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Abstract

A joint temperature/soot laser-based optical diagnostic was developed for the
determination of the joint temperature/soot probability density function (PDF) for
hydrocarbon-fueled meter-scale turbulent pool fires. This Laboratory Directed Research
and Development (LDRD) effort was in support of the Advanced Simulation and
Computing (ASC) program which seeks to produce computational models for the
simulation of fire environments for risk assessment and analysis. The development of
this laser-based optical diagnostic is motivated by the need for highly-resolved spatio-
temporal information for which traditional diagnostic probes, such as thermocouples, are
ill-suited. The in-flame gas temperature is determined from the shape of the nitrogen
Coherent Anti-Stokes Raman Scattering (CARS) signature and the soot volume fraction
is extracted from the intensity of the Laser-Induced Incandescence (LI1) image of the
CARS probed region. The current state of the diagnostic will be discussed including the
uncertainty and physical limits of the measurements as well as the future applications of
this probe.
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1. Introduction
Heat from a fire is transported through multiple different transport processes,

which include convection, radiation and conduction. When soot is present, radiative heat
transport often dominates the other processes and subjects objects in the vicinity of the
fire to immense thermal loads. The soot radiation flux is a key threat to the safety and
security of personnel and infrastructure and is a dominant concern for risk assessment
and analysis. New computational models are currently being developed for the
Advanced Simulation and Computing (ASC) code FUEGO [2-4] at Sandia National
Laboratories to facilitate the risk assessment and analysis process [5]. Unfortunately,
cost-effective simulation of large-scale (order of meters) turbulent fire scenarios
necessitates that the computational grid be of finite resolution while much of the physics
which describes the fire evolution and other important processes, such as radiative heat
transport, occur on scales orders of magnitude smaller than the computational grid size.
Therefore, modeling/approximation of this sub-grid behavior must be performed in place
of direct numerical simulation. Currently, the joint temperature/soot volume fraction
probability density function (PDF), which is required for modeling the radiative heat
transport sub-grid behavior is not available. The goal of this project is to develop a
diagnostic which can provide the experimental data necessary to construct the joint PDF
for awide array of hydrocarbon fuels so that the sub-grid radiative heat transport process
can be accurately modeled and implemented into the next generation of fire codes.
Traditiondly, fire research has been performed using physical probes, such as
thermocouples, which are inserted directly into the fire. The benefits of these diagnostics
are that the probes are robust, inexpensive and simple to implement. However, these
probes are intrusive, which disturbs the environment being investigated, and suffer from
bias errors resulting from thermal lag as well as radiative and conductive heat transfer
with the surroundings [6]. The high resolution demanded by the models coupled with the
above mentioned bias errors have resulted in the recent adaptation by the Sandia fire
community toward laser or opticaly based diagnostics, which include imaging
techniques such as planar laser-induced fluorescence for scalar imaging and particle-
image velocimetry [4, 7], emission spectroscopy [8], tunable-diode-laser absorption



spectroscopy (TDLAS) for species, soot and temperature determinations [9] and in situ
pyrometric probes[10].

Not all optical techniques are created equal, however. Many optical techniques
cannot be employed in sooting or particulate-laden flames as particle-based optical
interferences can easily overwhelm the diagnostic signal. These interferences can include
scattering or emission from soot, laser-induced soot incandescence and fluorescence from
polycyclic aromatic hydrocarbons and laser-produced carbon species [11]. Additionally,
techniques such as TDLAS, IR emission or pyrometry are line-of-sight techniques, which
gpatially average the measurement.

Another technique which is often chosen is coherent anti-Stokes Raman scattering
(CARS), which is a spatially resolved laser-based spectroscopic technique with well-
documented performance in the investigation of particulate-laden combustion
environments and processes. As early as the 1970s, investigators had been using CARS
to perform gas species concentration measurements of H,, for example, in laboratory-
scale flames [12]. Of primary importance for fire research is the capability of dual-pump
CARS to handle experimentaly difficult environments. The two major concerns for
thermometry in large-scale pool fires are coping with particulate-laden environments
(soot in this case) and high performance in full- or large-scale test facilities. Dual-pump
CARS is a popular choice for performing measurements in large-scale facilities or
sooting flames as the coherent, laser-like signal allows easy collection of the entire signal
at small optical apertures and facilitates efficient coupling to an optical fiber [13].
Moreover, dua-pump CARS is less senditive to scattering or absorption due to the
presence of soot and is free of spectral interferences that plague other technigques as a
result of its tunable and blue-shifted optical signature. While conventional CARS
investigations of sooting flames can suffer from spectral interferences from C,, the dual-
pump CARS variant has been successfully applied to a number of different laboratory-
scale sooting flames [11, 14, 15]. Other researchers have employed the technique for
thermometry in large or industrial scale applications, where optical access is limited and
complicated by the physical scale of the apparatus. These are conditions typically found
in industrial coal furnaces and CARS has the demonstrated capability of probing cod
combustion systems [16-19]. CARS has also been applied to a wide variety of engines,
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ranging from supersonic combustors to internal combustion engines for the purposes of
thermometry and species concentration determinations [13, 20-25].

In addition to performing thermometry, characterization of the radiative heat
transport process requires simultaneous determination of the soot volume fraction, for
which far fewer techniques are available. Laser light extinction [26-30] and
thermophoretic [31] and gravimetric [26] sampling have been used to investigate sooting
flames. However, extinction measurements are line-of-sight and time averaged, while
thermophoretic or gravimetric sampling are intrusive, possibly altering the fire
environment, and are ex situ measurement techniques, which add greater uncertainty to
the data analysis. The only technique which satisfies the resolution requirements and is
in situ and non-intrusive is laser-induced incandescence (L11). This technique exploits
the blackbody nature of the soot entrained in the fire, wherein a laser is used to heat the
soot to the point of sublimation/vaporization which causes it to incandesce in a nearly
blackbody process. The intensity of the incandescence is proportiona to the volume of
soot within the probing laser beam or sheet. Laser-Induced Incandescence has been
demonstrated to determine the soot volume fraction in awide array of combustion or fire
environments, ranging from laboratory scale burners [32-36] to full-scale test facilities
[37]. Using CARS for thermometry and LIl for soot volume fraction determination and
performing the measurements simultaneously will alow correlation of single-laser-shot
temperatures with the corresponding soot volume fraction, allowing the temperature-soot
statistics which dictate thermal emission to be determined at relevant sub-grid length
scales.
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2. Technical Background

Fuel Air
+Prod
. - T
2.1 Radiative Heat o /
Transport -
A turbulent pool fire is >-_ e

comprised of a collection of distinct - Ys00t

regions where the fuel and air mix and /
I

combustion occurs forming a flame y )
Figure 1. Relative position of the soot layer

(black) to the temperature profile (red) and
thickness, and the soot layer is often estimated radiative heat flux.

sheet. These mixing regions are on the

order of a few millimeters or less in

found on the fuel or rich side of the
interaction region when combustion occurs in the non-premixed sense. The temperature
of the system varies across the flame sheet as well; the relative position of the soot layer
with respect to the temperature profile is not known and can vary aswell. Anillustration
of the genera temperature, soot and radiative heat flux profiles for a model laminar
diffusion flameis shownin Figure 1.

Heat from a fire is transported primarily by convection and radiation, but in the
presence of soot the dominant pathway is typically radiation, which depends upon two
main properties; the soot volume fraction and the temperature. The radiative heat

transport equation (RTE) isgivenin Eq. (1), assuming scattering is

4
Js-VI ds:j(aGT —al jds Q)
T

negligible, where a is the absorptivity, ¢ is the Stefan-Boltzmann constant, T is the

temperature, | is the radiation intensity and s is the linear, line-of-sight coordinate. The
first term on the right-hand-side describes the emission from hot soot and the second term
describes radiation absorption by soot. It is this complicated interplay between the

emission and absorption term which determine the radiation flux to which objects near
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the fire will be subject. These two terms are controlled by two properties. Emission is
determined from the product of «T* and the absorption is given by «, which is dependent
upon the soot volume fraction. Therefore, accurate simultaneous determination of the
temperature and soot volume fraction is required to quantify the radiation flux. In
particular, the emission process is highly sensitive to the temperature due to T*
dependence, which makes the temperature-soot correlation term of paramount importance
in modeling of the sub-grid-scale thermal emission. Given that the soot and temperature
profiles are typically on the order of a few millimeters or less in thickness, highly
spatialy resolved experimental data is required to ensure representative temperature/soot
statistics are developed so that the radiative heat transport process can be well-

characterized for the computational model.

2.2 Coherent Anti-Stokes Raman Scattering
Some of the earliest work applying coherent anti-Stokes Raman scattering

(CARS) was by Taran and coworkers [12, 38] in the mid-nineteen seventies, and since
that time the technique has been developed and well-characterized by numerous other
researchers. There are many excellent reviews available for a detailed explanation of this
spectroscopic technique, but the review in Laser Diagnostics for Combustion
Temperature and Species by Eckbreth [39] is recommended. The general overview of the
technique presented here is based on the review by Eckbreth. CARS is a non-linear
optical technique which utilizes the Raman Effect to probe the different Raman active
modes (rotational, vibrational or electronic) of molecules. In classical scattering theory
the Raman Effect occurs because an incident photon induces a polarization (dipole) in the
molecule which shifts the frequency of the photon by a characteristic frequency of the
molecule. This frequency shift, often called the Raman shift, varies depending on the
nature of the molecule and which mode is being observed. Generally, frequency shifts
due to pure-rotational Raman scattering are on the order of a few to 10s of wavenumbers,
while ro-vibrational transitions (involving both the rotational and vibrational structure)
exhibit shifts on the order of a few hundred to a few thousand wavenumbers. The

magnitude of these shifts is, of course, highly molecule dependent and the above
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estimates apply to small molecules, such as diatomics or triatomics. The intensity of the
induced Raman scattering is dependent upon the polarizability of the molecule,

=0 =0

P=P +P )

where P is the total polarizability and the superscripts denote the first and third order
terms (even order terms are zero for isotropic media) and, in general, easily polarized
molecules, such as Hp, have larger polarizabilities and, therefore, larger Raman cross
sections.

In the specific case of CARS spectroscopy, the resulting signal is due to multi-
photon wave-mixing wherein two photons, designated as “pump” and “Stokes’, are
required to establish a Raman polarization and a third photon (a second pump photon)
scatters from that polarization resulting in a coherent, anti-Stokes (blue-) shifted signal.
An energy level diagram illustrating the CARS process is shown in Figure 2, with ®
representing the energy difference between states in units of frequency where the
subscripts 1, S CARS and Raman correspond to the “pump”, “ Stokes’, CARS signal and
Raman transition energies. Additionaly, the two solid lines represent real quantum
mechanical states within a — e e = e —— - = V.5
molecule defined by the
guantum numbers v
(vibration) and J (rotation) "= === == = -=——l—-—-—- V.S,
and the dashed lines n
represent virtual  states. W, Wg 1 Wears

Because CARS is a
nonlinear, MUIti-photoN m— s V=1 J=0)
process, the intensity of the
. . mRaman
signa is dependent upon

the third order v=0,J=0

polarizability, P® (unlike _
Figure 2. Energy level diagram for degenerate pump,

Spontaneous Raman which  narrowband Stokes CARS.
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Figure 3. Phase matching condition for Planar (@) and Folded (b) BOXCARS.

is determined by the first order term, P™) and requires that the probed molecules oscillate
in phase. This nonlinear behavior necessitates strict phase-matching and frequency
requirements for the generation of the coherent, laser-like CARS signal beam. The
pump and Stokes pair which establish the Raman polarization/coherence must have an
energy difference which is resonant with a molecular transition of the species being
probed, as shown in Eqg. (3), and the frequency of the resulting CARS signal is given by

Eq. (4),

A
;= a)pumpl — Ogoyes (3)

Dcprs = (a)pumpl - w&okes) + a)pumpz ) (4)

where w is the frequency (reciprocal wavelength), the superscript A denotes the molecule
of interest, the subscripts v and J correspond to specific rotational and vibrational
quantum numbers of the Raman transition and the subscripts pump-1, pump-2, Siokes or
CARS define the specific laser beams. Frequently, the frequency degenerate CARS
variant is used, such that wpump1 = @pump2, however thisis not a necessary requirement and
whichis

it will be demonstrated later that some circumstances require that o, X0

pumpl pump2 !
known as dual-pump CARS. The pump and Stokes laser beams must be focused and
crossed in a particular orientation, known as phase matching, and a diagram showing this

condition is given in Figure 3, such that Eq. (5) must be

kPumpl + kPump2 - kSok@ = kCARS (5)
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satisfied, where E:%is the wave vector in the direction of laser-beam propagation.

The overlap region of the crossed beams defines the probe volume within which the
CARS signal is generated and the dimensions of the probe volume will vary depending,
primarily, upon the focal length of the lens and the phase matching scheme employed.
Typical ellipsoida probe-volume dimensions range from 25-150 pum minor axis and 1-10
mm major axis. Multiple phase-matching schemes have been demonstrated, including
collinear beams as well as the planar BOXCARS and folded BOXCARS schemes shown
in Figure 3.

The utility of CARS as a temperature diagnostic results from the sensitivity of the
shape of the CARS spectrum to the temperature-dependent Boltzmann factors, which
describe how molecular populations are distributed among the different rotational and
vibrational energy levels. Givenin Eq. (6),

loams € 111l | Zoams| (6)
is an expression for the CARS signal intensity where the subscripts 1, 2, S and CARS
refer to the pump-1, pump-2, Stokes and CARS beams, | is the intensity (power per unit
area) and ycars is the CARS susceptibility, which is a measure of how readily a nonlinear

P®-type polarization isinduced in the medium, and is given by Eq. (7),

oo AN
o0 7
ZCARSOC;(égJI:a)l—a)S—CO\,,J —iFV,J] !

AN =N, -N,.,. ©)

where (2—3) isthe differential Raman cross section, /" is the Raman linewidth, w, ; isthe

molecular resonant frequency and the sum is over all Raman transitions, specified by v, J.
Theterm 4N, defined in Eq. (8), is the difference in the number densities of the two states
coupled by the Raman transition, where N, ; is the rovibrationally resolved level

17
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Figure 4. A sequence of calculated N, CARS spectra demonstrating the

evolution of the spectral signature with temperature.
population of quantum level v,J. Simple substitution of Eg. (7) into Eq. (6) shows that
the intensity of the CARS signa is dependent upon the square of the difference in
number density between two coupled energy levels. At thermodynamic equilibrium
conditions the total population is distributed among the different energy levelsin a highly
temperature-dependent manner. For the purposes of thermometry within fires only the
vibrational and rotational partition functions need be considered and they are given by
Eq. (9) (vibration) and Eqg. (10) (rotation),

—vhcw —hcw,
N - 0 4201 ) 0
N, hcB -BJ(J+1)hc
N, = L_I_ g, (2J +1)exp(—(k_|_ ) J (10)
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where Ny is the total number density, N, is the number density of vibrational level v, g; is
the nuclear spin degeneracy, we iSs the characteristic vibrational frequency, k is
Boltzmann’'s constant, h is Planck’s constant, c is the speed of light, T is the temperature
and B is the characteristic rotational constant. Essentially, the shape of a CARS spectrum
is determined by the relative populations of the different rovibrational quantum states and
the temperature controls this population distribution as described in Eq. (9) and (10).

This project is concerned, primarily, with thermometry, and an example which
demonstrates the temperature dependence of the spectral shape is shown in Figure 4,
where three theoretically calculated CARS spectra for the N, molecule are shown at three
different temperatures. The blue spectrum represents room temperature N, and is the
narrowest of the three spectral signatures. At low temperatures the only quantum states
populated are the lowest rotational levels (J = 1-15) in the ground vibrational level (v=0).
As the temperature increases (black line) higher rotational levels become populated
(>>15), which broaden the signature resulting from the ground vibrational level.
Additionally, the first excited vibrational level begins to become appreciably populated,
so a second rotational manifold becomes evident in the range of 2290-2300 cm™
representing the different rotational levels populated in the first excited vibrational level.
Further increases in temperature (red line) transfer more population to the higher
rotational and vibrational levels and the increase in level population is evident by the
increase in line intensity for the first excited vibrationa level and the higher lying
rotational levelsin the ground vibrational state.

The above summary is for degenerate-pump CARS where the two pump beams
are of identical wavelength. However, when probing sooty fire or combustion
environments with degenerate-pump CARS there is frequently a spectral interference in
the region of N, due to the presence of gas-phase C, [40, 41] that is generated by laser-
induced vaporization of soot. For N, CARS, the most common approach for combustion
measurements is to use frequency degenerate pump beams from the Nd:YAG laser at 532
nm. When this configuration is used, the CARS signal emerges at 473 nm, which is
resonant with a single-photon absorption in C,. To circumvent this issue a dual-pump
variant of CARS can be used wherein the two pump beams are of different wavelengths.
An energy level diagram summarizing broadband dua-pump CARS is given in Figure 5.
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Figure 5. Energy level diagram illustrating the broadband dual-pump CARS process
for N», Oo, Ho and CO..

Typicaly, one of the pump beams is generated by a tunable dye laser, which resultsin a
frequency tunable N, CARS signal. Adjustment of the dye laser frequency (w- in Figure
5), changes the N, signal frequency, which permits tuning the signal to a Cy-interference-
free region of the spectrum. An added benefit (besides eliminating the interference from
C,) isthat awider array of combustion species may be probed using a single detector as
there are no two pump-Stokes pairings that can exhibit resonances with two or more
different Raman frequency bands. Judicious selection of the second pump frequency
results in the N, CARS signal being in close spectral proximity to that of O, H, and CO,

and

a)NZ = (a)punpl - w&okes) + wpumpZ (11)

Dp = (wpumpZ - w&ok&s) + wpumpl (12)

Eg. (11) & (12) summarize this behavior, where A represents either Oy, H,, or CO,.
Lastly, if the Stokes laser exhibits a broad spectral bandwidth, the complete molecular

rovibrational spectrum, which is required for thermometry, may be acquired on a single
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laser shot basis which alows probing of transient environments such as those found in

turbulent fires.

2.3 Laser-Induced Incandescence
Laser-Induced Incandescence (LII) is commonly used to probe soot volume

fraction and particle size in flames [1]. This technique requires that the soot be laser
heated to incandescent or sublimation temperatures (T ~ 4000-5000 K), where the high-
temperature thermal radiative emission of soot is strongly correlated to the soot volume
fraction. Other properties, such as particle size, can be investigated from the time history
of the thermal emission associated with the transient cooling of soot, but were not

pertinent to the objective of thiswork. Incandescence from the soot isrelated to Planck’s

S, o 2cth 1 47E(m)
1 25 ( m J i
ele _1

onk
E(m)= (14)
(m) (n2 —K? +2)2+4n2k2

(13)

Blackbody Formula and the absorption efficiency of the particlesand is given in Eq. (13),
where D is the diameter of the primary particles, c is the speed of light, h is Planck’s
constant, k is Boltzmann's constant, 4 is the wavelength and mis the complex refractive
index of soot (m=n-ik). The Blackbody nature of the incandescence results in a signal
which is blue-shifted with respect to the background fire luminosity and many orders of
magnitude greater in relative intensity as shown in Figure 6, which shows the relative L1
intensity as a function of soot temperature and wavelength. At laser heated temperatures,
the incandescence signal is easily distinguished from the background luminosity by both
spectral discrimination and fast gating of the intensified CCD camera used for LII
detection (lifetime of the incandescence is on the order of a few hundred nanoseconds).
An example of atypical LI experimental apparatusis given in Figure 7, which shows the

probe laser, the sheet forming optics and the imaging detector [1].
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Figure 6. Relative intensities of LIl emission as a function of wavelength and soot
temperature

For absolute soot volume fraction determinations this diagnostic must be
calibrated against a standard and laser light extinction is the most commonly chosen as it
isan in situ measurement. |f scattering losses are negligible, the dimensionless extinction

coefficient is given by Eq. (15).

K, = 67E(m) (15)

e

| K, f L
_=exp[__i ) (16)

The total extinction of the probing laser beam is related to the soot volume fraction by
Eq. (16), where f, is the soot volume fraction, L is the path length through the absorbing
field and 1 is the wavelength of the laser beam. It is important to note that one of the
greatest sources of uncertainty in this diagnostic is associated with the optical properties

of soot. Much effort has been expended in an attempt to characterize the index of
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Figure 7. Anexample of atypical LIl experimental system, where an
Nd:YAG laser beam isformed into a sheet and illuminates aregion of aflame.
The soot incandescence is captured with an ICCD camera. Image taken from

[1].

refraction of soot and the values available in the literature can vary widely and depend
upon multiple parameters, such as wavelength of the probe beam, soot maturity, fuel and
even burner type [34, 42-45].
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3. Experimental Setup

3.1 FLAME facility
This work was performed in the FLAME (Fire Laboratory for Accreditation of

Models and Experiments) facility at Sandia National Laboratories, shown schematically
in Figure 8 along with a photograph of a methanol pool-fire burn in Figure 9. This
facility was designed for the purpose of producing well-controlled quiescent reproducible
meter-scale fires. The facility test bay is 18.3 m in diameter with a ceiling height of 12.2
m. A 2-m-diameter fuel pan with 50 mm depth is located at the center of the facility
floor. A series of forced- and induced-draft fans provide a controlled flow of combustion
air, which enters the test bay through the basement of the facility via aring of balanced
and conditioned air ducts. The combustion air flows upward through the grated steel floor
at the radial edges of the test bay, and the natural draft of the fire draws air horizontally
along the solid-steel ground plane to the center of the test bay and into the fire plume.

Excess air and combustion products are exhausted through the facility chimney to an

T | d Exhaust to
—1 Precipitator

=5
Water-Cooled ~

Interior Walls

Grated Floor

Air Ring

Figure 8. Cross-sectional illustration of the FLAME cell test bay.
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Figure 9. Photograph of a2-m diameter methanol fueled pool fire.

electrostatic precipitator and vented to the atmosphere through a smokestack. The walls
of the test bay are water cooled to provide a controlled, ambient-temperature radiative
boundary condition. The duration of atypical test is 15-30 minutes and, while the facility
is capable of handling many types of liquid and gaseous fuels, only data acquired from
methanol or toluene/methanol blended fires will be presented here. Adjacent to the test
bay are three labs designed to allow optical access to the fire environment so that high-

fidelity laboratory laser diagnostic systems can be used to investigate the fire.

3.2 Dual-Pump CARS System
Housed in one of the labs adjacent to the test bay is the broadband, dual-pump

CARS system. This system is comprised of three laser systems; an injection-seeded,
frequency doubled Nd:YAG operated at 10 Hz and producing ~ 1.7 Jpulse at 532 nm
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and an in-house built broadband dye
laser using a mixture of Rhodamine
610 and 640 in methanol emitting a
225 cm broadband beam centered
at 607 nm. A schematic of the laser

system is shown in Figure 10. The
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Figure 10. A diagram of the CARS/LII
laser system. The dashed box indicates the
LIl probe laser.

beam from the injection-seeded, frequency doubled Nd:YAG laser is divided into three

optical paths. Two of these beam paths pump the dye lasers and the last beam path is

used as one of the pump beams for the CARS measurement. The custom built dye laser

is comprised of two Bethune dye cells; an oscillator and a single pass amplifier. The

oscillator is confined to a cavity with an output coupler of 30% reflectivity. A Wollaston

prism is inserted between the oscillator output coupler and the amplifier to improve the

polarization purity of the output beam. After the polarizer, the output of the oscillator is

expanded with a telescope which also controls the divergence of the output beam prior to

the beam entering the amplifier.

Exterior to the dye laser
cases, the dye beams are
expanded using telescopes to
optimize overlap of the beam
the CARS
measurement volume while the
532 nm beam is passed through

a delay line to ensure the three

waists  within

beams overlap in time

Waveplates are inserted into

PROBE VOLUME

Focusing
Lens
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each beam path to control the polarization of each of the beams and ensure that the
polarization vectors are all paralel. A micro-radian mirror mount is placed in each of the
three CARS beam paths and are used within the laser lab to adjust the beam overlap
within the test bay. These mounts are an absolute necessity as the beam path is
approximately 12 meters from the last mirror in each of the laser paths and optimization
of the beam overlap would be nearly impossible without them. The three beams are
combined into the folded BOXCARS phase matching configuration, shown in Figure 11,
using a 3" dichroic mirror (transmits 607 nm, reflects 532 and 560 nm) before being
passed into the fire test bay.

Inside the test bay the beams are directed towards a pair of optical housings which
protect the optics from the fire environment and reduce the beam path (to ~ 0.67-m)
through the fire to limit beam steering and reduce the optical thickness caused by the
presence of soot within the fire. The first optical housing contains a 1000-mm-focal-
length lens, which is used to focus and cross the three CARS beams to a point
approximately 1-m above the center of the pan creating a cylindrica probe volume
approximately 100 um x 5-10 mm. A second optical housing contains the optics used to
collect the four CARS beams and isolate the signal from the pump and Stokes beams.
Within this water-cooled optical housing are a 1000-mm-focal-length lens to collect and
collimate the pump, Stokes and CARS beams, followed by a sequence of four dichroic
mirrors which reflect only the wavelength of the CARS signal beam while passing the
pump and Stokes frequencies into Teflon beam traps. An interference filter (%T>90% at
493 nm) removes any remaining pump or Stokes energy and the signal is coupled by a
100-mm-focal length lens into a 100-um core diameter multimode optica fiber. A
remotely operated motorized mount is used to optimize the fiber alignment with the
CARS signa prior to a test fire. However, heating of the hardware necessitates
readjustment of the fiber position during the test, making this remote controlled mount
invaluable. The 30-m optical fiber couples the CARS signal from the test bay back to the
laser lab and into a 0.75-m spectrometer, which utilizes a 1200 |/mm grating.
Approximately 66% of the CARS signal is lost within the spectrometer due to the f/#
mismatch between the optically fast fiber and the slower spectrometer. This spectrograph

is configured to alow the insertion of arelay lens pair at the exit providing the flexibility
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to adjust the magnification of the dispersed signa prior to detection by a back-
illuminated CCD camera. Initidly, the spectrograph was configured with a 3.75:1
magnification which resulted in a spectral resolution of ~ 1.4 cm™*, which is determined
by evaluating the FWHM of an emission line from a xenon lamp. However, this level of
resolution was deemed unnecessary, so the magnification was reduced to 2:1 to improve

the signal intensity at the cost of spectral resolution, which was reduced to ~ 3.9 cm™.

3.3 LIl System
The hardware for the laser-induced incandescence measurement is split between

the laser lab, the test bay and the test bay basement. The LIl system has been designed to
operate in tandem with the dual-pump CARS instrument. The bulk of the laser-sheet
forming optics are located in the laser |aboratory, and located 9 m or more from the fire
measurement location. LIl is generated using the 1064-nm fundamental of a Q-switched
Nd:YAG laser, operating at 10 Hz with a maximum output of 800 mJ per 10-ns pulse,
and shown schematically in the dashed region of Figure 12. A combination of a half-

waveplate/polarizer assembly and

Uncooled _
dielectric attenuators are used to Cone\ R Windows Optics L%eel
control the infrared pulse energy : Packaging

'.f. 9] ( P, . 2
delivered to the experiment. Use La\ser 00 00 2 Eber—Optlc
of the infrared wavelength for LII Sheet " '““"'H; y Buricle

o _ Relay Lens Water
eliminated laser-induced Pair Jacket
fluorescence  background from
polycyclic aromatic hydrocarbons

4 minimized intert ¢ Intensified Raman Notch
and minimized interference from -~y camera Filter
laser-produced C, and other carbon
species. The laser output coupler
. : Basement
is a graded reflector designed to Loyst

produce an intensity spatial beam

profile that is Gaussian, and a 5- Figure 12. Anexploded view of the LIl detection
probe showing the optics package and fiber bundle
which relay the signal to the intensified CCD
camera.

mm-diameter Teflon aperture was
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placed at the output of the laser to select only the central 50% of the laser beam to form a
uniform-intensity spatial beam profile. A Galilean telescope is used to expand the laser
beam to a diameter of ~ 15 mm and to adjust the location of the laser-sheet beam waist in
the pool fire. Laser sheet forming is provided by a f = -5000-mm focal-length plano-
concave cylindrical singlet lens, located ~ 10 m from the measurement volume, and by
the same f = +1000-mm lens used for crossing of the CARS pump and Stokes beams in
the test bay. These optics provide a5-mm high x 1-mm thick laser sheet for LI1 imaging,
which is aligned with the center of the CARS probe volume. Large focal lengths are used
to provide a long beam-waist region that minimizes variation in laser-sheet thickness
across the detection optics field of view, and to place the first sheet-forming element into
the system prior to combining the LIl and CARS laser beams in the remotely located
laser lab.

Incandescence from laser-heated soot particles is collected normal to the infrared
laser sheet by a water-cooled optical probe, shown schematically in Figure 12. The LII
collection optics are housed within the triplewalled, 2-m-long stainless-steel water
jacketed probe (101.6-mm O.D.; 50.8-mm |.D.). The water-cooled probe extends into the
fire plume and the temperature of the collection optics space does not exceed 30° C
during a 20-30 minute burn. The cone is uncooled to minimize the thermal intrusion near
the L11 measurement volume. The cone half angle slightly exceeds the /4 aperture of the
LIl collection optics and minimally degrades the signal collection efficiency. A low-
velocity nitrogen purge minimizes soot accumulation inside the cone, which eliminates
soot deposition on the collection optics and limits the thickness of the signal-trapping
soot layer between the LI laser sheet and probe to the 38-mm space between the end of
the cone and the laser sheet. The collection-optics are packaged in a mild-steel assembly
which is mounted inside the water-cooled section of the probe. Infrared-reflecting and
absorbing windows are used to minimize heating of the optics package by direct thermal
radiation. Unit-magnification relay imaging of the LIl measurement volume onto the
face of a 1-cm square fiber-optic bundle is provided by two achromatic doublet lenses of
200-mm focal length and 50.8-mm diameter. The fiber-optic bundle is 4.6 m long, with
10-pum core diameter optical fibers (1M elements) of 0.63 numerical aperture, and relays
the LI11 image to the test bay basement, where the fiber output is imaged onto a gated,
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intensified CCD camera at /2.8 and near-unit magnification using a 105-mm Nikon glass
camera lens. Observation of white light imaged through the collection optics and
emerging from the fiber bundle indicated minimal overfilling of the cameralens.

The detector is gated on promptly with the arrival of the laser pulse and a gate
width of 12-14 nsis used for broadband detection of the LIl signal over the full 350- to
700-nm bandpass of the glass lens and image-intensifier combination. Short detector
gates were used to both reduce the impact of particle size on the detected L11 signals and
to minimize contributions at long times, where the laser-altered soot distribution was
observed to result in distorted LIl images in a lab-scale diffusion flame. Broadband
detection was used to maximize the single-shot LIl signal in this case, at the expense of
some sensitivity to emission from laser-produced C, and other photo-fragments resulting

from the soot vaporization process[7].
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4. Temperature Measurements in Non-sooting Fires

4.1 Processing and Interpretation of CARS Spectra
The initial stages of diagnostic development were focused on performing

thermometry in 2-m diameter methanol-fueled pool fires, which are non-sooting. An
image of a methanol-fueled pool fire is shown in Figure 9. This fuel was chosen so that
the thermometry measurement could be refined in this large-scale test facility without the
additional complications caused by the presence of soot. Thermometry and O./N,
relative mole fraction results will be presented demonstrating the capabilities of the
CARS instrument and these results will be compared to predictions obtained from a
FUEGO simulation of this fire. Additionally, the accuracy and precision of the
instrument are characterized and spatial averaging within the probe volume will be
discussed.

The raw spectra are background subtracted and normalized with respect to the
average Stokes-laser profile obtained from nonresonant CARS spectra of argon.
Nonlinear least-squares fits were performed using the Sandia CARSFT code [46].
Modifications of CARSFT to accommodate dual-pump CARS of N, and O, were
performed and summarized by Hancock et al. [47], and we refer the reader to their work
for a very detailed treatment of the dual-pump CARS equations used in CARSFT. The
parameters varied in the fitting routine include slight shifts of the experimental spectrum
along both the horizontal (spectral) and vertical (intensity) axes; the temperature; and the
mole fractions of N, and O,. The nonresonant susceptibility of the bath gas was fixed at
10.25 cm®lerg (representative of hydrocarbon/air combustion products), as the exact
composition of the combustion gases in the fire plume was not known on a shot-to-shot
basis. Floating of the N, mole fraction effectively adjusts the relative importance of the
nonresonant CARS contribution, with the limitation that all resulting mole-fraction data
are referenced to the N, molecule, and not on an absolute basis. A sample fit from tube-
furnace-heated air is provided in Figure 13, where the average of 100 single-shot CARS
spectrais plotted alongside the resulting theoretical fit. The fitted temperature of 1263 K
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Figure 13. Dual-Pump N./O, CARS spectrum averaged for 100 laser shotsin tube-
furnace heated air and the resulting theoretical fit to the data.

is in excellent agreement with the tube-furnace thermocouple at 1273 K, while the
measured O,/N; ratio is 0.234, which is 12% lower than the known value of 0.266 for air.
Reasons for this disagreement may lie in uncertainty in the measured spectral response of
our detection system, and in the modeling of the J-dependent O, linewidths, which are
approximated in CARSFT as equal to N linewidths.

4.2 Computational Pool Fire Simulations
The methanol pool fire was simulated with 512 processors on a 2.5 million

element mesh using the Sandia code SIERRA FUEGO/SY RINX. The details of our code
are provided elsewhere, and are only briefly summarized here. FUEGO is a finite-volume
code, which solves Favre-averaged transport equations for mass, momentum, energy, and
species, as described by Moen et al. [2] and Laskowski et al. [3], while SYRINX solves
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the radiative transfer equation for the fire thermal radiation field via a discrete-ordinates
approach for grey, non-scattering media. SIERRA provides a general framework for
multi-physics coupling that allows FUEGO and SYRINX to interact via volume and
surface transfers for either one-way or two-way coupling.

A large-eddy simulation was performed using FUEGO with a turbulence closure
model described by Tieszen et al. [48], which is based upon a method developed by
Pruett [49] for time-domain filtering of the transport equations. This method allows us to
solve the Reynolds-averaged Navier-Stokes (RANS) equations without performing the
additional spatial filtering required for LES. The Navier-Stokes equations are temporally
filtered (TFNS), with a top-hat filter of width, z, and a k-& turbulence model is used to
describe the turbulence at frequencies larger than 1/z. The closure model for the turbulent

eddy viscosity, 4, isathen function of the filter width [48], and has the following form,

m=c, pkz (17)

where pis the gas density, k is the modeled turbulent kinetic energy at high frequencies,
and c,is a model constant. With this approach, the filter width is set so that the low-
frequency, energy containing motion is solved for on the computationa grid, while the
more isotropic inertial and dissipative scales are model ed.

Combustion is treated using the steady laminar flamelet approach [50], with a
precomputed flamelet database that provides scalar state relationships for temperature,
species mass fractions, and density as a function of the mixture fraction and strain rate.
The library is generated from solutions of a one-dimensional, laminar, counter-flow
diffusion flame, which are carried out in the mixture fraction space. The library covers
the expected range of strain rates for reacting flows and is parameterized in terms of a
reference scalar dissipation rate at a reference mixture fraction, which is typically the
stoichiometric mixture fraction or the maximum mixture fraction value. The resulting set
of flamelet look-up tables is a database of interpolated scalar state relationships, which
are functions of mixture fraction and the reference scalar dissipation rate. The effect of
turbulence on the ensemble of flamelets is accounted for by a statistical model, which

provides filtered state variables required for the filtered conservation equations. The
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mixture fraction and the scalar dissipation rate are assumed to be dtatistically
independent. A beta probability density function (PDF) is used for mixture fraction and
the PDF of the scalar dissipation rate is modeled as the delta function. The physics
equations are solved on a computational grid whose size at the location of the CARS
measurement volume is 5 x 5 x 6 cm, which represents the spatial resolution in the
simulation data, over which the temperature and O, mole fractions are averaged. The
methanol fire simulation was started from ignition and carried out through the initial

transient to atotal time of 39.9 seconds with atime step of 0.01 seconds.

4.3 CARS-Measured Pool Fire Temperatures
The dual-pump CARS apparatus was used to acquire spectra from two

consecutive 2-m-diameter methanol pool-fire experiments, with the CARS probe volume
fixed at the center of the fire plume and 1 m (1/2 base diameter) above the surface of the
fuel pool. Examples of typical single-shot spectra obtained from the methanol fire and the
corresponding best-fits are shown in Figure 14. The main sources of noise in these
spectra are mode-amplitude fluctuations in the Stokes laser spectral profile, and detector
shot noise. Mode-amplitude noise from the Stokes laser is especially apparent inthe T =
818 K spectrum in Figure 14, where the jagged nature of the spectral envelope of the N,
Q-branch signature relative to the theory is obvious. Detectable O, Q-branch signals are
observed in Figure 14 for O./N, down to 0.10. For the spectrum at
1840 K, avaue of O,/N, = 0.03 is returned from CARSFT, while no clear O, signatureis
observed in the data, such that this level of O, is below the detection limit of our
instrument.

Histograms were constructed from the single-shot temperature measurements for
each of the two methanol pool fires investigated, and are shown in Figure 15. The mean
temperatures determined for these fires are 1235 and 1269 K with standard deviations of
407 and 417 K, respectively, which illustrates the reproducibility of the canonical wind-
free fire plumes generated in the FLAME facility. The CARS temperature histograms can
be compared to histograms of thermocouple temperatures obtained using 1.016-, 1.58-,
and 3.175-mm diameter steel-sheathed probes, which are typical of the ruggedized
sensors used for fire testing. The thermocouple temperatures are uncorrected for radiative
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and conductive heat losses, and the resulting thermocouple temperature histograms are

shown in Figure 16.
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The mean thermocouple
temperatures (1166-1209 K
depending on probe diameter) are
within 8% of the mean CARS
measured temperatures, and are
biased toward lower temperatures as
a result of heat losses from the
sensors. This level of agreement in
the mean CARS and thermocouple
temperatures may be viewed as
somewhat fortuitous. It is aso
apparent that the ruggedized
thermocouples lack the tempora
resolution to probe the turbulent
temperature fluctuations within the
fire; the thermocouple-measured
rms temperature fluctuations are 17-
35 K depending on probe diameter,
and are an order of magnitude
smaller than the CARS-measured
RMS temperature fluctuations. The
lack of fidelity in the thermocouple-
measured temperature fluctuations
should be expected given the large
therma lag of the ruggedized
thermocouple  probes, whose
estimated first-order time responses

range from 4 to 25 seconds.
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Figure 16. Histogramsillustrating the
measured temperatures from thermocouples
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Figure 17. Histogram resulting from TFENS simulation indicating
temperature distribution in the region of the CARS measurement volume.

The CARS-measured temperature histograms are compared to a temperature
histogram from the TFNS simulation in Figure 17, where agreement of the simulated
mean fire temperature with the two experimental realizations of Figure 15 is within 26
and 60 K, or 2 and 4%. The simulation predicts a narrower temperature distribution, with
an RMS temperature fluctuation of 254 K, or about 39% lower than the CARS
measurements. The reduced level of temperature fluctuations observed in the simulation
data are a likely result of the coarser spatial resolution in the numerical results, which
provided an effective averaging over a much larger gas volume (150 cm®) than in the
experiments (8 x 10> cm®). The difference in experimental vs. simulated temperature
histograms is also compounded by broadening of the experimental histograms as a result
of the finite measurement precison in the CARS data, which is 56% at flame
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temperatures and 7% at temperatures below 1000 K. The TFNS temperature histogram
additionally exhibits a shape that is skewed toward low temperatures, while the CARS-
measured histograms are skewed toward high temperatures. Large differences are
evident in the mode (most probable) value observed as well, where the CARS-measured
histograms show most probable temperatures of approximately 1400 — 1500 K, with a
corresponding value of approximately 1060-1130 K observed in the numerically derived
histogram.

4.4 Oxygen Mole Fraction
A scatter plot of temperature versus the relative mole fraction O,/N; is displayed

in Figure 18 for both the CARS measurements (black) and numerical predictions (red).
The solid lines in the figure represent the average temperature conditioned on O,/N,. This
temperature/oxygen correlation displays the behavior of the scalar temperature on the
fuel-lean side of the mixture-fraction space over the range of strain and dissipation rates
encountered in the pool fire. At 300 K, the CARS-measured O,/N,, ratio approaches 0.25,
near the expected value for atmospheric air of 0.266, but till somewhat low, as is
consistent with the tube-furnace result presented earlier in Figure 13. For O,/N, near
0.01, the gas composition approaches the stoichiometric mixture fraction, and the peak
CARS-measured conditional-mean temperature reaches 1615 K with a single-standard-
deviation scatter of +240 K; TFNS-simulated mean and RM S temperatures of 1556 K +
180 K are observed in the same near-stoi chiometric mole-fraction range. The behavior of
the simulated temperature/oxygen correlation is qualitatively similar to that of the CARS-
measured results; the conditionally averaged temperatures are within 10% for 0 < O,/N>
< 0.2, and within only afew percent at higher O./N,. There is significantly greater scatter
in the CARS measurements than in the simulated temperature-oxygen correlation data,
and the level of scatter in the CARS results shows no discernible correlation with O,/No,
with a conditioned RMS temperature fluctuation between 150 and 200 K for al O./N, >
0.01. This degree of scatter in the temperature data about the conditional mean of the
measurements cannot be fully attributed to the finite precision in the single-shot CARS
temperatures, which ranges from 35 to 70 K (RMS) or 17 to 46% of the scatter in the

41



. . « SIMULATION
, = CARS
< 1500 MEASUREMENTS
©
=
$© 1000 I
D |
o
= |
2 500 !
[ Single-Shot
: I Detection Limit for O, T
U....||...|....|....|....|._
0 0.05 0.1 0.15 0.2 0.25

Mole Fraction, Osz2

Figure 18. Scatter plot showing the correlation between temperature and O,/N; ratio
for the CARS measurements (black) and TFNS simulation (red). The approximate
single-shot detection limit for O, isindicated by the dashed line (0.06).

CARS data. Scatter in the measured O,/N; ratio, which is not quantified at this time, also
contributes to the variation of the CARS results about the conditional mean.

A single-shot detection limit of O,/N, ~ 0.06, indicated on the scatter plot of
Figure 18, was estimated by cal culating the signal-to-noise ratio, based upon the height of
the peak O, Q-branch signal and the RMS noise in the nearby baseline, and plotting this
ratio against the fitted value of O,/N, for all single-shot spectra interrogated here. For the
absolute levels of N, likely to be present at the pool-fire center, this corresponds to an
absolute detection limit of 2-4% oxygen mole fraction. Below this detection limit, the
conditional mean CARS temperatures follow the weak upward trend indicated by the
simulation results, which suggests some small degree of oxygen signal on average below

the single-shot detection limit.

42



4.5 Accuracy and Precision
The accuracy and precision of the CARS temperature measurements were

characterized using a tube furnace as the temperature standard and comparing the CARS-
measured temperature obtained by fitting the N, Q-branch to the temperature measured
by a thermocouple inserted aong the bore of the furnace. Temperatures determined from
fitting of the N, spectrum alone were, on average, found to be within 19 K of the
temperatures deduced from fitting of the full N,/O, CARS spectrum, so that these results
are valid for the present study. The CARS and thermocouple-measured temperatures are
compared in Figure 19. Each data point represents the mean of 100 single-shot CARS
temperatures, and the error bars represent the standard deviation of each 100-shot data
ensemble. Earlier attempts at characterizing the uncertainty in our CARS temperature
measurements showed a low-temperature bias at temperatures below 500 K [51]. This
low-temperature bias was attributed to difficulty in determining the spectral response or
“instrument function” of the spectrometer and CCD detector. The instrument function
was measured by illuminating the fiber-optic relay cable in the CARS setup with a xenon
calibration lamp and observing the shape of isolated lines in the xenon spectrum. To
produce the results reported here, the FWHM of the measured instrument function was
reduced by 20%. Scaling of the instrument function width significantly improved the
quality of the fits on the high-frequency side of the N, and O, Q-branches, and improved
the temperature-measurement accuracy below 500 K without substantially altering the
accuracy at temperatures above 500 K. For example, at 300 K the earlier results showed
a low-temperature bias of —21%, which improved to —8% using the scaled instrument
function. For temperatures between 500 and 1400 K, the accuracy of the CARS
measurements was excellent, within 1% for the majority of tube-furnace temperatures. It
is important to note that for these methanol pool fires approximately 66% of the single-
shot temperatures determined from the CARS measurement fall in the range covered by
the tube furnace. Earlier measurements in a near-adiabatic CHy/air flat flame [52] made
with frequency degenerate 532-nm CARS pump beams and the same fiber-coupled
CARS collection optics revealed similar accuracy (within 50-75 K) at flame
temperatures from 1900 to 2200 K. The precision (RMS scatter) in the CARS-measured
temperatures varied from 6.5-7% at temperatures below 1000 K, to 6% at 1200 K, and
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Figure 19. Comparison of CARS vs. thermocouple measured temperatures in atube
furnace, indicating the accuracy and precision of the CARS measured temperatures.

5% at 1400 K, with the expected systematic improvement due to the appearance of
significant CARS signal from excited vibrational levels at elevated temperatures. The
precision of the temperature measurement degraded with use of the scaled instrument
response, increasing from 4% to 6.5% on average, but this is considered an acceptable
penalty for the removal of abias error in our data.

Assessment of the uncertainty in the measured O,/N,, ratios was more difficult as
we have not yet attempted measurements in an O, standard, such as a temperature-
controlled gas cell or fuel-lean Ho/air flat flame, where we can systematically vary the O,
concentration and the temperature of a gas mixture. Preliminary tube-furnace
measurements in air, such as those shown in Figure 13, reveal some degree of low-O;
bias in our measurements on the order of 5-10% of the O./N; ratio in air. Earlier
measurements in near-adiabatic Ho/air flat flames by Hancock et al. [47] revealed CARS-
measured O, mole fractions which were ~30% higher than equilibrium predictions for
flame temperatures between 1000 and 1400 K, while using the same implementation of
CARSFT that we do here. They attributed this discrepancy to fitting errors in the lowest-
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energy rotational levels of the O, Q-branch spectrum, and cite the need for improved
high-temperature O, linewidth data in the CARS fitting routine. More effort is needed to
guantify the uncertainty in our oxygen mole-fraction data over the broad range of

temperatures and concentrations encountered in pool-fire environments.

4.6 Spatial Averaging
The impact of temperature and species gradients along the rather long 10-mm

axial extent of the CARS probe volume was checked experimentally. The magnitude of
the temperature change along the probe-volume axis was estimated by single-shot laser-
Rayleigh-scattering thermometry. The Rayleigh measurements were performed by
imaging the scattering from the CARS pump beams onto a remotely located intensified
CCD camera, using the water-cooled LIl probe described earlier. One-dimensiona
Rayleigh signatures were obtained by averaging the Rayleigh signal across the diameter
of the focused beam waist. The Rayleigh signals were converted to temperature profiles
by normalizing the results by values obtained in room-temperature air and neglecting the
change in Rayleigh cross section between air and combustion gases, under which
conditions the temperature is a linear function of the Rayleigh signal. Temperature
profiles of the type shown in Figure 20 were obtained along a 10-mm-wide field of view,
where three representative results are shown. The solid lines in Figure 20 represent the
raw Rayleigh image data, while the closed circles are the average of 20-pixel (470 pm)
bins that we performed to reduce the impact of noise in the data. The two blue curves are
indicative of small temperature gradients in the CARS probe volume, while the red curve
is an example of a large axia temperature change. For each single-shot profile, the
Rayleigh-measured temperature change (AT = Tpax — Tmin) Was compared to the profile-
averaged temperature, (Trmean), COMputed using the 20-pixel-binned results. A histogram
(pdf) of the resulting temperature change data, AT/Tyean IS shown in Figure 21. Only
modest thermal gradients were revealed by the Rayleigh data, with 70% of the single-shot

profiles exhibiting AT/T < 0.2 and 90% of the realizations with AT/T < 0.35. Under

" Obtained assuming a constant Rayleigh cross section, which introduces up to +10% error in the measured
Rayleigh temperature. This should not impact the conclusions here, where we seek a reasonable estimate
the magnitude of the thermal gradientsin the measurement volume.

45



2000 |-
1600

1200 |

Temperature (K)

800 |

400 |

Axial Position (mm)

Figure 20. Rayleigh measured temperature profiles across the axial extent of the CARS
probe volume. Three representative profiles are shown.
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Figure 21. Histogram (pdf) of the Rayleigh-measured temperature rise across the CARS
probe volume normalized by the mean probe-volume temperature.
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these conditions, the expected impact of low-temperature bias resulting from nonlinear
density weighting [53, 54] in the measured CARS spectrais expected to be minimal

Species gradients in the CARS measurement volume were detected by observing
the number of single-shot dual-pump CARS spectra in which both the O, Q-branch and
the §5) rotational Raman line of H, were observable in dual-pump CARS spectrafrom a
methanol pool fire. The presence of both gases in the measurement volume would
indicate strong concentration gradients with unmixed combustibles and air, as mixing
would almost surely result in combustion and consumption of either the hydrogen or
oxygen. Inspection of severa thousand single-shot CARS spectra reveded
simultaneously detected H, and O, in less than 15% of the data.

4.7 Summary and Conclusions
We have presented the details of our dual-pump CARS instrument for probing of

meter-scale fire plumes with high spatial and temporal resolution. The ability to measure
temperature and O,/N, ratio ssimultaneously in a methanol fire is demonstrated here.
Temperature and oxygen mole-fraction statistics are compared to a computational
simulation at a single point in the center of the fire plume and 1/2 base diameter above
the fuel surface. Good agreement between CARS and simulation results is achieved for
mean values of temperature and oxygen, with the mean fire temperature predicted to
within 3.5% and the mean temperature conditioned on O,/N ratio within 10% across the
full range of O, levels present at the center of the fire plume. The degree of scatter in the
conditional temperatures was much greater than in the simulation results, which is a
result of the much smaller gas volume sampled in the experiments and of the combined
uncertainty in the CARS temperature and oxygen measurements.

The uncertainty in our single-shot CARS temperature measurements was
characterized using measurements in furnace-heated air. At temperatures between 500-
1400 K, the CARS temperature measurements were generally accurate to within 1%, with
a precision that ranged from 5% at 1400 K to 7% at room temperature. A single-shot
detection limit of O,/N, = 0.06 was estimated from the observed signal-to-noise ratio in
the O, Q-branch spectra, which corresponds to an absolute O, detection limit of 2-4%
based on the expected levels of N, at the center of the fire plume. Additional work is
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required to quantify the overall accuracy and precision of our pool-fire oxygen

measurements.
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5. Temperature Measurements in Sooting Fires

5.1 CARS-measured temperatures in sooting pool fires
After the thermometry measurement had been demonstrated and characterized in

the non-sooting methanol-fueled pool fire, the fuel was changed to a 10% toluene in 90%
methanol by volume blended fuel. The addition of toluene increases the sooting
propensity of the fuel, which is evident from an image of shown in Figure 22, where the
yellow color indicates the presence of appreciable amounts of soot. This blended fuel
offers an environment which may be probed for both temperature and soot volume
fraction. Spectral signatures from a variety of combustion species (O,, H, and CO,) are
evident in the CARS spectra, however, to-date the only information extracted from the
data has been temperatures from the N, Q-branch signal.

Two representative single-shot spectra from the center of the sooting pool fire are
shown in Figure 23. Raman Q-branch contributions from N, O,, and CO, and pure-
rotational S-branch lines of H, are observed in the spectra. Least-squares-fitted spectra to
N2, Hz, and CO; in the vicinity of the N, Q-branch are shown in Figure 23. The CO,
model of Lucht et al.

[55] was used in the ' IR 10% Toluene
spectral fitting. The plot P ReIN=Iol _ y 90% Methanol

range for the Iight pipes
experimental spectra has
been extended past the
frequency range used for
fitting to revea our
ability to sense O,
which  was not fit
because its distance

from the other observed
CARS transitions

Figure 22. Image of a 10% toluene in 90% methanol
blended-fuel pool fire.

required a very large
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Figure 23. Two sample spectrafrom a10%
toluene/methanol blended fuel pool fire. These
measurement volume. The spectraillustrate the different gas mixtures
present at nearly identical temperatures.

minimal fuel content in the

lowermost spectrum in Figure 23
was obtained from a mixture of
fuel and burned gases from a fuel-rich combustion event, as shown by the significant
nonresonant modulation dip near the bandhead of the N, Q branch, indicative of the
presence of hydrocarbon fuels with high nonresonant susceptibility, and the absence of
O; in the presence of CO, and a significant amount of H.

Representative fits to single-shot dual-pump CARS spectra are shown in Figure
24, where the square root of the CARS intensity is plotted against the Raman frequencies
of the N, Q-branch, as probed by @ — ws. Only the N,-containing portion of the
spectrum is displayed, as fits solely to the N, Q-branch were used to obtain temperature
histograms. Relative mole-fraction information, as shown in Figure 18, can be obtained

from fits over the full measured domain of our CARS spectra, but these fits are more time
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Figure 24. Sample single-shot spectrafrom a 10% toluene/methanol blended fuel

pool fire and the corresponding theoretical fits.
consuming and mole-fraction PDF results were not available at the time of this writing.
Our single-shot signa levels were generally sufficient to obtain reliable fits to the data,
with the maor source of noise resulting from shot-to-shot fluctuations in the broadband
Stokes-laser spectrum, which distort the CARS spectral shape and are especially apparent
if one compares the smoothness of the experimental and theoretical curves at T = 726 K
in Figure 24.

The 10-mm axial extent of the measurement volume results in spatial averaging of
the CARS spectra over any temperature gradient along the probe-volume axis. The
averaged spectra weight contributions from cold gas more heavily than from hot gas, as a
result of larger CARS signa strengths at low temperature. Under extreme conditions,
gpatial averaging can produce obviously distorted spectra, with exaggerated heights of the
v = 0—1 Q-branch signature relative to the v = 1—-2 “hot band,” which cannot be
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reasonably fit with a single temperature. The spectra in Figure 24 do not exhibit any
obvious distortion, as shown by the quality of the theoretical fits, so that the spatial
average is not too severe.

More specificaly, the spatial averaging process yields spectra that closely reflect
the “enthalpy-pooled” temperature, Ty, which is related to the thermodynamic enthalpy,
H, in the probed gas via H = mC,T, with m representing the mass of the probed gas, C,
the specific heat, and T the local temperature. This average value has physical
significance as it tracks the thermodynamic enthalpy of the fire gases, and it is this
temperature average that is often tracked in fire models. Zhu and Dunn-Rankin [54]
investigated the impact of spatial averaging using synthetic CARS spectra and found the
CARS-measured temperature to be in good agreement with the enthalpy-pooled
temperature (50 K or less based on inspection of their Figure 11) for temperature changes
as high as 2000 K within the measurement volume. We have performed similar synthetic
CARS “experiments’ and have found agreement between CARS and enthal py-pooled
temperatures to within 10-50 K for temperature changes as high as 1100 K across the
probe volume, with a worst-case difference of 75-K for a diffusion flame sheet oriented
perpendicular to the probe-volume axis and a 1500-K temperature rise in the
measurement volume. Under most conditions, any flame sheets encountered will not be
perfectly normal to the measurement-volume axis, and turbulent mixing at the center of
the pool fire will result in smaller temperature changes in the measurement volume, so
that the CARS temperatures are expected to be within a few 10s of K of the enthalpy-
pooled value under al but the most extreme conditions.

Temperature histograms obtained from ensembles of over 3500 single-shot pool-
fire temperature realizations are presented in Figure 25. The results are an estimate of the
PDF of the pool-fire temperature fluctuations at a single point at the center of the fire
plume. The two histograms were acquired from different burns that were conducted on
the same afternoon to illustrate the reproducibility of the CARS results and of the
quiescent fire plumes established in the FLAME facility. Mean CARS-measured
temperatures for the two burns are within 15 K, with the average temperature at the
center of the fire plume near 1145 K. A 1-mm-diameter sheathed thermocouple with a

~4-sec time constant was mounted approximately 76 mm distant from the CARS probe
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volume. The thermocouple
indicated a mean temperature near
1210 K for the steady state portion
of the burns, within 65 K, or 5.6 %
of the mean CARS-measured
temperatures, which is quite a
favorable comparison given the
potential for thermocouple
measurement bias resulting from
radiant exchange between the
probe and its surroundings, which
can cool or heat the probe in a
large-scale fire test. The standard
deviations  of the CARS
temperature histograms presented
in Figure 25 reveal a difference of
15% between the two experiments,
with some differences in the shape
of the histogram observed on the
cold-gas sde of the mean
temperature. The temperature data

from both burns display significant
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Figure 25. Histograms indicating the temperature
distribution within a 10% toluene/methanol
blended fuel pool fire.

fluctuations, which are indicative of the large degree of mixing, which brings cold gas to

the center of the fire plume even at only 0.5 diameters above the liquid-pool surface.

5.2 Summary and Conclusions
The details of our unique dual-pump CARS instrument for probing of meter-scale

pool fires have been presented. The dual-pump approach enables measurements in

sooting fires by positioning the N, CARS signature in a spectral region that is free of

interference from laser-produced C, Swan-band emission/absorption and C, Raman

features. Temperature is determined on a single-laser-shot basis from fits to the N, Q-
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branch signature observed in the dual-pump CARS spectra, and temperature histograms
from two separate pool-fire experiments, employing a 90% methanol / 10% toluene
blended fuel, are presented. Spatial averaging in the 10-mm-long measurement yields
CARS spectra which are representative of the enthalpy pooled temperature of the probed
gases. The pool-fire measurements reveal excellent test-to-test repeatability in the mean
(within 15 K or 1.0%) and standard deviations (within 53 K or 14%) of the CARS-
measured temperature histograms, and the mean CARS temperatures are within 53 K
(5.6%) of a nearby thermocouple probe. The broad, 350-400 K standard deviations of the
CARS temperature histograms from the pool-fire experiments revea that turbulent
mixing extends to the center of the fire plume at a height of 0.5 pool diameters. Our
dual-pump CARS spectra also contain Raman features from O, H, and CO,, from which
we are currently extracting single-shot species mole-fraction data for these species
relative to the N, molecule. This additiona scalar information will provide an indicator of

the mixture fraction space on a single-shot basis.



6. Soot-Volume-Fraction Measurements

6.1 Calibration of LIl Instrument
Calibration of the measured LIl signal for soot volume fraction was performed via

laser-light extinction measurementsin alaminar C;H4/air diffusion flame. The calibration
burner was a Santoro-type [56, 57], with a 12.7-mm-diameter fuel tube embedded in a
152-mm square ceramic honeycomb matrix for conditioned coflow air. The fuel and air
flow rates were 0.31 and 380 SLPM, respectively, resulting in afuel-jet Reynolds number
of 363. The attenuated 532-nm pump beam from our dual-pump CARS instrument was
used for the light-extinction measurements. The 532-nm extinction laser beam was
focused to ~100 xm diameter at the fuel tube and aligned coincident with the 1064-nm
LIl laser sheet. The 10-ns extinction laser pulses were terminated onto a frosted-glass
diffuser, which was viewed by a fast silicon photodiode, whose output was sensed by a
gated BOXCAR integrator that was remotely located in the laser laboratory.
Discrimination against background flame emission was achieved by inserting a neutral
density filter of 3.0 between the photodiode and the flame and by gating the BOXCAR
integration of the photodiode pulses to 100 ns or less. An additiond
photodiode/BOXCAR assembly was simultaneously used to monitor the output energy of
the Nd:YAG laser which supplied the extinction laser beam. This laser-power reference
was merely monitored as a check on the stability of the extinction laser power and was
not used for shot-to-shot correction of the light-extinction data. The BOXCAR outputs
were averaged for 5 seconds on a digital oscilloscope and several of these averages were
recorded over the course of the calibration measurements. The time-averaged 532-nm

light extinction, I/1,, was computed from,

r_v (18)
I0 VO

where V and V, are the background subtracted and averaged BOXCAR outputs for the
extinction photodiode, and the “0” subscripts indicates a reference measurement taken
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Figure 26. Results from LIl calibration flame: Rayleigh scattering indicating location of
532-nm laser beam used for calibration by light extinction (top); LII-measured soot-
volume-fraction field (bottom). The scale in these images is indicated by the height-
above-burner (HOB) indicated on the L11 image.

without the calibration flame in the beam path. Absorptive neutral-density filters of
known attenuation were inserted in the beam path in place of the calibration flame to

estimate the uncertainty of the light-extinction measurement, which was better than 4%
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of the measured values at the levels of laser-beam extinction observed in the calibration
flame.
From the Beer-Lambert law, we can relate light extinction through the calibration

flame to the soot-volume-fraction, f,, distribution along the beam path as,

| Ko -
— = expl——| f, dx : (29)
l, 2 Jo

where 4 =532 nm, and K. is the dimensionless extinction coefficient of soot. If we note
the proportionality of the measured LIl signal (in detector counts) to soot volume

fraction, f, = CS,;, and rearrange Eq. 2 to solve for the L1 calibration constant, C, then,

C:_LM ] (20)

K L

(o]

We evaluate the integral in Eq. 3 over using 25-shot-averaged LIl data from the
calibration flame from a region coincident with a Rayleigh scattering image from the
532-nm extinction laser beam. An image of Rayleigh scattering from the 532-nm
extinction laser beam and the corresponding LII image acquired from the co-aligned
infrared laser sheet is shown in Figure 26. The L1l image in Figure 26 has been corrected
for background offset and flatfield with the calibration constant, C, applied over the full
extent of the L11 image.

We have used a value of Ke = 9 in the evaluation of Eq. 3, which is in good
agreement with recent measurements as summarized by Jensen et al. [58] and Williams et
al. [43], that show K. between 8 and 10 for visible radiation and a variety of fuels
(ethylene, acetylene, JP-8) for laminar and turbulent conditions in both laboratory flames
and 2-m pool fires. It should be noted that recent K. data are about of factor of 2 higher
than the values obtained using earlier soot refractive index data compiled by Dalzell and
Sarofim [42] and Lee and Tien [59], which have been previously used for light-extinction

[56] and L1I measurements [34] of soot volume fraction. Use of the more recent soot Ke
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data results in a corresponding factor of 2 drop in the LIl-determined soot-volume-
fraction results.

6.2 LIl Fluence Curves and Behavior with Gate Timing
To minimize any potentially large measurement biases resulting from time-

varying absorption of laser-sheet energy by in-fire soot in the path of the LII laser shest,
it is critical that the LIl measurements be conducted in the “plateau-level” regime [1]
where the LIl signa is nearly independent of laser-pulse energy. The plateau-level
response of the L11 signal was checked by varying the laser-sheet energy delivered to the
LIl measurement volume within the Santoro burner diffusion flame. The LIl signals were
averaged over 100 laser shots and integrated LIl intensities were extracted from images
similar to the one shown in Figure 26. The CCD chip was integrated in a region of
interest spanning the entire width of the flame and pixels in high at different heights
within the flame, corresponding to a nominally 0.5-mm x 5-mm x 1-mm volume. The
plateau-level response of the LII system was then checked by plotting these integrated
LIl intensities vs. the measured laser fluence delivered by the laser sheet, as shown in
Figure 27 for detector gate widths of 10 and 30 ns. Each detector gate is triggered
promptly with the arrival of the 1064-nm laser pulse at the measurement volume. The
results for both gate timings show a distinct region where the L1I signal is insensitive to
the applied laser fluence, reaching a “plateau-level” response for laser fluences above ~
0.6 Jem?. The fluence curve at 30-ns gate width displays a clear peak, which is followed
by a decay to the near-constant plateau-level, and is similar to previous reports of LII
behavior for uniform-intensity laser sheets [57]. At the shorter 10-ns gate width no
distinct peak isrealized in the L1l fluence curve. Both resulting fluence curves show that
afire-induced attenuation in laser-sheet energy up to afactor of 4 is acceptable before the
resultant LIl signal isimpacted.

L1 images from the Santoro diffusion flame at four different detector gate widths
triggered promptly with the arrival of the 1064-nm laser pulse are shown in Figure 28.
These images were taken at a height above the burner close to the flame tip, where the
soot layers on either side of the diffusion flame have begun to merge. At gate widths of
10 and 12 ns the qualitative structure of the LIl datais similar and represents a physically
realistic laminar diffusion-flame structure, while the images with 15 and 20 ns gates
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appear to be distorted. The location of peak soot concentration has moved closer to the
flame centerline, and “striped” features appear in the images for 15 and 20 ns gate widths
with anonphysical variation in peak soot volume fraction with height. The appearance of
these nonphysical features long-gate L1 datais a result of distortion of the soot field by

laser-induced vaporization of soot, as will be explained below. Based on the observations
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in Figure 28, we have limited our gate widths to 12 ns or less for our pool-fire
measurements.

The temporal evolution of the LIl signal with time delay from laser pulse arrival
was investigated using the fast-gating option of our GEN |11 image intensifier, which has
a manufacturer-specified minimum gate width of <2 ns. Short, 2-ns gate widths were
used to image the LII signal from the Santoro burner as a function of time delay from
laser pulse arrival. The resulting LII vs. time curves are shown for three different levels
of laser fluence in Fig. 29. At alaser fluence of 0.16 Jcm? (black curve) the L11 signal is
below plateau level, reaching its maximum value near the peak energy of the laser pulse
at t = 12 ns, and then slowly decaying as the laser-heated soot particles cool, mainly by
conduction to the surrounding gas. At the two higher fluence levels (red and blue curves),
the LIl signa is well into the plateau-level regime and the peak incandescence signal
occurs earlier intimeat t = 6 and 4 ns for fluences of 1.14 and 1.62 Jcm?, respectively.
At these plateau-level fluences the soot particles are rapidly heated to their vaporization
point where maximum signal is attained, followed by an expedited decay associated with
soot mass loss

The onset of soot mass loss is clearly visible in our fast-gated LIl images a a
plateau-level fluence of 1.14 Jcm? represented by the blue curve in Figure 29. Four
time-delayed LIl images with 2-ns gates are shown in Figure 30. The LIl signal is
increasing at t = 4 ns and reaches its peak value at t = 6 ns; both LIl images look similar
and are representative of a physically realistic laminar diffusion-flame structure. Laser-
induced vaporization of soot begins with the decay in LIl signal at t = 8 ns; where we also
observe the same type of image distortion observed in Figure 28. This distortion of the
LIl image is even more prevalent at t = 10 ns and this behavior persists at much longer
times after the laser pulse has past. The soot field is ssimply distorted by its interaction
with the laser beam and we do not believe that this modified LII signa is a result of
emission from gas-phase C, and C; fragments sensed with our broadband detection
scheme. As a check, we band-limited our LIl detection to 707 £ 38 nm, where thereis no
C, or Czactivity and observed similar changesin the LII signal at long gate delays. One
would presume that the quality of these LIl imagesis linked to a nonuniform laser-sheet
profile, although qualitative observations on both laser burn paper and with a beam
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Figure 28. LIl images from a laminar ethylene/air diffusion flame at four different gate
widths for a plateau-level laser fluence of 1.14 Jcm?.
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Figure 29. Temporal evolution of the integrated LIl signal across the width of a Santoro-
type ethylene/air diffusion flame. Data were obtained using an intensified CCD camera

with a 2-ns gate width.
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Figure 30. Time sequence of 2ns-gated L 11 images for a plateau-level laser fluence of
1.14 Jen,

profiler do not reveal significant intensity variations across the laser-sheet height. More
work is needed to modify the laser sheet profile to mitigate this effect. At present, we are
using gate widths as long as 12 ns, so that some contribution from post-vaporization soot
is contained in the images. The data shown in Fig. 28 reveal soot fields which are
physically redlistic at a 12-ns gate and this gate timing is viewed as a compromise
between data fidelity, signal-to-noise, and the requirement to operate in the plateau-level
regime, where it is believed that a balance between soot mass loss and increased heating

of soot particles create a balance in the near-constant L11 signal.
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6.3 Soot Volume Fraction Measurement in Methanol/Toluene
Pool Fires
LIl measurements were conducted in liquid methanol/toluene pool fires, using

both 10% and 30% toluene by volume mixtures. The global soot yield was controlled in
these experiments by varying the amount of sooting toluene fuel added to the otherwise
clean-burning methanol. The 10 and 30 percent-toluene fuel blends were selected to give
average soot volume fractions of order 10~, which is an order of magnitude |ess than JP-
8 and other transportation fuels, and a compromise between soot radiative output and
interference with the L1l and CARS optical diagnostics. A digital photograph of a 2-m-
diameter 30% toluene in methanol pool fire is shown in Figure 31, where scattering of
532-nm laser light is clearly visible.

Ensembles of several thousand single-laser-shot L1I images were recorded during
the course of the 20-30 minute duration pool-fire experiments. The LIl images were
acquired at a location coincident with the CARS probe volume, at 1 m above the center
of the 2-m liquid fuel pan. The images were corrected for detector flat field and the
average background luminosity from the fire. No correction for “trapping” of the LII
signal via soot absorption/scattering in the 38-mm space between the laser sheet and
collection optics has been made. We are presently working toward signal-trapping
estimates based on the LII-measured soot-volume-fraction data, which will allow us to
bound the bias uncertainty associated with trapping. The calibration constant determined
from the procedure outlined in section 6.1 was applied to convert the corrected LIl
detector counts to soot parts per million (ppm).

Representative soot-volume-fraction image data for a 30%-toluene-in-methanol
fuel are shown in Figure 32. Examination of the full image ensembles reveals a high
level of intermittency in the soot concentration observed on any given pixel; many laser
shots reveal large numbers of pixels with near-zero detectable soot with the soot layers
containing fluctuations of order 0.1 to 1 ppm. In the sample images for this 30/70
toluene/methanol fire, the peak soot volume fraction is approximately 1-2 ppm and the
average is on the order of 0.1 ppm, when soot-containing layers are present. It is clear
from these images that the thin soot layers are well resolved, with thickness of
approximately 0.5-1 mm. The fine structure of the soot layers in these images also
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Figure 31. Image of a 30% toluene/methanol blended fuel pool fire. Scattering from a
532-nm laser beamis clearly visible.

demonstrates the need for high-resolution optical diagnostics as an ex situ sampling
technique or line-of-sight averaged extinction measurement would never capture this
structure.

“Particle-like” features of order 100 um in size are observed in many of our pool-
fire images, and are readily apparent in the middle image of Figure 32. These structures
do not appear in L1 images recorded in the ethylene/air diffusion flames discussed above
or in premixed ethylene/air flames. These curious signatures are likely not the result of
fluorescence or Mie scattering as 1064-nm photons are not energetic enough to drive
fluorescence in most combustion gases, and our detection system has essentially zero
sensitivity to 1064-nm light. The particle-like features persists in the L1l images at long
times (up to 100 ns or more) after the passage of the 10-ns laser pulse, and are likely the
result of incandescence. Incandescence signatures would indicate that the absorbing
volume is comparable to soot particles, so that these features could be composed of small
primary particles or alarger particle with a very thin shell. There have been reports in the
literature of soot “ super-aggregates’ in laminar acetylene/air diffusion flames [60], which
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may explain these structures, but more evidence, is required before this question can be
definitively answered.

Probability density functions (pdf) of soot volume fraction at the center of the
toluene methanol fire plumes were estimated by constructing histograms from the L1I-
measured soot-volume fraction images. Data from all pixels within a region of interest
one-half a laser sheet height (2.5 mm) and centered about the middie of the laser sheet
were used in construction of the pdf. Estimates of the pdf are plotted in Figure 33. Both
results reveal a clipped pdf structure that is indicative of a highly intermittent soot
loading at the pool-fire center. The results for the 30% toluene blend show a smooth
decay, with a mean value of 0.028 ppm. The data for the 10% toluene reveal a mean of
0.0077, a factor of 3.6 lower than for the 30% toluene-methanol blend. The pdf for the
10% toluene fire decays smoothly to 10 of the maximum at 0.5 ppm and experience a

distinct slope change in the results for which the reason is not clear at present.
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Figure 32. Representative L11 images from a 30%-toluene-in-methanol blended fuel pool
fire
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Figure 33. Histogram estimates of the soot-volume-fraction pdf at the center of two
methanol/toluene pool fires.
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7. LDRD Project Summary and Future Work

7.1 Project Summary
The objective of this project was to develop laser-based diagnostic tools for the

probing of joint temperature/soot statistics in liquid-hydrocarbon-fueled pool fires of
meaningful size. A joint diagnostic was constructed wherein the temperature may be
extracted from the CARS-measured N, Q-branch spectrum and the soot volume fraction
is obtained from the laser-induced incandescence image of the soot field. To date, it has
been demonstrated that the CARS instrument has the capability to determine the local gas
temperature with an accuracy of 1% or better and a precision of 5-7% depending on the
flame temperature. Our LIl instrument can acquire quantitative 2-D images of soot
volume fraction within fires, which contain an average soot loading of order 0.01 ppm
with fluctuations on order of 0.1-1 ppm. Clipped soot-volume-fraction pdfs are observed,
which are indicative of the highly intermittent soot concentration fluctuations in the
turbulent fire plume. These diagnostics are now an integral part of the FLAME facility
infrastructure and will be used to obtain joint temperature/soot statistics in follow-on

funding to this project.

7.2 Future Work
Completion of the main objective of this project requires that simultaneous gas

phase temperature and soot-volume-fraction measurements be acquired. To date, CARS
and LIl data acquisition can be performed simultaneously, but it has not been
demonstrated definitively that the probe volumes of both diagnostic techniques overlap in
space. We are presently working to confirm spatial overlap of the two measurement
volumes by correlating gas-phase C; in the CARS spectrum with the observed soot L1I
signals. C; is a key marker of laser-vaporized soot from the LI process, which will then
be probed in a correlated manner by the CARS process. The relative C, CARS signd
intensities can be compared to the integrated LI signal over the CARS probe volume. A
strong correlation between these signals would indicate a high probability of probe-

volume overlap.
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Figure 34. Schematic of the FLAME facility test bay with major optical components for
vertical lifting stages indicated

This diagnostic system will be used to acquire spatial maps of large-scale liquid-
hydrocarbon-fueled pool fires. Capita equipment is in the process of being
designed/constructed which will allow horizontal displacement of the fuel pan (Ax = 0.5
m) and vertical displacement of the laser probes, as shown in Figure 34. This offers the
flexibility to probe a grid along a radia plane of these approximately axisymmetic
turbulent pool fires.

Lastly, estimation of the mixture fraction will alow correlation of the
temperature/soot data with other fire properties. This necessitates the extraction of
relative mole fractions of the major combustion species (N2, O,, H, and CO,) within the
fire. Currently, the modeling of the lineshapes for O, and H is not sufficiently refined to
extract accurate relative mole fractions from the fitting routine and the presence of CO,
and H, greatly decrease the rate of data processing. While this information is not
required for characterization of the radiative heat transport process, it is nonetheless
valuable to the fire research community and, therefore, worth pursuing.
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