinction, Kex, is directly 
related to the soot volume fraction, which can be described 
by the following equation: 
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N, d, λ and m are defined here as the number density, 
particle diameter, laser wavelength and a complex number 
which represents the refractive index, respectively. Equation 
4 is valid in the Rayleigh regime where the soot diameters 
are expected to be in the range of dp<0.3λ/π. This limits the 
range of soot diameters to >50 nm, >60 nm and >101nm, for 
laser wavelengths of 532 nm, 632 nm and 1064 nm, 
respectively. The presence of polycyclic aromatic 
hydrocarbons (PAHs) influences the line of sight LE and 
may cause an overestimation on the soot volume fraction 
profiles by an order of magnitude. Bengtsson and Alden [81] 
concluded that, at low burner heights in a laminar flame, the 
presence of PAHs emits strong fluorescence signals that 
increase with C/O ratio. Zerds et al [133] report on the 
influence of wavelength on the measured extinction for 
calibration of LII. They recommend calibration at long 
wavelengths (e.g. 1064nm) for the laser extinction 
measurements to reduce the laser absorption by molecular 
species (e.g. PAH) in the flame. 

Recently LII has been used to obtain fv in three different 
flames to investigate the effect of global mixing [73]. Very 
recently, Qamar et al. [74] reported experimental 
measurements of fv in piloted turbulent diffusion flames. 
Henriksen et al. [105] have also reported LII measurements 
in a highly sooty pool fire. They also reported simultaneous 
images of fv and OH. Lee et al. [132] reported simultaneous 
measurements of fv and OH in a turbulent flame of ethylene. 
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Figure 10: A schematic diagram of the optical arrangement 

for the LII measurement. Reproduced from Qamar et al.[73]. 
 

The application of LII in turbulent flames, in presence of 
soot, requires careful consideration. This is because these 
flames are generally large and contains high temperature 
gradients. The soot distribution in the flame and the 
temperature gradients will influence the laser beam 
propagating throughout the flame, causing both beam 
steering and diffraction effects. This leads to an unavoidable 
degradation in spatial resolution, typically in the range of 
500% for a flame width of order 0.2 m [116]. Zerbs et al 
[133] note that beam steering, due to the combined effects of 
turbulence, thermal gradients, pre-heat and pressure, implies 
that a spatial resolution below 1 mm in the dimension of the 
laser sheet thickness is not realistic under technical 
conditions. In addition to the spatial resolution degrading, 
the magnitude of computed fv values will also be affected by 
these issues. Another complexity of turbulent flames is that 

Figure 9: Instantaneous image triplets of mixture fraction, temperature, and OH mass
fraction collected in flame BB2 (90% of blow-off) [37]. Three triplets are presented for each
axial location with images covering an 8-mm region centered at 22, 34, 46, and 62 mm.
The flow is from bottom to top. Overlaid on the mixture fraction image are contours
marking the lean (ξ=0.01, yellow) and rich (ξ=0.1, white) reactive limits of H2/CH4 fuel
mixture.
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Figure 9: Instantaneous image triplets of mixture fraction, 
temperature, and OH mass fraction collected in flame BB2 
(90% of blow-off) [13]. Three triplets are presented for each 
axial location with images covering an 8-mm region 
centered at 22, 34, 46, and 62 mm. The flow is from bottom 
to top. Overlaid on the mixture fraction image are contours 
marking the lean (ξl = 0.01,yellow) and rich (ξr = 0.1, white) 
reactive limits of H2/CH4 fuel mixture. 

6 Measurement of soot 

 
The broad-band incandescent radiation from soot, where 

it is present, dominates over the narrow-band energy from 
gaseous species, making its measurement of paramount 
importance. Laser induced Incandescence is currently the 
most versatile technique for quantitative measurement of 
soot volume fraction, fv. The technique is based on the 
property of soot particles that causes them to absorb laser 
radiation at any wavelength. Laser energy is introduced at 
sufficient fluxes to heat the soot particles to temperatures far 
above the flame temperature. Hence these laser heated soot 
particles will emit radiation at shorter wavelengths than the 
flame, allowing its separation from the background [1][58]. 
The attraction of this technique is that the detected LII 
signal, SLII, is linearly proportional to the fv. This enables 
spatial and temporal quantitative soot measurements with the 
use of a high-energy pulsed laser coupled with suitable 
photo detection equipment as shown in Figure 10. The 
detected SLII counts need to be calibrated, which may be 
achieved using either in-situ, or ex-situ methods such as laser 
extinction (LE) [12][43] or by gravimetric sampling [89]. 
The LE technique, preformed in a well-controlled laminar 
premixed flames (as shown in Figure 11) using continuous-
wave lasers, is used widely to obtain the calibration factor. 
The value of the measured laser extinction, Kex, is directly 
related to the soot volume fraction, which can be described 
by the following equation: 
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N, d, λ and m are defined here as the number density, 
particle diameter, laser wavelength and a complex number 
which represents the refractive index, respectively. Equation 
4 is valid in the Rayleigh regime where the soot diameters 
are expected to be in the range of dp<0.3λ/π. This limits the 
range of soot diameters to >50 nm, >60 nm and >101nm, for 
laser wavelengths of 532 nm, 632 nm and 1064 nm, 
respectively. The presence of polycyclic aromatic 
hydrocarbons (PAHs) influences the line of sight LE and 
may cause an overestimation on the soot volume fraction 
profiles by an order of magnitude. Bengtsson and Alden [81] 
concluded that, at low burner heights in a laminar flame, the 
presence of PAHs emits strong fluorescence signals that 
increase with C/O ratio. Zerds et al [133] report on the 
influence of wavelength on the measured extinction for 
calibration of LII. They recommend calibration at long 
wavelengths (e.g. 1064nm) for the laser extinction 
measurements to reduce the laser absorption by molecular 
species (e.g. PAH) in the flame. 

Recently LII has been used to obtain fv in three different 
flames to investigate the effect of global mixing [73]. Very 
recently, Qamar et al. [74] reported experimental 
measurements of fv in piloted turbulent diffusion flames. 
Henriksen et al. [105] have also reported LII measurements 
in a highly sooty pool fire. They also reported simultaneous 
images of fv and OH. Lee et al. [132] reported simultaneous 
measurements of fv and OH in a turbulent flame of ethylene. 
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Figure 10: A schematic diagram of the optical arrangement 

for the LII measurement. Reproduced from Qamar et al.[73]. 
 

The application of LII in turbulent flames, in presence of 
soot, requires careful consideration. This is because these 
flames are generally large and contains high temperature 
gradients. The soot distribution in the flame and the 
temperature gradients will influence the laser beam 
propagating throughout the flame, causing both beam 
steering and diffraction effects. This leads to an unavoidable 
degradation in spatial resolution, typically in the range of 
500% for a flame width of order 0.2 m [116]. Zerbs et al 
[133] note that beam steering, due to the combined effects of 
turbulence, thermal gradients, pre-heat and pressure, implies 
that a spatial resolution below 1 mm in the dimension of the 
laser sheet thickness is not realistic under technical 
conditions. In addition to the spatial resolution degrading, 
the magnitude of computed fv values will also be affected by 
these issues. Another complexity of turbulent flames is that 

Figure 10: A schematic diagram of the optical arrangement for the LII measurement.
Reproduced from Qamar et al. [35].
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soot is present at different diameters and morphologies, 
associated with different ages that can cause diameters to 
exceed the restricted soot diameter values addressed in 
equation 4. To minimise this effect, a longer wavelength for 
the laser extinction measurements is desirable, which also 
reduces the laser absorption by molecular species [133]. 

 

Figure 11: A photo of the flat flame produced a McKenna-
style burner used for LII calibration. 

7. Measurements of droplets  

Turbulent flows transporting reacting droplets are not 
only of great practical significance in their own right, they 
represent an intermediate step in complexity between 
gaseous and particulate fuels. This is as true for the radiative 
heat transfer processes as the other process of combustion. 
Droplets have a number of properties that can be exploited in 
their measurement within reacting environments. Firstly, 
being spherical allows the exploitation of a range of 
methodologies that require sphericity, such as phase Doppler 
particle anemometry, PDPA, and particle sizing from 
scattering [23]. PDPA is a single point technique that will 
also provide, for each droplet, all three components of 
velocity, as well as diameter. A wide range of single-point 
measurements have been employed of turbulent reacting 
flows with particles, including the series of well-
characterised flames by Masri and co-workers [113]  

However, multiple droplets within the measurement 
volume result in spurious results, or measurement 
inaccuracy. This sets the critical mass loading, above which 
the number of bad measurements exceeds a useful threshold 
and also results in a significant bias. By counting, the size 
distribution and mass loading of the droplets can be 
obtained. Laser sheet drop-sizing, LSD, measures 
simultaneously the scattered signal from one laser, which 
depends on dp

2, and another on the fluorescence from 
another laser, which depends on dp

3. Hence the ratio of these 
two signals can be used to measure diameter. While LSD has 
been used to provide measurement of mean diameter, our 
previous investigations [80] have found that LSD is not 

useful in providing detailed statistics. This is because the 
cubic dependence of the fluorescence signal on droplet 
diameter means that it is not possible to obtain good 
resolution of both large and small droplets simultaneously. 
That is, avoiding saturation from the large droplets results in 
too low a signal-to-noise ratio from the small droplets for 
reliable measurement. This method is also limited to 
isothermal environments, since the fluorescent species will 
also persist in the vapour phase, rendering the ratio 
irrelevant.  

A range of liquid fuels are also suitable for fluorescence 
measurements. This has made acetone the fuel of choice for 
some investigations [113]. Alternatively, fluorescent 
materials such as toluene can be dissolved into other fuels 
for measurement of temperature and/or mixture fraction, as 
described above [18]. At the same time, such measurements 
cannot distinguish between the fluorescent species in the 
liquid and vapour phases [18]. Hence planar measurements 
of droplet size and number density are still not realistic 
under reacting conditions. 

8 Measurements of particles 

Most solid fuels, both of fossil or biomass origin, are 
burned in pulverised form, since the combustion intensity 
can be increased as particle size is reduced. The distribution 
and number density of coal particles as they disperse into a 
combustion chamber influences the location of the ignition 
plane, the distributions of temperature and mixture fraction 
and hence also the radiation heat transfer and pollutant 
emissions [40]. The large numbers of particles, combined 
with the presence of soot they produce, make radiation from 
these flames even more dominant than in gas flames. 
Knowledge of these parameters is thus central to the 
optimisation of all aspects of such systems.  

In pulverised fuel (PF) combustion systems, the fuel is 
typically crushed to produce particles with a log-normal size 
distribution that spans two to three orders of magnitude. The 

mean size is typically around 60µm, the largest particles are 

typically around 300µm and the smallest particles numbers 

are <1µm. This size allows them to be conveyed 
pneumatically and also provides a high surface area to 
volume ratio for rapid combustion. Such particles are 
typically conveyed in the “dilute” phase, i.e. at velocities 
sufficient to prevent particles from settling to the floor of the 
duct, with mass loadings of less than 10kgparticles / kgair but 
more commonly at around 1kgparticles / kgair [98]. Under these 
conditions the volume fraction of particles is typically about 
1% and 0.1% respectively. However, the particles disperse 
as they move from the conveying system into, and through, 
the flame, resulting in significantly lower number densities 
in much of the flame. Importantly, the cubic relationship 
between particle numbers and mass causes the fine particles 
to dominate particle numbers. For example, a typical coal of 
density 1300 kg/m3 and a mass loading ratio of 10 would 

have 1013 particles per m3, based on 10µm diameter. 

 

 

Figure 11: A photo of the flat flame produced a McKenna-style burner used for LII
calibration
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It is difficult to measure particle numbers accurately 
with such a wide size distribution. This is because intensity 
of the scattered signal from a laser scales approximately with 
dp

2 when the particle is much larger that the wavelength of 
light. This scaling causes scattered signal to be dominated by 
the large particles. The effects of optical attenuation are also 
very significant in investigations of conditions of relevance 
to pulverised fuel flames. These effects have typically 
limited previous laser-scattering images from pulverised coal 
particles to providing qualitative insight, as in the 2MW, 
pilot-scale combustion investigations of Smith et al. [75]. 
The combined effects of attenuation and signal trapping have 
also limited most previous investigations of instantaneous 
particle number densities to either single point methods [47] 
or to planar investigations under dilute conditions where the 
effects of attenuation can be neglected [26]. Nevertheless, 
the attenuation in PF environments is typically not so great 
as to prevent reasonable signal from throughout the flame 
[75]. Hence it is realistic to consider that reliable 
measurements are possible under conditions of relevance to 
practical pulverised fuel combustion.  

One important step in the development of reliable 
planar measurements of particle distributions is the shot-by-
shot correction for in-plane attenuation. Kalt et al [78][79] 
have developed a ray-tracing approach. They applied an 
iterative correction to the Beer-Lambert Law of gaseous 
absorption, i.e. by ignoring effects of diffraction. 
Specifically, they derived the following correction: 
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Here ϕp is the detected signal, Cκ is a constant of 
correction that can be applied for the entire optical 
arrangement, rp is the particle radius, np is the number of 
particles and I’ is the laser intensity entering the 
measurement volume. This can be applied in differential 
form using ray tracing from pixel to pixel, as is illustrated in 
Figure 12. It can also be applied in modified form to 
divergent light sheets.  

Diverging laser sheets cause some additional 
complications. Firstly, the sheet divergence causes both a 
drop in the local laser fluence [J/mm2] and an increase in the 
dynamic range of fluence in the image plane. Secondly, the 
particles cast conical shadows rather than cylindrical 
shadows. The influence of particles on the extinction of the 
diverging sheet depends on the particle position with respect 
to the virtual origin of the laser sheet (Fig. 13). The 
extrusion of square image volumes allows ray tracing 
through the laser sheet. The simplified 1-D model of 
collimated attenuation corrections that account for 
divergence for a 1-D ray, constructed by interpolation for 
each pixel back to the laser source (virtual origin), is shown 
schematically in Fig. 14. 

Importantly, Kalt et al. also assessed the effect of signal 
trapping, i.e. the attenuation of signal between the 
measurement volume and the detection optics. They found 

that, using sufficiently large optics, the effects of signal 
trapping can be corrected based only on the mean values to 
provide a total accuracy of typically 3%, or up to 10% for 
the case where the transmittance is only 50%, i.e. where half 
of the energy has been attenuated. However, to date, no 
method to account for non spherical particles has been 
developed. 

  
 

Figure 12: Schematic representation of the cylindrical (and 
potentially overlapping) shadows cast by spherical particles 
for the case of collimated light. Ray tracing can be used to 
correct for these attenuations [78][79]. 
 
 

 
Figure 13: The dependence of the intensity at each pixel in a 
diverging light sheet can be determined from its position in 
the light sheet by tracing back to the virtual origin [79]. 

 
 
Furthermore, many biomass particles tend to be fibrous 

in shape, which makes their aerodynamic behaviour even 
more complex. The drag depends on orientation, aspect ratio 
and rotational velocity. Their motions are now becoming to 
be better understood under settling [14][27], but are only 
beginning to be investigated in detail in non-reacting 
turbulent environments [52]. The measurement of fibres is 
also significantly more difficult than of spheres, since the 
intensity of the scattered signal also depends on the 

Figure 12: Schematic representation of the cylindrical (and potentially overlapping) shad-
ows cast by spherical particles for the case of collimated light. Ray tracing can be used to
correct for these attenuations [115, 116].
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It is difficult to measure particle numbers accurately 
with such a wide size distribution. This is because intensity 
of the scattered signal from a laser scales approximately with 
dp

2 when the particle is much larger that the wavelength of 
light. This scaling causes scattered signal to be dominated by 
the large particles. The effects of optical attenuation are also 
very significant in investigations of conditions of relevance 
to pulverised fuel flames. These effects have typically 
limited previous laser-scattering images from pulverised coal 
particles to providing qualitative insight, as in the 2MW, 
pilot-scale combustion investigations of Smith et al. [75]. 
The combined effects of attenuation and signal trapping have 
also limited most previous investigations of instantaneous 
particle number densities to either single point methods [47] 
or to planar investigations under dilute conditions where the 
effects of attenuation can be neglected [26]. Nevertheless, 
the attenuation in PF environments is typically not so great 
as to prevent reasonable signal from throughout the flame 
[75]. Hence it is realistic to consider that reliable 
measurements are possible under conditions of relevance to 
practical pulverised fuel combustion.  

One important step in the development of reliable 
planar measurements of particle distributions is the shot-by-
shot correction for in-plane attenuation. Kalt et al [78][79] 
have developed a ray-tracing approach. They applied an 
iterative correction to the Beer-Lambert Law of gaseous 
absorption, i.e. by ignoring effects of diffraction. 
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Here ϕp is the detected signal, Cκ is a constant of 
correction that can be applied for the entire optical 
arrangement, rp is the particle radius, np is the number of 
particles and I’ is the laser intensity entering the 
measurement volume. This can be applied in differential 
form using ray tracing from pixel to pixel, as is illustrated in 
Figure 12. It can also be applied in modified form to 
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Diverging laser sheets cause some additional 
complications. Firstly, the sheet divergence causes both a 
drop in the local laser fluence [J/mm2] and an increase in the 
dynamic range of fluence in the image plane. Secondly, the 
particles cast conical shadows rather than cylindrical 
shadows. The influence of particles on the extinction of the 
diverging sheet depends on the particle position with respect 
to the virtual origin of the laser sheet (Fig. 13). The 
extrusion of square image volumes allows ray tracing 
through the laser sheet. The simplified 1-D model of 
collimated attenuation corrections that account for 
divergence for a 1-D ray, constructed by interpolation for 
each pixel back to the laser source (virtual origin), is shown 
schematically in Fig. 14. 

Importantly, Kalt et al. also assessed the effect of signal 
trapping, i.e. the attenuation of signal between the 
measurement volume and the detection optics. They found 

that, using sufficiently large optics, the effects of signal 
trapping can be corrected based only on the mean values to 
provide a total accuracy of typically 3%, or up to 10% for 
the case where the transmittance is only 50%, i.e. where half 
of the energy has been attenuated. However, to date, no 
method to account for non spherical particles has been 
developed. 
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for the case of collimated light. Ray tracing can be used to 
correct for these attenuations [78][79]. 
 
 

 
Figure 13: The dependence of the intensity at each pixel in a 
diverging light sheet can be determined from its position in 
the light sheet by tracing back to the virtual origin [79]. 

 
 
Furthermore, many biomass particles tend to be fibrous 

in shape, which makes their aerodynamic behaviour even 
more complex. The drag depends on orientation, aspect ratio 
and rotational velocity. Their motions are now becoming to 
be better understood under settling [14][27], but are only 
beginning to be investigated in detail in non-reacting 
turbulent environments [52]. The measurement of fibres is 
also significantly more difficult than of spheres, since the 
intensity of the scattered signal also depends on the 

Figure 13: The dependence of the intensity at each pixel in a diverging light sheet can be
determined from its position in the light sheet by tracing back to the virtual origin [116].
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orientation of the fibre within the light sheet. These 
challenges have limited the conditions in which the most 
detailed data-sets are available to relatively simple systems. 
Hence the challenge to provide detailed measurements under 
conditions of direct relevance to turbulent combustion 
remains significant. 

 

 
 

Figure 14: The simplified 1-D model of collimated 
attenuation used to correct for divergence by ray tracing 
from a planar image [79]. 

 
 
Another exciting recent development for the planar 

measurement of densely laden flows of particles is 
Structured Laser Illumination Planar Imaging (SLIPI) 
[129,130]. This method allows removal of the influence of 
secondary scattering as the laser propagates through a 
particle laden flow. It employs three laser sheets, each 
slightly separated in time and each with a sinusoidal spatial 
variation in the distribution in intensity, slightly offset from 
each other. The sinusoidal variation in spatial intensity, 
generated by the use of a grating, is illustrated in Figure 15.  
Each image comprises the superposition of the primary 
signal, generated only by the direct scattering of the laser 
sheet, with the secondary scattering, generated by multiple 
scattering events. The primary signal is identical in each 
sheet, except for the variation in intensity, while the 
secondary scattering is random. The appropriate 
recombination of the three images allows the random 
scattering to be removed, as illustrated in Figure 16.  

 
 

 

 
Figure 15: The planar image of a spray generated by a laser 
sheet with a sinusoidal distribution of laser intensity, in turn 
imposed by the use of an optical grating [79]. 

 
 

 
 

Figure 16: The difference between a raw planar image 
generated by a laser sheet through a spray (left) with that 
obtained using the SLIPI method to remove secondary 
scattering [79]. 

 

9. Measurement of Velocity 

It is well established that strain rate is a major 
controlling parameter for the formation of soot, while also 
influencing temperature and mixture fraction. However, 
laser based velocity measurements in turbulent flames with 
soot suffer from large interferences, which has hindered any 
attempt of such measurements in the past. Novel 
investigations are therefore required to ensure that the soot 
(which is not a flow tracer, being both produced and 
consumed) does not bias measurements by Particle Image 
Velocimetry, PIV, or LDA. Likewise, the simultaneous 
measurements of velocity and soot volume fraction have 
been hindered by the need to demonstrate that the PIV seed 
particles do not interfere with the LII measurement. 

To confirm that reliable optical discrimination between 
the two measurements is possible, we performed a 
preliminary investigation in a laminar ethylene diffusion-
flame issuing from a 10mm nozzle at 1m/s (Figure 17). Both 
the fuel and air were seeded with 0.5 µm aluminium oxide 
particles as flow tracers for the PIV and illuminated at 532 
nm from a Quantel Twins B PIV double pulsed Nd:YAG 
laser, operated at 300mJ/ pulse. A 430nm interference filter 
was found to be sufficient to suppress any interference from 
the seed particles on the LII image to below detectable 
limits. This is demonstrated in Fig 17b), since LII signal is 
found only in the thin sheet of the flame, where the soot is 
known to be found. This verifies that the use of PIV will not 
interfere with the LII measurement here, and any 
interference will be even less with 1064nm.  

A polarising filter was sufficient to suppress the 
scattering from the soot to background levels, to avoid 
interference of soot on the PIV measurement. The Mie-
scattering efficiency of the Aluminium Oxide particles used 
in these preliminary investigations is reduced by a factor of 
approximately 8 at the temperatures in the flame-front 
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Figure 14: The simplified 1-D model of collimated attenuation used to correct for diver-
gence by ray tracing from a planar image [116].
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Figure 15: The planar image of a spray generated by a laser sheet with a sinusoidal
distribution of laser intensity, in turn imposed by the use of an optical grating [121].
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orientation of the fibre within the light sheet. These 
challenges have limited the conditions in which the most 
detailed data-sets are available to relatively simple systems. 
Hence the challenge to provide detailed measurements under 
conditions of direct relevance to turbulent combustion 
remains significant. 

 

 
 

Figure 14: The simplified 1-D model of collimated 
attenuation used to correct for divergence by ray tracing 
from a planar image [79]. 
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[129,130]. This method allows removal of the influence of 
secondary scattering as the laser propagates through a 
particle laden flow. It employs three laser sheets, each 
slightly separated in time and each with a sinusoidal spatial 
variation in the distribution in intensity, slightly offset from 
each other. The sinusoidal variation in spatial intensity, 
generated by the use of a grating, is illustrated in Figure 15.  
Each image comprises the superposition of the primary 
signal, generated only by the direct scattering of the laser 
sheet, with the secondary scattering, generated by multiple 
scattering events. The primary signal is identical in each 
sheet, except for the variation in intensity, while the 
secondary scattering is random. The appropriate 
recombination of the three images allows the random 
scattering to be removed, as illustrated in Figure 16.  

 
 

 

 
Figure 15: The planar image of a spray generated by a laser 
sheet with a sinusoidal distribution of laser intensity, in turn 
imposed by the use of an optical grating [79]. 

 
 

 
 

Figure 16: The difference between a raw planar image 
generated by a laser sheet through a spray (left) with that 
obtained using the SLIPI method to remove secondary 
scattering [79]. 

 

9. Measurement of Velocity 

It is well established that strain rate is a major 
controlling parameter for the formation of soot, while also 
influencing temperature and mixture fraction. However, 
laser based velocity measurements in turbulent flames with 
soot suffer from large interferences, which has hindered any 
attempt of such measurements in the past. Novel 
investigations are therefore required to ensure that the soot 
(which is not a flow tracer, being both produced and 
consumed) does not bias measurements by Particle Image 
Velocimetry, PIV, or LDA. Likewise, the simultaneous 
measurements of velocity and soot volume fraction have 
been hindered by the need to demonstrate that the PIV seed 
particles do not interfere with the LII measurement. 

To confirm that reliable optical discrimination between 
the two measurements is possible, we performed a 
preliminary investigation in a laminar ethylene diffusion-
flame issuing from a 10mm nozzle at 1m/s (Figure 17). Both 
the fuel and air were seeded with 0.5 µm aluminium oxide 
particles as flow tracers for the PIV and illuminated at 532 
nm from a Quantel Twins B PIV double pulsed Nd:YAG 
laser, operated at 300mJ/ pulse. A 430nm interference filter 
was found to be sufficient to suppress any interference from 
the seed particles on the LII image to below detectable 
limits. This is demonstrated in Fig 17b), since LII signal is 
found only in the thin sheet of the flame, where the soot is 
known to be found. This verifies that the use of PIV will not 
interfere with the LII measurement here, and any 
interference will be even less with 1064nm.  

A polarising filter was sufficient to suppress the 
scattering from the soot to background levels, to avoid 
interference of soot on the PIV measurement. The Mie-
scattering efficiency of the Aluminium Oxide particles used 
in these preliminary investigations is reduced by a factor of 
approximately 8 at the temperatures in the flame-front 
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Figure 16: The difference between a raw planar image generated by a laser sheet through
a spray (left) with that obtained using the SLIPI method to remove secondary scattering
[121].
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relative to ambient. This results in a low signal intensity of 
the Mie-scattering in the flame zone, as shown in Fig 17c). 
The replacement of aluminium oxide with particles of higher 
scattering efficiency at elevated temperature, such as 
magnesium oxide, can further enhance measurements. 
Despite the draw backs of Aluminium Oxide, Fig 17d) 
demonstrates that it provides sufficient Mie-scattering signal 
to conduct PIV under laminar conditions. Discrimination can 
also be enhanced by the use of a better camera.  

 

 
Figure 17: Demonstration of simultaneous LII and PIV in a 
laminar diffusion flame. 

10. Components of Radiation Propagation 

The corrections for the attenuation of light described in 
Section 8 can be extended to provide direct planar 

measurement of all components of radiation through a 
scattering-absorbing medium on a shot-to-shot basis. Such 
measurements have not been reported previously and have 
potential to provide an important step in model development 
and validation.  The attenuation corrections can be used to 
quantify particle concentration if the appropriate scaling 
constant, Cκ, can be found. This scaling constant, which 
represents the detector sensitivity to scattered radiation can 
be determined for a given optical arrangement – either in 
advance by testing against a known concentration of 
particles, or by measuring the intensity of the transmitted 
laser sheet and iteratively determining a Cκ value that yields 
the same overall transmission. The quantitative processing of 
Mie-scattering nephelometry data will then provide laser 
sheet fluence, particle concentration and corrections for local 
laser intensity due to absorption of the laser sheet and 
divergence of the beam. Figure 16 shows how these 
components can be used to determine the components of 
radiation collectively scattered and absorbed by the 
particulate medium. The diffusely scattered component, 
which depends on the surface properties and diameter, is 
typically dominant (around 96%) while the absorbed 
component very much weaker. For sufficiently large 
particles the scattered light is no longer coherent, becomes 
depolarised, and contributes to the multiple scattering signal 
and background radiation levels. The influence of the 
absorbed radiation depends on its composition and 
environment and can result in an increase its temperature 
and/or a change in phase or composition. However, the 
wavelength of the emitted radiation from a particle is 
typically broad-band and temperature dependant, and can be 
separated from the narrow-band scattered radiation by use of 
a sufficiently high wavelength laser. 

It is a relatively easy proposition to measure the laser power 
shot-to-shot, as the data is collected. If the total power and 
laser sheet energy profile are known then the scattered and 
absorbed radiative components can be quantified on a shot-
to-shot basis, as illustrated in Figure 18.  
 

 

Figure 17: Demonstration of simultaneous LII and PIV in a laminar diffusion flame.
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Figure 18: The instantaneous planar measurement of all components of radiation propagation through a turbulent scattering, 
absorbing medium of spherical particles with a diverging light sheet [122]. 
 
 

10. Conclusions 

A number of complementary planar laser diagnostic 
techniques have recently emerged that together offer the 
potential for a breakthrough in capability to investigate 
strongly radiating turbulent reacting flows. Notably, 
nonlinear two line atomic fluorescence (NTLAF) has been 
demonstrated for the measurement of gas-phase temperature 
in flames with soot, while two photon fluorescence of 
krypton is emerging for the measurement of mixture 
fraction. Such measurements have not previously been 
possible under conditions of strong interference, notably 
from the presence of soot and its precursors. Similarly, two 
planar measurement techniques have recently emerged to 
enable measurement of particle volume fraction under much 
higher loadings than previously possible. One employs ray 
tracing to account for single-shot attenuation of the primary 
laser sheet, while the other employs structured illumination 
to remove much of the secondary scattering. Furthermore, 
these methods could, in principle, be applied simultaneously, 
although this is yet to be done. Hence, they offer the 
potential to enable detailed measurement of the coupled 
processes of turbulence, combustion and radiation. Such 
coupling is particularly significant in strongly radiating 
flows, notably involving soot, making these flows too 
complex to model without the use of a range of simplifying 
assumption,  

For in-situ laser-based thermometry, perhaps the best 
established method is Rayleigh scattering, whose simplicity 
continues to make it the method of choice for clean 
environments. However its vulnerability to interference from 
scattering makes it poorly suited to investigate strongly 
radiating flows, such as those involving soot. Of the 
established techniques, the Coherent Anti-stokes – stokes, 
Raman Spectroscopy, CARS, offers the greatest capability in 

such environments. The use of pico-second lasers has 
recently been shown to enable good separation between 
signal and noise in the presence of soot. Nevertheless, CARS 
retains the disadvantages of a relatively large probe volume 
(i.e. moderate spatial resolution), which is linked to its 
vulnerability to differential beam steering, and to being 
poorly suited to planar measurement. The thermometry 
technique with greatest promise for planar and well-resolved 
measurement of temperature in the presence of soot and 
other fine particles is NTLAF. This method has recently 
been demonstrated to provide simultaneous measurement of 
temperature and soot volume fraction. While, to date, it has 
only been demonstrated under conditions of moderate soot 
loading.  it is anticipated that corrections for interference 
will allow the range to be extended to high soot loadings 
also. Similarly the presently accessible temperature range is 
limited to 800K < T < 2800K,, and that of mixture fraction 
to the range 0.9 < φ < 1.4. These ranges are of primary 
immediate interest because they span the high temperature 
reaction zone, and with further development, it is anticipated 
that will be extended to a wider operating range. 

For the measurement of mixture fraction in turbulent 
flames, Raman-Rayleigh techniques have proved to be well 
suited for clean flames. However, these methods are highly 
vulnerable to interference from the presence of soot (or other 
particles) and its precursors. Such measurements have 
presently also been limited to laboratory scale flames, 
although incremental refinement offers potential to extend 
them to larger physical scale. Tracer LIF is presently the 
only realistic technique by which to measure mixture 
fraction in the presence of particles, and is also well suited to 
planar measurements. Until recently, the tracers identified 
for measurement are themselves combustible, limiting their 
application to the relatively low temperature region on the 
fuel rich side of the reaction zone. The use of krypton as a 
tracer gas offers potential to overcome these disadvantages. 
Being inert, this tracer survives the reaction zone. It is also 

Figure 18: The instantaneous planar measurement of all components of radiation prop-
agation through a turbulent scattering, absorbing medium of spherical particles with a
diverging light sheet [122].

82


