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Thermometry in combustion applications by meaniasdr absorption spectroscopy is a well
established diagnostic. The experimental simplieitg wealth of knowledge that can be
readily gained from an absorption spectrum makestén times the diagnostic of choice
when interrogating the flow fields of practical cowostion devices such as internal

combustion engines.

This project develops techniques for optimizing tlesign of absorption based sensors by
providing strategies for selecting optimal wavebasgin order to improve thermometry.
Descriptive relations are derived in order to peethe performance of an absorption based

sensor and through numerical optimization, idel#cti®ns of wavelengths can be made.

Furthermore, this work applies novel hyperspectiaters to practical combustion
environments in order to infer gas properties basedlirect absorption spectroscopy. The
measurements are designed for high-speed (30 k#lzighdata rates of useful engineering
parameters such as temperature and species catmantrMeasurements have been
performed across the cylinder of an optically asitds HCCI engine using a rapidly-swept
(5 us measurement time) broad wavelength (1333-1377 tamgble laser. Temperature

results were obtained at 100 kHz with 0.25% RM&igren at a temperature of 1970 K.
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CHAPTER 1. INTRODUCTION

The foundation of this research is based on deusop better understanding of how to
perform direct absorption spectroscopy measurenergactical combustion environments
in order to infer gas properties such as tempezadmd absorber concentration. The work
presented here focuses solely on water vapor af@orput the main ideas should be

tractable to other gas phase species.

Optical diagnostics are a useful tool for perforgnmeasurements in practical combustion
environments owing to their inherent ability to peothe sample gas without disrupting the
flow field. Contrast this to other techniques foreasuring temperature, such as
thermocouples and sample probe based methods vilezdion errors must always be
considered. Direct absorption spectroscopy is eslbpeattractive given the fact that it

provides a measure of the gas properties irresgectf any type of calibration and is

typically only limited in accuracy to the degree which the absorbers fundamental

spectroscopy is known.

Absorption spectroscopy, specificallyp® absorption, is not without its challenges. Lirdite
optical access, interferences in the optical pagamsteering, and a multitude of other bias
and precision error sources tend together to miageatt of measuring the spectrum in the
harsh environment of a modern combustion systeficdlif at best. This is especially true
when the goal is to capture the dynamic nature hafsé systems requiring overall

measurement rates on the order of tens of kilohertz



1.1 MOTIVATION

Many descriptions of gas sensing using diode laaersiot uncommon [1-4]. Much work has

been put forth expanding the applicability of alpgion based sensors to practical flows of
interest and much progress has been made in expatidi usefulness of the results obtained

with these sensors [5, 6].

When considering a measurement in a combustioncapiph, one of the first key choices is
the decision of the species to probe. The ubiqaftyvater vapor throughout the entire
thermodynamic cycle of nearly all practical heagiaas makes it a prime candidate. For
instance, it is usually naturally abundant in theake air streams and is a major product of
combustion of hydrocarbon and other hydrogen-cairtgi fuels. Water also has the
desirable characteristic of having spectroscopanditions in the spectral region where
modern semiconductor and fiber optic componentse handergone much development

owing to the large telecom market that utilizes game spectral range.

In the past, typical HO absorption thermometry sensors have been basaetkasuring two

points in the spectrum (either at a single wavdlerg tuning over an entire feature) and
inferring the temperature from the ratio of thessasurements [7]. More recently, high speed
thermometry has been performed utilizing broadlyathle lasers and discrete color time

division multiplexed lasers [4,8-10].

Driven by ever advancing laser source developnegentethodology for choosing appropriate
wavelengths for optimizing thermometry is needed moore than ever. The sensor design
no longer is limited by the availability of lasdsat rather the source can be engineered to

meet the requirements of the sensor. Complicatiegwtavelength selection problem even
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further is the latest work on transitioning fronsiagle line-of-sight absorption measurement

to a two dimensional measurement through tomogecaptonstructions of data recorded
along many lines of sight [11,12]. Hyperspectrantgraphy based on B absorption

spectroscopy offers the promise of truly quant®atD representations of the scalar
temperature and concentration field but currenometruction techniques are costly in
computation and would benefit from measurements fibeused on the key points in the

spectrum that offer the best temperature sengitivit

1.2 THESIS OVERVIEW

The progression of this thesis is as follows:

Chapters 2-4 will introduce novel ideas and prasticfor absorption thermometry

experiments in practical combustion applications

Chapter 2 offers the reader a background 4@ ldbsorption spectroscopy and how it relates

to inferring gas properties such as temperatureabsdrber mole fraction

Chapter 3 will offer ideas for solving the wavelémgselection problem. Novel
semiconductor based lasers have recently beenapmekelthat permit an almost arbitrary
selection of output wavelength versus time [13,1%he standard 2 color ratiometric
technique doesn’t directly apply to experimentsizitig these multi-color, dynamic light
sources. The selection of wavelengths can posepteutthallenges to the sensor designer

and some rules/guidelines for optimizing thesectieles are put forth.

Chapter 4 Gives real world practical examples qfiyapg some of the techniques presented

here utilizing some of the latest diode laser basexsors. Three specific measurement
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campaigns are highlighted with each having its diawor whilst all three sharing the

common theme of inferring the gas temperature aai@mconcentration through absorption

spectroscopy.

Finally, Chapter 5 will conclude this thesis witls@mmary of main concepts and important

results presented in this thesis with a few recomtagons for future work.



CHAPTER 2. H,O ABSORPTION THERMOMETRY

The use of absorption spectroscopy for measurisgpgaperties in combustion applications
has been well researched and documented [15-18).ad the target absorber has been given
much attention owing to its ever abundant presendaoth the air used in most practical
combustors and as a major product of hydrocarbombastion [4,16,19-21]. This constant
presence along with available absorption bandseéntélecom range of wavelengths (1300-
1550 nm) allows it to be a key probe species whanguoptical interrogation methods to
study the performance of practical combustors. H@muethe spectroscopy of the,®l
molecule is not simple and much empiricism mustused to effectively apply these

techniques to real world sensors.

Absorption spectroscopy is a simple linear techaigsed to study the quantized energy
levels of an atom or molecule. It provides quatitiainformation about the population of
molecules inhabiting their various energy levelsséming local thermodynamic equilibrium
(LTE), the population distribution of these energyels is governed by the Boltzmann
distribution which is a function of the gas tempera. Temperature can be inferred by

measuring the relative population in two or moigidct energy levels.

There are two primary classes of wavelength maneagentechniques used for gas
thermometry by absorption spectroscopy. One tectenigvolves using multiple, discrete
wavelengths supplied by either single color muttkald laser sources or a single source that
outputs different colors multiplexed in time anc tbther technique relies on a continuous
wavelength scan over a broad range of wavelengths.continuous scanned technigue can

be achieved by using either a monochromatic ldssrdan tune its color in time or using a
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broadband light source and dispersing the light@pturing the various colors in time with

a single detector or capturing multiple colorshat $ame time with an array detector. Each of
the two primary wavelength management technique® Ipgos and cons associated with
them and the selection of one over the other magppdication driven. With the advent of
current semiconductor gain media and fiber opobmelogy an almost arbitrary selection of
wavelengths is possible with a single laser soomening the door to more advanced and
innovative thermometry experiments while at the esdamme complicating the choices to be

made by the sensor designer.

2.1 H,O SPECTROSCOPY FOR SENSOR APPLICATIONS
Perhaps the single most important tool in the arpantal spectroscopist’s toolbox is the
Beer-Lambert relation that relates the fractionah$mission of a laser beam passing through

an absorbing medium to an absorption coefficient.

0

(Il_j = exp(—j k(yv )dy) (2.1)

For a 2D problem, this is the general form of tbklation when considering a single absorber
with non-uniform properties. In this equation, B the intensity of a laser beam at some
location x before it passes through the absorbimgliom, | is the intensity after passing
through the sample, L is the length of the samphere absorption occurs, and ik the

spectral absorption coefficient. In this form ofetlequation, the spectral absorption

coefficient is allowed to vary along the lengthtloé beam in the y dimension and thus must
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be included inside the integral over the lengththé gas properties are assumed uniform

along the entire path of the laser beam, thisicglatan be simplified to the following form.

(I_] =eY (2.2)

lo

This form of Beer's law is the one most commonhgegented and forms the basis for
guantitative absorption spectroscopy experimentsvever, in order to infer gas properties,
the dependence of the spectral absorption coeffice temperature, pressure, and absorber
mole fraction must be known or reliably predict€dr thermometry experiments, it would
be ideal to measure the absorbance at the wavkkergjt interest over the conditions
hypothesized for the problem in order to createiapirical database of spectra to be used
for comparison to further measurements at unknoamditions. In practice, this is often
difficult to obtain under highly controlled conditis and furthermore concomitant measures
of the gas temperature may be unreliable. For thessons, gas temperature sensing using

H,0 absorption spectroscopy is often done by comgameasurements to simulated spectra.

2.2 SPECTRAL DATABASES

For quantitative absorption measurements in pralciombustors, the experimental results
usually are the result of comparing the measuresnamtsimulated spectra. In order to
accurately simulate a spectrum, one usually refiera spectral line list comprised of the
pertinent parameters necessary to evaluate thepiosocoefficient. For the water molecule,

two spectral line lists have received the mosnétie for combustion sensor design.



221 HITRAN

The HITRAN (HIgh-resolution TRANsmission moleculabsorption database) database is
currently in version 2004 after its beginnings e t1960s at the Air Force Cambridge
research labs [22]. In addition ta,®, HITRAN contains infrared spectroscopic paranseter
for 39 total molecules with the choice of speciagoted to the atmospheric sciences
researcher. A variant of the HITRAN database exiséd is more suitable to combustion

applications. The HITEMP database uses the sanaecdatained in HITRAN but employs a

smaller line intensity cutoff used for reducing tember of included transitions and this

reduces the chance of an important line missingwgiulating high temperature spectra.

The data of relevance to simulating the absorpsipectrum included in these compilations
are the line center frequency in units of {nthe intensity (also commonly called the line
strength, S), the lower state energy of the treamsiE”), and the parameters for estimating

the spectral widths when using a Voigt lineshapetion.
222 BT2

The need for an all encompassing solution for satmd) the HO spectrum has been of great
interest not only for the combustion diagnostic ommity but for a wide range of
applications and studies such as astrophysicsdiBgilon this need, the THAMOS group at
University College London led by Jonathon Tennydemeloped the entirely synthetic®l
line list BT2 [23]. Using a variational techniquegonjunction with highly accurate potential
energy and dipole moment surfaces, the BT2 databalse most complete and accurat€®H
line list to date (221,097 energy levels, cut-affsJ=50 and E”=30,000 cf and totaling

505,806,202 transitions) [23]. With that being s&xiperimental validation of the database is
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an ongoing project and one that will continue tonleeessary since only ~80,000 out of the

approximately 1 billion transitions are known expentally.

Unlike HITRAN/HITEMP, BT2 does not contain any imfoation related to modeling the

line shape function. For the combustion resear¢her poses added complexity to the sensor
design since most practical combustors operateesispres at and above where collisional
broadening mechanisms begin to dominate. Assungptionthe lineshape can have greatly
varying results on the calculated absorbance wini¢tarn can substantially affect parameters
inferred from the spectrum such as the absorbembau density and temperature (see
section 4.1). However, the greatly improved lingemsities (especially at elevated

temperatures) and higher number of included trammsitversus HITEMP has made the BT2

database an invaluable tool to thgCHaser absorption sensor designer.
2.2.3 Comparing the databases

The HITRAN and HITEMP spectral line lists have bee an accepted standard for
simulating absorption spectra in combustion stydispecially for the most abundant isotope
of water,'H,'°0, even though the primary focus of the HITRAN thase is for terrestrial
atmospheric transmission simulations [22]. Discrejes between measured,(H vapor
spectra and HITRAN simulations are evident when ganmmg results at typical combustion
temperatures (T >1000 K). The sources of theseapancies include a lack of quality high
temperature experimental spectra for updating paemeters in HITRAN, and the standard
temperature (J wrran = 296 K) intensity cut-off used when compiling th8TRAN
database. While the HITEMP database doesn’t uttheesame low temperature cut-off, the

database has not been updated as regularly as HNTRlAwever, when considering high
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temperature water vapor, HITEMP is the appropriteice versus HITRAN due to the

inclusion of more lines with high lower state enesq24].

With improvements in light sources and experimetgahniques used to acquire absorption
spectra of hot water vapor, there is a strong rieed more complete water line list to more
accurately infer temperature in combustion envirents. The BT2 spectral line list of
Barber and Tennyson is a computed line list thainsed towards providing spectral line
parameters valid for temperatures of up to at |d&§0 K and has proven to be more

complete than any other line list in existence [23]

Optical combustion studies using absorption or simisspectroscopy often rely heavily on
spectral line lists of the species of interestr simulating a detailed absorption or emission
spectrum, the minimum information needed is the lgenter frequencyy [cm™], the
temperature dependent line intensity, S(T) [cm/mle], and the lower state energy [§m
of each transition in a desired spectral rangeomFthis information, a spectrum can be
simulated by dressing each transition with an gppate line shape function. The HITRAN
database provides information for the pressuretamgperature dependent line broadening
coefficients for collision broadened lines to irs#uin the line shape function where as BT2
only provides information for modeling the line gom and intensity. To simulate spectra
using BT2, the Doppler line width was computed dach line position and a Voigt profile
was applied using a uniform Lorentzian width basadhe average experimental width for

the entire spectrum.

While H,O absorption simulations utilizing HITRAN agree Wwelith experiments at low

temperatures, there are often large discrepantiegtatemperatures. The differences arise
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from missing transitions at high rotational quantummambers, J, and lines from upper

vibrational states. These hot lines and bands geowegligible absorption at atmospheric
conditions but are important in high temperaturmlsostion studies. In order to accurately
simulate high temperature water spectra, the BTtabdse employs a J cutoff of 50 and
energy level cutoff of 30000 chwhich allows for nearly all lines, especiallythe infrared,

to be listed [23].
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Figure 2.1 Shown are the normalized line intensiteversus rotational quantum number J for the R
branch of thev;+v; band of water (~1330-1370 nm) for the HITRAN (leftand BT2 (right) databases.
The exclusion of high rotational energy lines is édent in the HITRAN data versus the completeness of
the BT2 database.

An example of the completeness of the BT2 databasebe seen in the experimentalcH
vapor absorption spectrum recorded during the cetidou stroke of a homogeneous charge
compression ignition (HCCI) internal combustion ieg This engine provides nearly
homogeneous gas samples appropriate for singleoftsgght absorption measurements.

Spectra were acquired every 0.25 crank angle de(@ad®) using an advanced swept-

wavelength laser source that scanned from 724520 @6i* every 5ps [4]. Each spectrum
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was compared to a library of HITEMP simulationsfited the best-fit temperature of the

gases in the cylinder. Plotted in Figure 2.2 sibset of the spectrum measured at top dead

center (TDC) along with simulation results fromeaérdifferent spectral databases; the best

fit HITEMP spectrum at the inferred temperaturel600 K, a HITRAN simulation at 1500

K and simulations using the BT2 database at temyr@sof 1500 K and 2200 K. It is easily

seen that the BT2 simulation provides a betteatfit500 K than the HITRAN or HITEMP

simulations and even better visual agreement angerature of 2200 K. These results

provide evidence of HITRAN’s propensity to biasuks toward colder temperatures when

fitting spectra recorded in combustion environments
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Figure 2.2 Subset of spectrum recorded in HCCI pistn engine at top dead center (TDC). The cylinder
pressure was 31.8 bar and the absorption path leng®.5 cm. Plotted against the experimental spectru
are simulations using multiple databases: HITEMP, HTRAN, and BT2. The HITEMP and HITRAN
simulations are at 1500 K which was the inferred t@perature from fitting to the HITEMP library. The

BT2 simulations show improved agreement at 1500 Kra even better agreement at 2200 K.
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The above result is corroborated by comparisonkest-fit temperatures derived from the

HITEMP and BT2 databases independently. In a gtgad turbine combustor test facility,
H,O vapor absorption measurements were performedy uki@ same swept-wavelength
sensor used to obtain the piston engine data showigure 2.2[25]. During this test, gas
was sampled from the combustion zone and a conantri#mperature was determined from
the gas composition using a chemical equilibriuralygsis. Measured spectra were fit to a
library of HITEMP and BT2 simulations in order tafer the temperature. Figure 2.3 shows
the measured temperature from the absorption spetitted versus the temperature from
the gas sampling calculations. The equivalence &atd pressure were varied to produce the
varied operating temperatures. The cold bias GfBMP results at high temperatures is
again evident, whereas the BT2 results follow thtua gas temperatures to within the

uncertainty visible from the scatter in the data.
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Figure 2.3 Temperatures inferred from infrared wate vapor absorption versus temperatures calculated
from gas sampling. The cold bias is readily seen the HITEMP results whereas the BT2 data more

closely follows the ideal trend line.
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From experimental evidence, the BT2 database aarida higher temperature results when

compared to HITRAN. This database provides anratere to HITRAN for either designing
or interpreting results from water vapor absorptiexperiments conducted at elevated
temperatures. While BT2 does not provide any irgauameters for lineshape modeling, the
inclusion of high lower state energy lines improgesisitivity at elevated temperatures. An
assumption of uniform Lorentzian linewidth acropsctra spanning ~ 250 ¢nin the 7200
cm® range, although strictly incorrect, resulted ingligeble error for the experiments

considered here.

In addition to improved thermometry, there are otienefits of advanced databases such as
BT2. As an example, #, and BHO properties were inferred from experimental s@ectr
containing contributions from both species. Sing® Mas the stronger absorber, the strategy
was to subtract simulated,® spectra from the measured spectra to reve@h ldpectra.
However, intensity imperfections in the HITEMP daae caused the residual spectrum to
retain HO contamination. Using BT2, there is better acteszbsorbers weaker than®

when analyzed in this fashion [26].

2.3 TWO COLOR RATIOMETRIC THERMOMETRY
For a typical HO absorption experiment, the absorption is quatifising the Beer-Lambert

relation discussed earlier and repeated here iateou2.3 for simplicity.

(I_j =eT (2.3)

lo
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This relation relates the ratio of the laser intgn@V/cm? W/cnfs® or W) incident on the

sample (lo) and the intensity after passing throtinghsample (1) to the product of the length,
L, of the sample and the spectral absorbance caffi k. This product, i, is termed the

absorbancey, and can be related to more fundamental paramettéing species of interest.
av:kvl_:NEL(ZS,(T)@(u—vi,T,P,x)j (2.4)

This equation shows that the magnitude of the d&lasme at a frequency, depends on the
absorber number density N, the length of the patwhich the absorber is present, and the
weighted sum of line strengths,, f absorption transitions in the vicinity of with the

weighting factor being determined through a linapghfunctiong.

In order to make a temperature measurement, twaraepwavelengths are chosen and the
ratio of their absorbances is computed. For simtgliaf it is assumed that the chosen
wavelengths are the result of absorbance from glesitransition (i.e. the transitions are
isolated) the ratio can be written as:

a _ S(T) DQ(Vl_Vl,o)
a,, Sy(T) %(Vz_vz,o)

R(T) = (2.5)

If it is further assumed that collisional broadenagominates the line shape function and that
the resulting Lorentzian lineshape is the samebfith chosen wavelengths, the ratio then
becomes the following pure function of temperature.

_S(M)
R(T) = 2.6
M) S,(T) =9
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The line strength ) can be calculated from the line strength ahavwn temperature using

the following scaling relationship [27].

_ Q(T,) _hC_E. l_i B ~hev,, “hov,, -1
S(T)—S(To)—Q(T) exp{ ” (T Toml exp{—kT M} exé—kTO H (2.7)

Inserting equation 2.7 into equation 2.6 yields tbbowing function for the ratio when
neglecting the induced emission (3-@erms which is valid given the frequencies and
temperatures involved for near infrared combussitdlies (i.e. low upper state populations).

S (he)e g1
R(T)‘SZ(T())eXp{ e EZ)[T TH 29

From this expression, the temperature sensitiotytfie chosen line pair can be found by

differentiating equation 2.8 with respect to T.

(2.9)

ﬁ_(mj(ﬁ—Eé)R
daT  \ k T2

In practical combustion applications, the assunmptibisolated lines is often difficult to use
especially when the pressures are high and signifiblending and overlap occurs. In
practice, it's often easier to work directly witlhet absorbance values. Typically, the
absorption coefficient is simulated for the wavelrs of interest over a postulated
temperature range and a calibration curve R(Tpmputed from which the temperature can

be found.
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2.4 HYPERSPECTRAL THERMOMETRY

Extending the analysis of temperature inferencemfrepectral measurements at two
wavelengths to N wavelengths is not trivial. Forstamce, assuming the absorber
concentration and the gas pressure is known, maasmts of 3 wavelengths results in at
most 3 equations with a single unknown temperatiteerefore, a simple yet robust

methodology is needed for dealing with measuremanisisting of multiple wavelengths.

2.4.1 Linear system of equations

One possible method would be to solve a linearesysif equations based on simulations at

various temperatures suchAss =b. A possible formulation is as follows:

le,v1 t le,vn X Tl
oo =] (2.10)
T V1 kTm WVn Xn Tm

Upon solving this set of equations for the vectprone can make a measurement at an
unknown T (within the calibration range.T.T,) and multiply the measured row vectorby

to obtain the temperature. If the number of wavglles and temperatures is the same then
the solution is exact for the temperatures coneléut interpolation errors will exist when
attempting to use the result at some other intermedemperature. In the more general
mxncase, there will be exactly m or n exact solutidapending on which is smaller of the

two as shown in Figure 2.4.
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Figure 2.4 Temperature errors (Tactual — Tmeasured)when using the linear system of equations
(Equation 2.10) to solve for an unknown temperatur@ssuming a perfect measurement (zero noise). The
3 wavelength case (left axis) has 3 points wherearfect solution occurs versus the 5 wavelength aas
(right axis) which has 5 zero crossing points. Botbf these results used a 101 point temperature vect
If enough temperatures and wavelengths are usésl pibssible to make these errors quite
small and perhaps smaller than a particular desrgarion of the sensor. However, even

though this method is suitable for pure temperatneasurements it lacks the robustness for

making simultaneous temperature, concentration pa@ssure measurements.

2.4.2  Spectral fitting

Another possible technique involves fitting the swad spectrum to a simulated spectrum
by minimizing the sum of the squared errors (SS&E)vben the two. In practice, the easiest
way to accomplish this task is to build a databa$esimulated spectra spanning a
temperature range that extends past the predictetperatures encountered in the

experiment. The database method is especially usgfoases involving lots of wavelengths
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(e.g. broad spanning high pressure spectra or tesspre spectra requiring high resolution).

For these cases, the time penalty occurred in congpapectra on-the-fly usually warrants

the database procedure.

If the concentration or mole fraction of the abswris unknown, simply minimizing the SSE
as a function of temperature may bias the resifteiconcentration was maintained constant
in building the database and no other normalizatibthe data is performed. One way to
alleviate this and to simultaneously solve for tbacentration and temperature is to perform
a linear fit between the simulated and measuredtsp§28]. The figure-of-merit for this
procedure then becomes the mean-squared-error (M8ta)een the best fit line and the
simulated data. As the temperature is varied, thasurement matches a simulated spectrum
when the MSE is minimized. Concurrently, the coniaion is inferred by scaling the

known value used in the simulations by the slopthefoest fit line.

For simplicity, assume the pressure (spectral Witths) is known therefore requiring a 2D
database (temperature in the vertical directionvaadelength in the horizontal). The process
of inferring the temperature would then be to Idbpugh the N spectra and compute the
MSE versus temperature and this process is depittéidure 2.5. The best fit temperature is
then the minimum of this curve. However, becausthefdiscrete temperatures used in the
database, the temperature resolution in pickingrtimémum will be limited by the resolution
of the database. Adding more temperatures to ttebdse will improve this resolution at the
expense of computation time. However, using a ctditvaear the minimum of the MSE
versus T curve and through either interpolatiora aterivative of the polynomial fit to find

the minimum, the resolution can be greatly enhanced
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Figure 2.5 TOP LEFT: Plotting the measured spectrumat an unknown temperature versus a simulated
spectrum at 367 K showing an example of a poor fiTOP RIGHT: This fit between the measured and
simulated spectrum at 1207 K is much better as indated by the MSE of the fit. BOTTOM LEFT: The
arrows point to the MSE values found in the fits inthe top two graphs. The fit at 1207 K is shown tbe
near the minimum of the MSE versus temperature cure indicating a much better fit. BOTTOM

RIGHT: The final best fit temperature is found by applying a polynomial curve fit near the bottom of he

MSE versus temperature curve.
It is worth mentioning that an optimization routinan be used in place of the brute force
method of converging to the best fit spectrum ie ttatabase. For instance, the downhill
simplex routine (non-gradient based unconstrain@dmmization technique) can be used to
find the minimum MSE and will reduce the numberat®ns to at least N/2 depending on
the guess value used and the cut-off criteria. Hewat may still be worthwhile to compute
the MSE at the neighboring temperatures of the mmim in order to perform the curve fit

for improved temperature resolution. If the databas relatively small (coarse in
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temperature) the use of an optimization routinehmigpt have much added value in relation

to the added complexity of implementation. Howewaemhybrid routine involving both the
linear system of equations and spectral fittinghgsithe downhill simplex minimization
routine can be formed where the result from thedmsystem of equations is used as the
initial “guess” value for the downhill simplex roog resulting in faster convergence. This

hybrid method can be especially attractive whercgssing large experimental data sets.
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CHAPTER 3. WAVELENGTH SELECTION

3.1 INTRODUCTION

Current diode laser technology has allowed nowraesigns of unprecedented speed, low
noise characteristics, and wavelength flexibiliybe realized. In the 1300-1500 nm range,
the almost arbitrary choices of wavelengths acbesdior HO absorption sensors for
combustion applications leads to the need for bemtelerstanding of the role wavelength
selection plays in the overall performance of teaser. For instance, one recent laser that
has been developed can provide N discrete (singler)ctime division multiplexed
wavelengths [13]. These wavelengths can be plangditgere within the emission band of
current semiconductor optical amplifiers (SOA) tlal®wing for unprecedented flexibility

in the design of absorption sensors. Another neserladesign can provide 3 distinct,
essentially arbitrary wavelength scans [14]. Theel also has the flexibility in locating the
center locations of the scans to anywhere withenviiorking range of SOAs. This flexibility
from the source side makes the choices of the wagéhs probed for thermometry that
much more important versus previous ideas of sognain entire rotational branch for

inferring gas properties.

Previously, much work and attention was given tasses based on 2 wavelengths using a
ratiometric strategy for measuring temperature fath this offered guidelines to aid the
sensor designer in choosing appropriate wavelenfyihgheir application. Nagali et.al.
mentioned that for maximum temperature sensitivibe derivative of the ratio of two
absorbances with respect to temperature, dR/dTuldHme maximized over the range of

temperatures under consideration [29]. Specificallavelength pairs were chosen to
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maximize the ratio of relative changes in R and T (dR/R)/(dT/T). As an add-on

requirement, they also mention that R should li¢hi& interval (0.25, 4) to assure similar

absorption at both wavelengths but this range \wasied arbitrarily.

More recently, Zhou published expanded recipes doiding decisions on wavelength
selection for situations where one or two (narrgwilynable diode lasers are used [19,30].
Both recipes were based on a ratiometric approackhérmometry with one approach
applicable to the case of a single laser and theraotonsidering the case of using two

narrowly tunable lasers. The combinations of tHigskngs are outlined below.

1. Sufficient absorption required for high signal-toise ratio measurements (SNR > 10

desired although this number is somewhat arbitrary)

2. Transitions are selected to minimize interferemoenfambient H20

a. This is mainly for combustion applications where temperature is much

greater than the ambient

3. The wavelengths of both absorption lines must lighiw a single laser scan and not

overlap significantly (not applicable to the 2 lasase)

4. The line pair must represent sufficiently differémiver state energies, E”, to yield a

peak height ratio that is sensitive to temperatwes the range of consideration

5. The two lines must be isolated from nearby traossi

a. Unless the lower state energies of the overlappiagsitions are similar in
lower state energy thus adding constructively amudeiasing the SNR without

loss of temperature sensitivity
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6. The wavelength must be in the 1.25-1.65 um rangec(ic to the lasers considered

in this work)

In conjunction with these guidelines, criterion danset specific to the absorber considered,
technique employed, and limits of the equipmendus®r instance, in step 1, usually the
required absorption can be set by estimating theenof the experiment and requiring the
absorbance to be at least 10 times this leading moinimum SNR of 10. It can also be
advantageous to set a maximum absorbance in argeevent the near-complete extinction

of the probe beam depending on the path lengtheobéam through the sample gas.

These guidelines form a logical framework for 2acadhermometry but most likely are too
restrictive for the case of N wavelengths. Alsoeythare based on the idea that the
temperature will be inferred by fitting the measuemts to fundamental spectroscopic
parameters and this leads to difficulties such afinihg the line strength or lower state
energy for the case of blended spectra. For the odismeasurements spanning broad
wavelength ranges at high pressure where signifiosarlap and blending of features is
prominent, more direction is needed in guiding siecis on wavelength selection for H20

thermometry.

3.2 SETUP

Of primary concern to the sensor designer is tlwiracy and precision of the diagnostic.
H,0 absorption based sensors for combustion apmitatisually are limited to the accuracy
of the underlying spectral parameters used to sitauthe spectrum. Steps can be taken to
verify and validate these parameters such as magsspectra under carefully controlled or

highly known conditions and these experiments hawnd will continue to be performed
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[18,19,31-34]. Often, though, the difficulty lies building a test article capable of achieving

the extremes in temperature and pressure encodnitereractical combustors such as IC
engines. In addition, even if these thermodynanates are reached, there may not be a
concomitant technique available for comparisonhe optical absorption technique. For
example, thermocouples are often limited by the imam material temperatures and even
high temperature variants of thermocouples may hé&sge uncertainties at high

temperatures due to uncertainty in the heat tracsigection.

On the other hand, the temperature precision caopiienized through smart design. As
discussed previously, wavelength selection playsimaportant role in maximizing the
sensitivity of the HO absorption sensor to temperature and it is nitegnobvious how to

effectively choose wavelengths to guarantee optipmiformance for all temperatures

encountered.

To start, a highly simplified model of an ideal toiamic molecule (IDM) was constructed in
order to provide a mathematically simple spectrBsnstudying this model certain trends can

be identified and possibly offer guidelines whensidering real molecules such ag’H

3.3 IDEAL DIATOMIC MOLECULE (IDM) MODEL

The simplified model of the ideal diatomic can pedfied as a Boltzmann distribution.

_E _BI(JH)
keT keT
F, _N, _ge™ _(2J+])e (3.1)
N Q(T) B

ke T
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This function specifies the fraction of the numbémolecules in theyJstate (N) to the total

number of molecules (N) wherg  the degeneracy,;Ehe energy of theyJstate, k is
Boltzmann’s constant, and Q(T) is the partition dlion at temperature T. In order to
compare the results of studying this model to tbheiad HO spectrum, correspondence
between wavelength and absorbance is needed. Tiiglothe rotational constant, B, is
chosen to be very small such that the ratiogBdten termed the characteristic rotational
temperature®) is 0.01. This essentially makes the distributmontinuous in J and is
analogous to the ¥ absorption spectrum at elevated pressure wheh rolending of
spectral lines occurs and ensures that many diffeds (wavelengths) have significant
population over the temperature ranges encountenedmost practical combustion
applications. For comparison of this model functmith the HO spectrum, J will be
considered to represent the optical frequency (leagth) and the fractional population will
be considered to represent absorption. This manlghs a further simplification from the

real diatomic spectrum in that all the transitisolabilities are considered to be equal.

An example of this function plotted for two differtetemperatures can be seen in Figure 3.1.
The effect of temperature is easily visible in thigure with more J states becoming
populated with increasing temperature (i.e. indreapopulation in higher energy states).
This is similar to the effect of increasing tempera in the HO spectrum with more
wavelengths away from band center (in rovibratiospectroscopy) gaining absorption

strength with temperature.

The aim of studying this simple diatomic model asgain some insight into how to most

effectively choose wavelengths when performin@tabsorption thermometry. Of particular
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concern is developing a strategy for choosing wengths to optimize the temperature

precision when experimental noise is considered.

] I ] I ] I ] I ]
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Z  0.002 | -
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LL | i
1500 K
0.001 -
0000 1 | 1 | 1 1 4
0 200 400 600 800 1000
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Figure 3.1 Two simulated “absorption” curves of theideal diatomic model at temperatures of 500 and
1500 K. The absorption spectrum is simulated by usg the fractional population in each energy levelo
“J state” and assuming the total number density, Nis constant at all temperatures. The effect of
temperature is readily seen as an overall decreasethe peak absorbance value but a larger range of

wavelengths having appreciable absorption.

3.3.1 Case 1: 2 wavelengths, known temperature

For the problem of choosing wavelengths, it is ingoat to maximize the sensitivity dR/dT
of the chosen line pair but a discussion of thdéuerfce of experimental noise on the

measurement must also be included in the analysis.

For the ratio measurement of two absorbancesati®R can be defined as:
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R=%  R>1 (3.2)
aZ
The uncertainty in R can be found by:
R, Y. (or, Y
AR? :[—Aalj +( Aazj (3.3)
oa, oa,

This after some manipulation yields the relativeertainty as:

AR _ |Aa” |, Aay

3.4
R a, a, (34)

If the calibration function R(T) is known, then thacertainty in temperature can be defined

2 2
ATratio = a_TAR = R Aal + Aaz (35)
oR R\ a, a,

oT

as.

After some manipulation, this relation can be reaas the following form.

2
R+ Aa,
Aa,
AT o =

ratio — ﬁ 0'2
oT ( Aa,

This relation shows the precision in temperatureamdy depends on the sensitivity of the

(3.6)

chosen line pair (dR/dT) but also the ratio of éfisorbances and the SNR of the weaker of

the two lines.

For the IDM, the ratio is the following function.
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2),+1 @9(31” 2+1)El]2T;Jl

R(J1,J2.T) = 3.7
Cuda =554 (3.7)
Similarly, the derivative of the ratio R with regpéo T can be found.
0rR(J,,J,,T) 2),+1 ,-1J O +J2+1)(J2-J9)
T 23, +1 Wt drDE—le (3.8)

The aim is to find the best pair of Js that willmmize the function in equation 3.6. For this
relatively simple case of 2 wavelengths at a kno@mperature, the analytic solution would
prove to be quite cumbersome. Even in doing so,imgaw the more interesting but difficult
case of 2 wavelengths over an unknown temperatunger this analytic solution would not
provide any more insight. The other alternativetasfind the best pair of wavelengths
numerically through an optimization routine. Thiashthe benefit of being relevant for all
possible cases posed for the IDM and will also prtw be highly effective for the more

practical problem of optimizing #D wavelength selection.

The function in equation 3.6 can be minimized ratmsily using any of the standard non-
linear optimization routines presented in most modscientific computing packages (e.g.
conjugate-gradient, quasi-Newton, Levenberg-Mardf)aHowever, in order to solve the
more difficult problem of choosing wavelengths wloemsidering a range of temperatures, a
more robust algorithm is needed in order to oveketime possibilities of many local minima.
Genetic algorithms offer the benefit of searchingrdarge domains and are particularly well

suited to optimizing stochastic functions.

For this work the differential evolution (DE) algiym was used to minimize all objective

functions proposed for finding optimum wavelengtbs thermometry. DE finds the global
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minimum of a multidimensional, multimodal (i.e. eldiing more than one minimum)

function with good probability. The crucial ideaasscheme for generating trial parameter
vectors. DE adds the weighted difference betweenpgeapulation vectors to a third vector.

This way no separate probability distribution ha®é used making the algorithm completely
self organizing. For more information about DE timerested reader is refered to the

following sources [35-38].

To find the best 2 wavelengths for optimizing tmegision of temperature measurements for
the simple case of a single known temperature fuhetion in equation 3.6 is used as the
objective function with the added constraint thaindst lie in the domain (0,1000). To
implement this inequality constraint, the objectiftenction is modified by adding an
additional case statement that checks the parasnetesen by the DE algorithm and applies
a penalty if the constraint is not satisfied. Aldte noise terms are assumed to be fixed and
the same for all wavelengths. This assumption isetbaon the fact that the minimum

detectable absorbance (MDA) will be approximatelgstant across the spectrum.

The best wavelength pairs at 5 different tempeeatare shown in Figure 3.2. The visible
trend is the best wavelength pairs (representettieasertical drop lines) moving to higher
energy levels with increasing temperature. Frora figure, it is not obvious as to why the
particular wavelengths chosen are better than atheices but comparing the wavelengths
from the DE to those obtained with a conjugate-igraidmethod give the same results. The
conjugate-gradient method works well for this sienphse since the objective function is

smooth and exhibits a single global minimum.
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Figure 3.2 Showing the best two Js (wavelengths)ahwill maximize the precision of the temperature
measurement for the prescribed temperature. The vible trend is the wavelengths of the best pair
moving to higher energy levels with increasing termgrature.
Once the best wavelength pairs at a specific teatper have been found, it is possible to
calculate the performance over a range of tempes®tirigure 3.3 shows the performance
curves for the wavelengths chosen at a single, ifsgsectiemperature over a range of
temperatures. It is easily seen that the perforemanoptimized at the temperature for which
the wavelengths were chosen. It is also interegbngote that the performance is always a
little better for a specific line pair at tempenats slightly lower than those used for the
optimization. This is attributed to the SNR impmuyifor the slightly cooler temperatures

without sacrificing sensitivity (i.e. d(dR/dT)/dT&SNR)/dT) over a small dT).
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Figure 3.3 Temperature precision performance of thdest line pairs chosen for a specific temperature
using a fixed noise level of 1E-6. The curves shdhat the performance is optimized at the temperatue
considered for a particular line pair. What is alsoevident is the performance of a particular line pa is
always a little better at slightly colder temperatues than the temperature used for optimizing.
It is possible to reformulate the objective funntimto a form that allows a better way of
graphically depicting the choice for the best 2 @langths at a particular temperature. To do
this, the derivative, dR/dT, can be rewritten ins of absorbance.

dR_a, _aa, g =99

9R_a da 3.9
ar a, a’ dT (3.9)

Upon substituting this into equation 3.6 and assgntihe noise terms are equal leads to the

following relation.
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2
+
AT _AaVvR +1

ratio — ‘0’1 _ RO'Z‘ (310)

This equation shows that minimization AT requires the chosen wavelengths to have the
largest difference between their derivatives wébpect to temperature in order to maximize
the denominator. From this, the ratio of the absoncdes should also be maximized to the

degree that further increase in R doesn’t penalyzemaking the numerator too large.

To visualize this, the spectra along with the darixe spectra are shown in Figure 3.4. From
the derivative spectrum picture, it is easily séest the best choice for wavelengths at a
particular temperature are those that exhibit #ngdst change in absorbance with a change
in temperature at the temperature considered the.peaks and valleys of the derivative
spectrum). The final choice of the best 2 wavelesgio not converge exactly to the peak
and valley of the derivative spectrum due to theoraf the absorbance becoming the

controlling term as the ratio differs further frdm
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Figure 3.4 TOP PANEL: Spectra at various temperatues showing the best line pairs chosen for
optimizing the temperature precision. BOTTOM PANEL: Derivative spectra showing the same chosen
line pairs. The choices for the best line pairs @& specific temperature tend to fall near points whe the

largest change in absorbance with a change in temgadure occurs.
Up to this point, the choice of the best 2 waveleagor minimizing the uncertainty in
temperature at a specific temperature has beerdetbddy minimizing the function in

equation 3.6 through the use of a non-linear ogton routine. This method works quite

well and converges quickly owing to the relativsignple objective function. In addition, the
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derivative of the spectrum with respect to tempemtoffers a way to quickly view

wavelengths that will provide optimal sensitivity temperature. However, neither of these
methods lead to a direct view of how the lowerestahergy plays a role in wavelength

selection.

Another way of viewing this problem is through tinee of the ratio spectrum. For this IDM

model, this leads to the following relation.

E

kel 11
FT) _ (2J+Dle ™ @ T, @E[kBTref kBT]
Fy - = (3.11)
ref -
(23 + 1 ' GT@

Taking the natural logarithm of this expressioreg the following useful relation.

In(ﬂjzln(t—e‘j+E( ! 1} (3.12)
F(T) T keTo  kgT

From equation 3.12, one can anticipate that a godpghe natural log of the ratio spectrum

versus lower state energy (E) is linear with thepsl given by a simple function of

temperature only.

1 1
slope= -
KT KgT

(3.13)

This is confirmed in looking at Figure 3.5 below.
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Figure 3.5 Linear relationship between the lower stte energy E and the natural log of the ratio of sgctra
computed at T and a reference T. The slope is detained by a simple function of temperature only.
Another way then to define the uncertainty in terapge is by describing the uncertainty in

measuring the slope of this linear function.

The slope for a measurement at 2 wavelengths cdefbeed as:

g = N(R(T)) =~ In(F, (T )) = (R (T)) + (Fi(Tie )

3.14
E—E (3.14)

The uncertainty in measuring the slope will onlypeled on the uncertainty in the

measurement of;Fand k.

2 2
AS* = EAFl + EAF2 (3.15)
oF, oF,
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This leads to following relation for the uncertgiin S where F has been replacediigr

convenience in comparing to previous relations.

AS=-1 \/(Mlj +(A”2j whereAE = (E, - E,) (3.16)

) A\ o a,

From this the uncertainty in temperature can benddfas:

2 2 2
AT, =T pag=Kel [ B0, | [ Ad, (3.17)
0S =R a,

The subscript B on the temperature uncertaintyéset owing to the fact that this equation
represents a Boltzmann limit in the uncertainty t@mperature when considering
experimental noise. This relation directly showsttlthe choice of 2 wavelengths for
optimizing the uncertainty in temperature shouldniede by maximizing the difference in
lower state energies while keeping the SNR of e neasurements at acceptable levels.
Upon comparing the relation in 3.17 to the relation3.5 it is shown that temperature

sensitivity for the ratiometric formulation is oiized for a particular line pair when

R _kT?
3R~ ag] (3.18)
aT

This is exactly the same relation derived in equa®.9 and it shows that the temperature
sensitivity of a specific line pair provides a gostarting point for choosing wavelengths

when optimizing 2 color thermometry at a single penature.
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3.3.2 Case 2: 2 wavelengths, unknown temperature

The previous case of choosing 2 wavelengths atesikgown temperature provided a good
starting point for developing strategies for chagswavelengths for more interesting and
practical cases. For instance, the next logicagmssion would be deciding the best 2
wavelengths for optimizing thermometry at an unknaemperature within some expected

range of temperatures to be encountered in an iexge.

In order to do this, the objective function for thimgle temperature case will have to be
slightly modified to include the range of possiblemperatures. Instead of directly
minimizing the relation in equation 3.5, a possiésv objective function to be minimized is

the sum of the relative uncertainties over a spEtifange of temperatures.

2

S0 -5 R B0,
— T TT% a, a,

oT

(3.19)

An example of the performance results obtained afiaimization of this objective function
is shown below in Figure 3.6. Also shown in thigufie are the results from the single
temperature case. It is interesting to note thatr@hative uncertainty for the line pair chosen
over the temperature range (500-1500 K) performslasily to the results for the single

temperature case at the geometric mean of the tatupe range considered.
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Figure 3.6 Relative uncertainty in temperature verss temperature for the 2 wavelength case. The resul
for the best line pair when considering the rangefademperatures (500-1500 K) is shown along with the
results obtained when considering a single tempernaite.

However, the actual wavelengths chosen for the ¢éeatpre range case do not correspond to
any choices found for a single temperature castedferently, the best two wavelengths
found when optimizing the temperature precisionravaange of temperatures cannot be
found by optimizing the precision at one speciémperature. When considering a range of
temperatures, it is best to choose the wavelerigibed on the performance over this range.
However, this effect becomes less pronounced astdimperature range considered is
reduced. On the other hand, the difference in thgelengths chosen for the wide range

(500-1500 K) are not too different from the wavegs chosen at 1000 K. This could
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provide a method for quickly identifying possiblancidates without having to consider the

entire range.
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Figure 3.7 The line pair chosen to optimize the rative uncertainty over a range of temperatures is

plotted along with the line pairs chosen for the sigle temperature cases. The choice of the bestdipair
does not correspond to the best pair at any singtemperature.

The two cases considered up to this point have prdyided a method for choosing two
separate wavelengths for making temperature meaasmts. In practice, this amounts to
using two fixed wavelength lasers aligned to thatdees of interest or using one laser
capable of outputting two separate wavelengthsipteked in time. However, using tunable
lasers capable of covering a range of wavelengtlssgossible to measure the spectrum at
more than two discrete points. This is also truedcsingle laser capable of outputting N

discrete wavelengths. It is therefore desirabldhawe a method of choosing wavelengths
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when considering the N wavelength case and evere im0y having a means to directly

guantify the results in order to compare the 2 wength case to the N wavelength case.
3.3.3 Case 3: N wavelengths, known temperature

In order to solve the N wavelength selection prohla new objective function needs to be
specified that is capable of including the measergs at N wavelengths. The two color
ratiometric technique of the previous sections du@shave an obvious means of extending
the analysis to N wavelengths. From previous waklidg with multiple color absorption
measurements, the temperature is inferred througpeatral fitting routine similar to what
was outline in section 2.4.2. One possible formaatof an objective function for N
wavelengths is to repeatedly compute the temperatfira N wavelength spectrum with
added Gaussian white noise and from which the atandieviation in the computed
temperatures can be obtained. This type of an tgefunction is very close to what would

be realized in an actual experiment.

In order to estimate the number of iterations ndetie estimate the variance of the
temperature results within 10% of the true valuth\v@5% confidence the following relation

is used based on the Student t test [39].
P{\(&)2 -o?|<1.960%/ 2/|<} = 0.9t (3.20)
The requirement of at most 10% error in the vagagstimate gives the following:

(6) -0’
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Which leads to setting:

1.96V2k = 0..

(3.22)
k =800

Therefore, the number of iterations needed to atelyr estimate the standard deviation in
temperature is approximately 800. The procedura the finding the best wavelengths for
the N wavelength case at a known temperature ubmgterative least square fitting (iLS)

objective function is then:

1. Compute the “measured” absorbance for N wavelengtheemperature T and a

database N wavelengths at M temperatures surrogifidin
2. Add a prescribed amount of Gaussian white noiskeéa@omputed spectrum

3. Find the best fit temperature of the measured sp@cby least square fitting to the

database of spectra
4. Repeat k times and calculate the standard deviafitme inferred temperatures

Therefore, for each population generation of the @fimization routine, roughly M*k
calculations are needed for one calculation of thgective function. The results of
optimizing this objective function for the singlemperature case of 500 K for 2,3,4, and 10

wavelengths are shown below in Figure 3.8 and Ei@.e.
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Figure 3.8 Relative uncertainty performance resultgor the N wavelength case when optimizing at a
single temperature (500 K). The 2 wavelength casg also shown with the results obtained both through
fitting and through the ratio function derived earlier and good agreement is found between the two. At

fixed performance (i.e. same noise level assumed &l number of wavelengths) adding wavelengths

improves the fidelity of the measurement.
For fixed noise level for all wavelength count casensidered, the general trend of adding
wavelengths is to improve the fidelity of the maasoent. As a check, it was verified that

the AT atio function used in the 2 wavelength case and spditiag gave the same results

when considering the two wavelength case.

In looking at the actual wavelengths chosen in EEd19, the visible trend is the additional
wavelengths should be located near the optimumgedgicted in the 2 wavelength case. This

makes sense for the single, known temperatureinabat these two points on the spectrum
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offer the best sensitivity to temperature. The ather logical choices would be closer to the

peak for perhaps increased SNR but in looking atdérivative spectrum this would cause
those choices to have less sensitivity with tentpeeaand as was shown earlier, the

differences in the lower state energy would be elesed again leading to less sensitivity in

temperature.
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Figure 3.9 Final wavelength choices when optimizing,3,4 and 10 wavelengths at 500 K. For the IDM
model, adding more wavelengths tends to putting merwavelengths near the choices found in the 2
wavelength case. The wavelengths found in the 2 walength are the critical wavelengths.
It is unclear if the wavelengths selected throughk bbjective function are actually the best
choices. The choice of optimizing an objective tiot that was based on estimating the
variance to within 10% leads to an unclear estiroatbe global optimum. Also, the method

of estimating the variance through iteration istigag computation time (M*k computations
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for this N wavelength objective function versus @eenputation for the 2 wavelength case).

Therefore a better objective function is desired.

Building on the idea presented in deriving the Bolann limit for temperature uncertainty
for the two wavelength case given in section 3.a.hew expression for the temperature
precision for N wavelengths can be developed. Asvdis shown, the uncertainty in
temperature can be derived by estimating the uamiogytin measuring the slope of the graph
of In(a /a ) versus E” (see Figure 3.5). To extend this amaliysm 2 to N wavelengths,
the slope can be calculated using least squaresssagn. It should be stated that the idea of
using the Boltzmann plot (Ia(/ o rf) vs. E”) is not new. References of this idea carraced

back to at least Herzberg in his book on the spextdiatomic molecules [40].

The least square solution can be found by minirgizive sum of the square of the residuals

between the measured points and the best fit line.

RE=Y[In(@la,) -(b+sE)] (3.23)

Taking the partial derivative of this equation wittspect to m and s leads to the following

equations that can be used to find the best m amat svill minimize R.

I 2% (n(a/a, ), ~b-sE)=0
> i (3.24)
=2 (n(a/a ) ~b-sE)E =0

Upon solving these two equations for m and s I¢adise following relation for the slope s.
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S_Em(a/aref)— NEIn(a/a,y)
E -NE2

N
wherex=>»"x (3.25)

The variance in measuring the slope can be defised

2
0s
As* =) | —Aa, 3.26
2(ie) 020
with the partial derivatives given by:
s =i(—_'§_ NE'_J (3.27)
da, a\E -NE?

Finally, the unweighted least squares (UwWLS) uadety in temperature can be given by:

2
_0T , _ kT? Ad ) (2 we V2
AT, = As= == \/Z( a j (E-NE) (3.28)

The absolute value in the denominator of this esgiom is there as a reminder that this term

was factored out of the square root.

In comparing this expression to the 2 color Boltam&xpression given in equation 3.17 a
few key similarities are evident. For one, thdkterm is still present and in fact is a factor
that will always be present for a system that fwHoBoltzmann statistics. Also, when 2
wavelengths are considered, this expression becaieeasically equal to the expression in
equation 3.17 therefore making this relation a ngmeeral expression to use when selecting

any number of wavelengths.
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The usefulness of this expression becomes moreridhen used as the objective function

for selecting the best wavelengths. Instead oMHe calculations needed for one evaluation
of the least square fitting objective function usablove, a single calculation can be
performed to give the value of the objective fuoictior a single set of parameters in the DE

genetic algorithm.

Aydin et.al. used a similar idea in measuring etettemperatures in laser induced plasmas
[41]. In this work, they first systematically idéed a collection of isolated spectral
emission lines when considering the FE | and F&dttronic bands. Upon making a set of
measurements, spectral lines with the highest geedgviations from the Boltzmann plot
regression function are slowly discarded until aeshold value for the coefficient of
determination is exceeded. This is essentially aelemgth selection proceduiex Post
Facto. The novelty of the proposed method in this warkising the Boltzmann plot idea for
selecting wavelengths up front when experimentagents considered in order to optimize

the thermometry results.

The previous example of finding the best wavelesgtha known, single temperature was
repeated with the newT s objective function. These results can be seemnbeld-igures
Figure 3.10 and Figure 3.11. The performance cuiwethe two methods are identical for
the 2 wavelength case in that both methods chassame 2 colors found using the&asio
function earlier. However, for 3 wavelengths andrendhe performance of th&T,u.s is
better. This is attributed to the fact that the @afuinction only gave 2 unique colors for each
number of wavelengths considered. This is duedadaht that for a known temperature, there

are 2 unique wavelengths that will optimize thecmien of the temperature measurement.



Repeating the measurement of one or both of theelagths is in essence averaging the

measured values and increasing the SNR of thdi2atnvavelengths.
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Figure 3.10 Comparison of the results of the N walength, single temperature case using the iLS

objective function and theAT ., s objective function. For 2 wavelengths, these twaddective functions

give the same results and are both equal to the ndss given using theAT 4, function. However, as N is

increased from 2, the two methods diverge with thaT s function leading to a selection of wavelengths
with better performance.

In looking at the actual wavelengths given by td 8 function, the trend that is visible is

that as N is increased the optimal wavelengths termdnverge to the peaks on the derivative

spectrum and the splitting ratio tends to a 3041 with 30% of the N wavelengths used for

the stronger line near J of 100 and 70% of the Melengths located near 330.
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Figure 3.11 This figure shows the best wavelengtlehosen using theAT . s function and also shows the
previous results obtained through the least squarefiting function. For each number of wavelengths
considered, theAT ., s function gave just 2 independent wavelengths. Fanstance, the 3 wavelength case
shown in blue squares is actually 2 unique colord (hear 100 and 2 near 320).

This case study of N wavelengths at a known tentperdas shown that there are 2 unique
colors for optimizing the temperature precision d@he choice of the two depends on the
timing characteristics of the laser used. For ms¢a if 2 separate lasers are used and the
splitting ratio of time spent measuring each ong0&0; the results found when considering
2 wavelengths should be used. Otherwise, if theréasan be timed such that 30% of the
allowed measurement time is used Zprand 70% fori, then the results of the 10 and 100

wavelength case should be used. This, of coursejess that the noise performance at each
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of the two colors is the same and if not, then dlctual noise characteristics should be

included in the optimization routine.

3.3.4 Case 4: N wavelengths, unknown temperature

The previous section only considered the best weagths when optimizing for a single
temperature. In practice, the temperature is ugswadknown and depending on the device
under test, may vary considerably. The more interggase would be selecting wavelengths

when considering a range of temperatures.

Before specifying the objective function to be usedind the best wavelengths over a range
of temperatures, the performance of the uwLS foncshould be tested when using the
entire spectrum (i.e. measuring at all the possidgelengths in order to cover the entire
range of lower state energies) and compared tadbelts obtained by directly fitting the

spectrum through either least squares or minimithegsum of the square errors (SSE).
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Figure 3.12 Results of the uwLS function and SSEtfing showing the large discrepancies between the

two when calculating the relative uncertainty for hie entire spectrum (1000 wavelengths spaced at

increments of 1).

As can be seen in Figure 3.12, tkiB,,,.s function blows up at low temperatures and is still

quite different than the SSE fitting results atrhtgmperatures. This is attributed to the fact

that the uwLS function is unfairly biased by thegk number of wavelengths exhibiting

nearly zero absorbance. This is especially truethet colder temperatures where

approximately 50% of the wavelengths are zero phise. When inferring the temperature

through least squares fitting by comparing the mestsspectrum to a database of spectra at
different temperatures, the fitting is inherentlgighted by the magnitude of the absorbance
values. This is due to the fact that the zero dzsure points are all localized to a single

region on the plot of the measured absorbance seefarence absorbance and so the bulk
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effect is an ensemble average over these zerospihing reducing their effect on the fidelity

of the fit. This effect can be seen in Figure 3ri&ar the (0,0) point where the zero
absorbance points all lie approximately in a vattiglane at x = 0 due to noise occurring

only in the measured spectrum (y dimension).

I ! I T I
A% + measured vs simulated
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Figure 3.13 Example of the least square fitting mébd to infer temperature. The measured absorbanceta
some unknown temperature is plotted against a simated spectrum at a known temperature and the best
fit line is computed from this scatter plot. Note hat the points in the spectrum that have very low

absorbance (near (0,0) point) all fall in a singleertical plane and hence the fit is inherently weilgted by

the magnitude of the absorbance.

In order to construct a better estimate of the &napire uncertainty, the least square residual
equation shown in equation 3.23 can be modifiedc¢tude weighting of the regression. The

new least squares residual equation now lookstilse



53
R =Y w[In(@/a) -(b+sE)] (3.29)

A weighting factor, w has been added to more accurately reproduce e¢kigooh of inferring
temperature through spectral fitting.

Carrying out the analysis in the same fashion &régeleads to the following weighted least

squares (wWLS) function for the temperature uncetyai

AT, =T pg= KT \/Z(W'Mi j (WE - v, ) (3.30)

2 —
0s WE -w wE? Vi a

The appropriate choice for the weighting factoreusth be based on the magnitude of the
absorbance and these weights should be positiverdar to meet these requirements a

possible formulation for the weighing factors is:

a; (3.31)

s

VV|=

Reapplying this wLS function to the full spectrunatal and comparing the relative
temperature uncertainty results to those obtaihesligh spectral fitting yields much better

agreement and this can be seen in Figure 3.14.
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Figure 3.14 Comparison of the results of the wLS fuction versus SSE and mx+b spectral fitting shows
much better agreement as compared to the uwLS funicin when calculating the relative uncertainty for
the entire spectrum (1000 wavelengths spaced at ineenents of 1).

The wLS function for the temperature uncertaintjoles the same trend as two different
methods of spectral fitting. The observed diffeeemetween the SSE method and mx+b
method is attributed to the same effect that catseduwLS function to misbehave when
considering many wavelengths with very low (~0) abaoce. The SSE method just
considers the errors due to noise between the mezasuat and the simulation and can be
unfairly biased when many points with low SNR ameluded. The least square solutions
when spectral fitting (whether fitting to y=mx or=mx+b) have an inherent built in
weighting mechanism in that points with low absoid®& (low SNR) are essentially averaged

in the fit and through iteration to infer temperatlnave an equal effect at all temperatures.
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From a practical standpoint, the 2 parameter |sagtare solution (mx+b) should be

considered first since it will be less sensitiveb@seline errors which are almost always
present when measuring an absorption spectrum. ¥Howd a reduced wavelength count
system is being used, the baseline is reliably oreds and the wavelengths have a SNR
greater than 1, the SSE and both the 1-paramete?-@arameter least square solution give
equally reliable results. This is also true for thvelLS and wLS functions for predicting the
temperature precision of a measurement and therdfa results for the N wavelength,

known temperature case above using the uwLS fumetie still the correct results.

There is one caveat for the spectral fitting meghibdhe absorber mole fraction is unknown.
The SSE method as described would need to be radddy including some form of
normalization to account for bias from the measwmad simulated absorbances being of
different magnitudes. For instance, the error betwthe measured and simulated spectra
would be dominated by a global difference in abBonpstrength and not posses a minimum
in the SSE versus temperature curve. In practitbereof the least square solutions is

recommended first.

Now that a final and more appropriate functiondstimating the precision of a temperature
measurement has been formulated, the case of Nlevatbs at some unknown temperature
can be considered. The objective function to beimiaed for this case is similar to the 2

wavelength case at an unknown temperature.

> ATFVLS -y 2kBT \/z(W.Aa. j (E—V_VE, )2 (3.32)

T WE  —w WEZ
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Similar to before, the objective function is chosenthe sum of the relative uncertainty over

a range of temperatures. Applying this objectivacfion to the DE optimization scheme

yields the results shown in Figure 3.15
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simple diatomic model .
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0.100 optimized for T = 500-1500 (100 K increments) 3wavelengths  —
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Figure 3.15 Temperature precision results of the Mavelengths, unknown temperature case for the IDM
model. Again, it is evident that adding more wavelggths results in better performance across the eng
temperature range considered when adding wavelengsthas no adverse effect on the measurement (i.e.
the noise is constant regardless of the size of N).
Similar to the 2 wavelength case, adding more vemgths improves the performance at all
temperatures considered when the wavelengths caadded without penalty. Also, similar

to the case of N wavelengths at a known T, consiganore than 2 wavelengths still results

in only 2 unique wavelengths. This is due to theralt smooth shape of the spectrum. A real
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spectrum would consist of many discrete featurest timay result in picking unique

wavelengths when considering a range of tempemature

For the IDM, an inequality constraint can be addedhe optimization that forces the
solution to N unique wavelengths, albeit N uniquavelengths that optimizes the
temperature precision. If the constraint is addhed the Js selected must differ by at least 10
and the noise is assumed to scale with squareofabe number of wavelengths (simulating
the performance at a fixed measurement time vdisad noise) the following results are

obtained shown in Figure 3.16.

O L s O s B B S B B B R
simple diatomic model 2 wavelengths -
fixed measurement time (Noise = sqrt(N/2)*1E-6) 3 wavelengths

L _ . 10 wavelengths
optimized for T = 500-1500 (100 K increments) _
i 4 wavelengths
constraint: J, < (J,,- 10) for ordered J
0.100 ATSSE fitting <=AT1 S function
full spectrum
= 100 & 1000 As) 4
S ( )
- -
'a T T T L -
0 05 0 sum over T=500...1500 _ _]
__ 580F E
B = ] -
g st /.—:
£ swf " E
565 Sy 15
B # of wavelengths
oooo L+ 1 v bbby b )y

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
temperature [K]

Figure 3.16 Temperature precision results obtaine@hen considering N wavelengths over a range of
temperatures and including the constraint that thewavelengths must be unique and the measurement
time is fixed. This figure shows that the performane can be improved by smartly using the allowed

measurement time focusing only on the critical wavengths.
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The four cases considered so far have only coresidiie wavelength selection problem for

the ideal diatomic model (the Boltzmann distribajicAlthough this model is representative
of the global temperature information in a real esolar spectrum, it lacks the discrete
nature of what a real spectrum would look like. Mtihat said, important results have been
found that may be useful for attempting the wawvgllenselection problem for the .8

spectrum and that is the focus of the next section.

3.4 H20 SPECTRUM

In order to apply the wavelength selection ideasfthe IDM model to the ¥ spectrum a
similar basis for the water spectrum is needed.t Thilaa linear relationship is needed
between the natural log of the ratio spectrum aohes description of the lower state
energies. The BT2 and HITRAN databases includeegafor the lower state energies but
when considering the actual spectrum, significdemding of transitions occur due to various
broadening mechanisms. For practical combustioricghipns, the dominant broadening
mechanism is typically collisional broadening whickainly depends on the pressure of the
gas and at high pressures (P > 1 bar) distinguistiaatures are actually comprised of many

individual transitions.

Working directly with the spectrum instead of thersafundamental parameters such as line
intensities and lower state energies is attractiviee the spectrum is an effective data
compression tool. For instance, over the range -7BBD cni there are approximately
25,000 transitions in the BT2 database that meetrélquirements of line strength greater
than 1E-28 [cm/molecule] and whose ratio of intgngd maximum intensity in the range

considered is greater than 1E-5. Without this thoé&l the number of transitions in this
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relatively narrow spectral range is many ordersmafgnitude greater. Contrast this to a

spectrum over the same spectral range at atmospgiressure, which would require at most
4000 points to adequately resolve the lineshapdstlam merits of using the spectrum are
quickly realized. The situation is improved eventtier when dealing with spectra at

elevated pressures which require even less paradaquately represent the spectrum.

Another reason, and probably the most important fumevorking directly with the spectrum
is that it is usually the actual physical quantttyat is measured in an experiment.
Fundamental properties of the species being prebhadbe inferred from a measurement of
its spectrum. Therefore, for wavelength selectionH,O absorption thermometry it would
be useful to have a method to choose wavelengthsdbanly the absorption spectrum and

for this method to be quantitative.

In order to apply the ideas from the Boltzmannrdistion developed earlier to the water
spectrum, a method of interpreting the dependericthe absorption to temperature is
required. Figure 3.17 below shows the line stremgiisus wavelength at three temperatures
for the 3 most prominent vibrational bands in thpectral range. The effect of increasing
temperature is similar to the IDM in that more Bngecome appreciable populated and the
peak absorbance of the band moves toward lines¢pdangher lower state energies. What is
different, though, is that there is more than oibeational band that has rotational transitions
in this spectral range. Therefore, there is noha  one correspondence with wavelength
and energy as there was in the IDM. For instancdpaking more closely at the bottom
panel of Figure 3.17, there are regions (e.g. %3fi8) where lines from the ground state of

v1+v3 band have similar absorbance to lines from thst fiot band of the;+v3; band. The
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effect of these two closely located highly differémwer state energy lines on the spectrum

would not be captured in a wavelength selectioimelbased only on the line strengths.
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Figure 3.17 The intensities of rotational transitims for the three strongest vibrational bands of watdr in
the 7225-7525 ci range for three different temperatures. The redistibution of the intensities as a

function of temperature is readily seen and is detenined by the Boltzmann distribution.
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The spectral absorption coefficient can be derigaded on Einstein’s theory of radiation

[40].

_
KM =By 1-e T o) (3.33)

Where n is the number density of molecules in the groutates B, is the Einstein

coefficient for stimulated absorption, agg(v) is the line shape function. If the ratio of this

equation is taken at T angkthe result is the following expression:

_k@M _ av.T) nm 330

e () oviTe) n(Ty)

_

The stimulated emission termd—e “¢" |have been neglected given the wavelengths and

temperatures for most combustion applications woesdlt in this ratio being very near one.

If the lineshape function is taken to be a Voigtfpe, the temperature dependence can be

approximated by the following:

Av) =g VIV (a,w)

1

@ V) ~ 7F (3.35)
1

M E

Furthermore, the ratio of the number densitiehelower energy states can be described by
the Boltzmann distribution leading to the followiegpression for the ratio of the absorption

coefficients.
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This ratio is valid for the case of single, isolétansitions. However, the more interesting
situation to consider would be when there are meansitions contributing to make a single,

blended feature. One way to consider this casensdonsider equation 2.4.
The sum of the lineshape weighted line strengthsbeaconsidered “aggregate” line strength,
a,=k,L=NICE, (3.37)

The ratio of two spectra can then be expressed as:

B[l 1
= Tr_efwe Ke\T Trer

= 3.38
R “\ 5 o) (3.38)

The important thing to note in this expressionhis tower state energy in the Boltzmann
exponential, E;, has been termed the “aggregate” lower state gnédtgs in effect, a
weighted sum of all the lower state energies tobatridoute to the absorption at a particular
wavelength. This is the key idea for interpreting temperature dependence of the spectrum
directly. It should also be pointed out that theaddf an aggregate lower state energy is a
property of the spectrum. That is, it depends oa tlonditions of the spectrum (i.e.
temperature) and is not a fixed property similath® lower state energy levels of the actual
individual transitions. Furthermore, it is recomrded to use a reference temperature close to

the actual temperature to minimize the effect efltheshape function on the resulting ratio.
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For this reason, this method is not a techniquenfierring temperature in an experiment but

this constraint does not affect its use as a moaiding in wavelength selection.
From the above equations, the aggregate lower astetig)y can be defined as:

T QM)
N Ky |n{RT,Tref \/;Q(Tref)J

E = (3.39)
1.1
T

Similarly to the IDM, taking the natural logarithof the ratio spectrum yields the following

linear relationship between the ratio and the aggjeelower state energy.

In(RT’Tref)zln( Tref Q(Tref)}_'_E;( 1 1 J (3-40)

T Q) KT, KT

Figure 3.18 plots the ratio spectrum using simdlait®O absorption spectra versus an
aggregate lower state energy for three differempiratures. The temperature dependence of
the slope of these lines is the same as in the ibddel and based on this the same ideas
used for selecting wavelengths to optimize the tamprre precision in the IDM model can

be applied to the ¥ spectrum.



64

(LKT _, - L/KT)

0 - — 313K =

In(k, /K,

1 1007 K -
/
2 L 2014 K _

1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
0O 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

n

1
aggregate [Cm ]

Figure 3.18 The water spectrum shows the same linegelationship as the IDM when plotting the natural
log of the ratio of the spectrum to a spectrum at aeference temperature versus an aggregate lowerase
energy. The slope of these curves has the samegiendependence on temperature as the curves in the

IDM.

3.4.1 Case 1: N wavelengths, known temperature

Similar to the cases presented in the IDM modd, wavelength selection procedure is to
search for a global minimum of an objective usihg differential evolution (DE) genetic

algorithm. Since the physics of the® spectrum are similar to those in the Boltzmann
model (owing to the fact that the populations @gDHmolecules are distributed according to
the Boltzmann distribution) the same objective fiorcbased on the weighted least squares
regression can be used to solve thgdHvavelength selection problem. Therefore, the

objective function for the single, known temperattkO case is:
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The results of optimizing this objective functioorf2,3,4 and 10 wavelengths at two
different temperatures is shown below in Figure93dnd Figure 3.20. The 2 and 3
wavelength cases resulted in 2 and 3 unique wagttisrto be found. However, for this
single temperature case, 4 or more wavelengthdtedsim duplication. In order to find 4 or
more uniqgue wavelengths the following inequalitsteiment was added to the optimization

routine.

Vv, < (v,,,—2) fororderedv (3.42)

The choice of 2 cih as the distancing factor was based on the Lommtwiidth used to
simulate the spectrum. For the spectra considehed| orentzian component of the Voigt
function was set to 1 c¢mso the choice of 2 as the distancing factor waslus ensure
unique features would be selected. When choosinghagths for an actual application the
choice of the distancing factor can be arbitrasBt based on the lasers available. For
instance, one possible choice for the distancirggofawould be to set it to the spectral

resolution of the instrument used to measure tkeetapm.
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Figure 3.19 BOTTOM PANEL: Overlaid on the spectrumis the best wavelength choices for 2, 3, 4, and

10 wavelengths at a temperature of 313 K with thesghoices represented by the sized and colored pasnt

(2 — black, smallest....10 — blue, largest). TOP PANE The aggregate lower state energy for this

spectrum showing the best 10 wavelengths.
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Figure 3.20 BOTTOM PANEL: Overlaid on the spectrumis the best wavelength choices for 2, 3, 4, and
10 wavelengths at a temperature of 1008 K with theschoices represented by the sized and colored ptsin
(2 — black, smallest....10 — blue, largest). TOP PANE The aggregate lower state energy for this
spectrum showing the best 10 wavelengths.

In these figures the best 2 wavelengths are repteddy the smallest circles (black) and the
best 10 are represented by the largest circlese)blmterestingly, the results for both
temperatures have the same trend that the bestdemgths includes the best 2 and the best
4 wavelengths includes the best 3 and so fortho,Aflsan average energy of the spectrum is
computed asl, the region around this value on the aggregateiastate energy curve is
absent of any optimal wavelength choices. THE jBoint roughly corresponds to the energy
at which the Boltzmann distribution is maximizeds was seen in the ideal diatomic model

(Boltzmann distribution) the peak value of the Bolann distribution is not the optimal
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place for locating wavelengths in that the tempegatensitivity is not as good as locations

off of the peak.

Before moving on to the more interesting case avdvelengths at an unknown temperature
it is important to test the accuracy of th&,, s function against the performance using a
spectral fitting method. In Figure 3.21, the peariance of the wLS function along with least
squares spectral fitting method is plotted for liest 10 wavelengths chosen above for the
T=1007 K case and for considering the entire spattriAs can be seen, the results of the
wLS function show very good agreement (factor af &orst case) to those obtained through
spectral fitting. A possible source of discrepaheyween the two is believed to be due to the
coarseness of the temperatures used in spectnad) fiThe temperatures in the database used
for the fitting were separated by 5% (in orderaduce the computational time of the fitting
procedure) yet the worse case temperature precisitime figure is ~ 4%. A more highly
discretized database should be tested to see itwbemethods can show even better
agreement. With that said, the trends are verylainand this leads to a high level of

confidence that the wavelengths selected by opinmithe wLS function are the optimal.
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Figure 3.21 Temperature precision results from the\T,, s function and from least square spectral fitting
using the 10 best wavelengths chosen for optimizireg 1007 K and using the entire spectrum. At worse
case, the two techniques differ only by a factor df but more importantly the trends are nearly identcal

leading to confidence in the wavelengths selecteding theAT,, s function.

3.4.2 Case 2: N wavelengths, unknown temperature

Of all the cases presented in this thesis, thiscodarr case is of most interest for designing
temperature sensors based on absorption spectyodeop most practical applications, the
ideal sensor would provide good sensitivity ovee tBntire range of temperatures
encountered. The actual range will be applicatipecsic and the proper design can reflect
this by using an estimate based on prior knowlealgexperience. In order to motivate the

ideas of this section, two examples are considered.
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Example 1: Wide temperature range

The objective function used for finding the bestvelangths for the HO spectrum case is
similar in form to the one used in the IDM modellyat the sum of the relative uncertainties

for the range of temperatures considered is used.

ZATTst -y —szI— \/Z(W.Mi) (W_E;_V_\,E;i)z (3.43)

" "2
T IWE, —wwE,

The results of optimizing this objective functioarf2,3,4 and 10 wavelengths over the
temperature range of 313-1768 K is shown belowigufe 3.22. In this figure, the best 2

wavelengths are again represented as small bledksibest 3 larger red circles, best 4 even
larger green circles, and the best 10 are repredenth the largest blue circles. The results
for optimizing over a range of temperatures isetdght from the single temperature case in
that the best set of 3 do not include both of test 2 and the best 4 do not include all of the
best 3 and so forth. In fact, the best 10 inclualesf the best 2, 3, and 4 except for one of
the best 3 wavelengths. This behavior was not dégdeand reinforces the idea that

optimizing wavelengths for a range of temperatwas not be done by only considering a

single temperature but rather the entire range meigtcluded in the analysis.
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Figure 3.22 BOTTOM PANEL: Overlaid on the spectrumat 1768 K is the best wavelength choices for 2,
3, 4, and 10 wavelengths optimized over the tempdtae range of 313 — 1768 K with these choices
represented by the sized and colored points (2 —dulk, smallest....10 — blue, largest). TOP PANEL: The
aggregate lower state energy for this spectrum shamg the best 10 wavelengths.
The other interesting observation is that the bhsices for 2, 3, 4, and 10 wavelengths no
longer exhibit the behavior of tending to pointsni@ximize the difference in lower state
energies but rather try to cover a distributiodovfer state energies. For instance, for the 3
wavelength case at a single, known temperature, divthe wavelengths optimized to
features that were close in lower state energyrandh higher than the other wavelength.
However, in the figure above, the third wavelengtttimizes to a point approximately

midway between the energies of the best 2. Thisirdorced even more when considering

the 4 and 10 wavelength selections.
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In order to quantify these wavelength selectiong,gerformance of these choices along with

an optimization at 25 wavelengths and the entisespm is plotted below in Figure 3.23. At
a fixed noise level, the temperature uncertaintyreaduced with increasing number of
wavelengths. However, in practice, adding more \mgths usually comes at the expense

of increased noise when keeping the overall measemetime fixed.

2 wavelengths
3 wavelengths

10 wavelengths

ATIT [%]

full spectrum (8250)

oop L 1 v bbby

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
temperature [K]

Figure 3.23 Relative uncertainty of best 2, 3, 401 and 25 wavelengths for the FD spectrum when
considering a wide range of temperatures. Also shaware the results when using the entire spectrum.
For a fixed noise level, the performance improves ith increasing number of wavelengths.
Figure 3.24 shows the temperature precision obdameen the measurement time is fixed
thus increasing the noise with increasing wavelengtor this case, increasing the number
of wavelengths does not have the global trend giraving the performance. In fact, it

would appear that there are an optimal number ekleagths and this is indeed confirmed if
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the sum of the errors across the temperature niangemputed and this can be seen in Figure

3.25
10 B ) I ) I ) I ) I ) I ) I ) I ) I ) i
- fixed measurement time T
B full spectrum (8250) -
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Figure 3.24 The relative uncertainties of the sam&avelengths shown above but considering a fixed
measurement time where wavelengths are added at tlegpense of increased noise in the measurement.
Below in Figure 3.25 are the results from the sungmihe errors across the range of
temperatures considered for both the fixed noigsefesed measurement time cases. For the
fixed noise case, the result of adding wavelengttzssteady decrease in the total error. That
is, adding wavelengths without any additional ctwsthe noise in the measurement will
provide better results. This is consistent withdtad signal averaging concepts. On the
other hand, considering a fixed measurement timerevthe cost of adding wavelengths is an

increase in the measurement noise (i.e. spendisg) tiene per wavelength) there is an
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optimal number of wavelengths and for the particuemperature range and spectral

conditions considered; that optimum lies at 3 wengths.

50 ___
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i B9 fixed measurement time 142
40 F - 140
i 50
E‘ 30 | - @
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number of wavelengths

Figure 3.25 Comparison of the results obtained wheeonsidering either fixed noise or fixed measuremén

time. For the fixed measurement time case, the n@svas assumed to scale with the square root of the
number of wavelengths. In both cases, the noise f@rwavelengths was set to the same level as a pdott
comparison. For a fixed measurement time, there aran optimum number of wavelengths, and for the
conditions considered here that optimum lies at 3owever, the penalty when considering the whole
spectrum versus the 3 optimal wavelengths is onlyfactor of ~4 which could be important when other

noise sources such as baseline uncertainties arasiered.
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The important points from the above case can berarnned as:
* When choosing wavelengths when considering a rafigemperatures that the sensor
should be optimized for, it is important to choote wavelengths based on the
performance over the entire range and not justimickvavelengths at some arbitrary

temperature within the range

» The choices for higher wavelength counts mightinclude the choices made for lower

wavelength counts.

* When considering a fixed measurement time, therg b® an optimal number of
wavelengths to sample in order to optimize perforoea This depends on the

temperature range considered and may also depette: gmessure.

Example 2: Two widely separated discrete temperatus

Another interesting example to consider would beinoging performance through
wavelength selection for the case where two widsdyparated temperatures are to be
measured with a single sensor. For example, measuhie temperature in shock tubes
requires an accurate measurement of temperaturedmtely before and after a reflected
shock wave but perhaps the highly transient pediaihg the shock is of marginal value or

difficult to measure with a line-of-sight techniqdee to beamsteering effects.

For this case, two temperatures were consideredanaaking comparison with the wide
temperature range case, the temperatures whererchmsnatch the endpoint temperatures
of the previous example. The objective functiontfos example is the same as the one used

in the previous example with the goal being minimgzthe sum of the relative errors at the
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two temperatures considered. The result of thisnga@ for 2, 3, and 4 wavelengths is shown

below in Figure 3.26. Similar to the wide temperattange example, the best 3 wavelengths
do not correspond to either of the best 2. In fdet, dispersion in wavelengths chosen for
this example is much larger than the continuouspature range example. However, the
trend that the optimal wavelengths cover a distidouof lower state energies is still the
same and the two examples yielded the same chwites considering the 2 wavelength

case.
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Figure 3.26 BOTTOM and MIDDLE PANELS: Overlaid on the spectra at 313 K and 1768 K are the best
wavelength choices for 2, 3, and 4 wavelengths apized for these two temperatures only. The best
wavelength choices are represented by the sized aodlored points (2 — red, smallest....4 — blue, larg.
TOP PANEL: The aggregate lower state energies fohe different temperature spectra.
In looking at the performance results of this 2 penature example versus the wide

temperature range example, it is shown that thiEopeance at the temperatures considered

for the 2 temperature example is improved versasaide temperature range example at the
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expense of decreased performance at the intermeetighperatures. Also, the best 2

wavelengths selected in both examples were the.sBinege appears to be some correlation
for the 2 wavelength case in choosing the wavelendgtased on the extremes of the

temperatures considered.
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Figure 3.27 Comparing the temperature precision radts of the wide temperature range and the two

widely separated temperatures examples. The effeof not including the intermediate temperatures is

easily visible in the 2 temperature case with a dezase in the precision at intermediate temperatures
However, the two temperature case does improve theerformance at the temperatures considered versus

the wide temperature range optimization.

Up to this point, the techniques employed for wamgth selection only considered the
temperature dependence in the spectrum and thetefi random measurement noise. In

practice, there will be other factors to considenew designing an absorption based
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thermometry sensor. For instance, the baselinehefspectrum is usually an unknown

function and can vary during the course of an erpamt due to effects such as
beamsteering, window fouling, time varying wavelégndependencies of components of the
light source, light delivery components, and/ohtiggathering and detecting components.

Certain practical techniques can employed to atiénsuccess of the absorption sensor.

3.5 PRACTICAL TECHNIQUES FOR WAVELENGTH SELECTION

Gas thermometry by molecular absorption spectrosé®@pgommon [19,30,42-44]. In its
simplest form, two colors (e.g., two fixed-wavelémdasers) are used, each spectrally
aligned to an absorption feature of the same mt#declihe features are chosen so that the

ratio of the two resulting absorbance values igemrature sensitive [16].

This fashion of thermometry is improved by intebgg additional wavelengths. For
instance, a third, fixed-wavelength laser is spdgtroffset from each of the original

wavelengths and aligned to an absorption minimuma;goal is usually to track absorbance
biases due to factors other than the target abs@Btizl,45]. More spectrally offset fixed-

wavelength lasers can be added, aligned to othsorption features (e.g., 9 and 19
wavelengths have been used feOHabsorption thermometry [10,20]. These specticiiget

wavelengths improve the thermometry in many wayshss:

» there is a simple advantage of more data, so keabverall signal-to-noise ratio is

improved, consistent with standard signal averagomngcepts
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» wavelength-dependent effects including interferaligorbers, beamsteering, etalons,

and window fouling may be more clearly revealetimately reducing the sensitivity

of the measurement to these effects

* as temperature changes, the wavelengths exhibitieg best combination of
absorption strength and temperature sensitivitygbatherefore by monitoring many
wavelengths, one can be sure to maintain accetbe tbest available features (those

ultimately offering the best signal-to-noise raiod temperature sensitivity)

e gas temperature distribution monitoring becomessiptes because of the nonlinear

dependence of the measured absorbance values pertdnre [6]

Considering again the simple two-wavelength stiategavelengths can also be added
directly adjacent to each of the two original waveths. Commonly, each of two lasers is
tuned over a small spectral region including theygt absorption feature. The goal is
generally to monitor the spectral shape of eacthefabsorption features; ensuing spectral

fitting can provide advantages such as:

* immunity to spectral offsets as in the three-wangtk approach

» pattern recognition: the target absorption feattme be distinguished from other

interferences by monitoring its spectrum

* additional information can be obtained such asgasg pressure from the spectral

width of the absorption feature(s)
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The tuned laser approach essentially becomes a-mavglength measurement (e.qg., if each

of 2 tuning lasers produces spectra that ultimataly be represented by 50 data points, the

entire approach is considered a 100-wavelengthoapghi.

Thus the two-wavelength approach can be improvednany ways by adding more
wavelengths; this is true if the additional wavelérs are offset and true if they are directly
adjacent to the original wavelengths. In the liofitadding wavelengths, one measures the
entire available spectrum of the absorber at highcsal resolution. If done without
including other drawbacks, this approach does pgegood performance over a wide range
of temperatures and pressures while maintainingotdst immunity to systematic and bias
errors. However, for the purpose of gas thermoyriggrabsorption spectroscopy, a reduced,
experimentally tractable approach using lower wavgih counts can perform even better

when only considering precision errors as was shomgaiously.
3.5.1 Ratio spectrum

In the case of thermometry in engines where thg@ésature can vary between 300-2500 K,
it is important to monitor features from a wide ganof lower state energies to permit
maximum temperature sensitivity at all temperatwemterest. Nominally, this amounts to
monitoring an entire R, Q, or P branch — for themson this approach is coined ‘full
rotational coverage’ in molecular spectroscopywas shown in section 3.4.2, covering the
entire branch is not necessary for optimal tempegatensitivity but the penalty in acquiring
more points for fixed measurement duration maydberable given the added immunity to
other adverse effects such as baseline errors.i®helew in Figure 3.28 and Figure 3.29 are

plots of lower state energy versus wavenumberasfsitions in the R branch of tig+vs
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water absorption band with the relative intensifytlee transition represented by a color

mapping. The data was based on values from thedii@base and used theHpartition
function of Vidler and Tennyson [23,46]. The lafjire shows results at 500 K and the right
figure is plotted for 2500 K. Immediately visible the effect of increasing temperature on
populating more energy levels and shifting the mmaxn intensity line to higher energy. If
the required maximum temperature measurement waskb@ is clear that monitoring
frequencies above 7425 @mwould not give any more useful information and Vdou
ultimately decrease the overall noise performaridceeomeasurement by adding unnecessary
wavelengths, resulting in a higher sensor bandwidth a fixed measurement period.
However, in the engine thermometry situation, ifriperative to measure out to 7500 tto
capture all the necessary temperature informaortémperatures up to 2500 K. Scanning
further than 7500 crhin this case is unnecessary since the new transitivould not probe
any lower state energies higher than previouslypdasresulting in no new information and

decreasing the overall SNR at fixed performance.
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Figure 3.28 Lower state energy versus Figure 3.29 At high temperatures, more lines at

wavenumber of the transitions in the R branch of higher lower state energies have appreciable

the vi+v3 H,O absorption band. The relative absorption strength and to maintain temperature

intensities of each line are also depicted by the sensitivity it is imperative to cover the entire

color mapping of each point. rotational envelope

When dealing with the spectrum directly, a simgpresentation of the lower state energies
is through the use of the ratio spectrum. Divirgpactrum at temperature T by a spectrum at
Trer quickly show the regions of the spectrum that hdiféering aggregate lower state

energies. For quickly selecting optimal wavelengtdedections should be made in order to

maximize the difference in lower state energiesleviiaintaining good SNR of the features

chosen.

3.5.2  Difference spectrum

The ratio spectrum gives a picture of the differiogrer state energies in the absorption

spectrum (which are important to consider when ctielg wavelengths for a range of
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temperatures), but the optimal wavelengths for nioenetry will also depend on the

temperature sensitivity of features. A simple mdtbbviewing the temperature sensitivity is
through the difference spectrum. The differencecspe is the simple subtraction of two
spectra at different temperatures:T+,) where T is slightly hotter than the temperature of
interest and Tis slightly coolerThe difference spectrum is an approximation ofdbgvate

of the spectrum with respect to temperature.

The difference spectra were calculated by subtrgch spectrum at a slightly colder
temperature from one at a slightly higher tempeeatildAn example of this difference
spectrum at an average temperature of 1650 K mrsh@low in Figure 3.30. To maximize
sensitivity at this particular temperature, theipecwould be to choose a color with the
greatest positive value and one with the largeghitinee value. For a further discussion of

wavelength selection based on this picture, theees referred to section 4.2.1.
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Figure 3.30 The difference between 2 spectra at 146 (T1) and 1622 K (T2). In this figure downward
pointing features represent cold lines and upwardepresent hot. The circles represent wavelength cloas

for the application highlighted in section 4.2.1.



85
However, the overall accuracy of the system isjunsitlimited by the choice of energy levels

probed; it also requires precise knowledge or nreasent of the lineshapes of the features
of interest. Under conditions seen in the engine lineshape function can be described by a
Voigt function with the Lorentzian (pressure) compot dominating the Gaussian (Doppler)
width. The overall width of each line is a functiai temperature, pressure, and the
collisional partners of the molecule being prokaescribing the broadening coefficients for
each transition is a daunting task and much work gane into measuring and modeling
these parameters [18,34,47-49]. In a manner sinalahoosing wavelengths for temperature
sensitivity using difference spectra over a ranggeemperatures, wavelengths can be chosen
for measuring the linewidths by varying the diffece spectra over the range of widths

estimated to be encountered in the experiment viloll@éing temperature constant.

The following is a summary of the important poiotghe two previous sections:

* measure only enough features to sample from a raidge of lower-state energies (ratio
spectrum)

e monitoring two branches (e.g., both R and P) ismoth more valuable than monitoring
one, because the information is essentially duigcté&ratio spectra are similar)

e it is most important to measure the ‘edges’ of bhanch (i.e., features with the lowest
available lower-state energies which are often ieard center and features with the
highest available lower-state energies which arenoffurthest from band center);
however, in practice, the ‘edges’ shift spectralyexperimental conditions change due to
the change in strength of the composite features,is usually advantageous to measure

the ‘middle’ of the branch as well especially wieamsidering a range of temperatures
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* while it is attractive to monitor the ‘far edged the branch, where features are very

temperature sensitive, there is no merit in doiagfsstrengths will not be sufficient
under the expected experimental conditions

» this highlights another advantage of measuringpénR branch where the high lower state
energy lines (high J states) tend to overlap inlibedhead effectively summing the
absorption intensity of the normally weak lines mgkit possible to measure highly
temperature sensitive features

» it can be advantageous to include features origigdtom excited vibrational states (hot
bands) provided their strengths are sufficient #mnsl can reduce the required spectral
coverage particularly in low pressure environments

This discussion provides a useful roadmap for asggsensors for maximizing temperature

sensitivity when considering multiple different sces of noise and other interferences.

However, only discrete wavelengths have been cersid The actual features will have

some lineshape and this may or may not be well knolm order to still perform

thermometry when the lineshape function is unknoavopntinuous scan of the wavelength

may be needed.

3.5.3 Continuous wavelength scan

Imagine starting at the limit of very low spectrakolution, for example scanning the R-
branch of a molecule but resolving only the overathtional envelope. As the spectral
resolution is increased, features may appear Qodatiy if the gas pressure is low and the
molecule is small). A spectral resolution at leagfticient to reveal these primary features is

recommended, essentially because it will allowdpectral fitting in the final temperature
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determination process [28]. Improving the speatesblution from this point, the observed

absorbance signal levels in the neighborhoodsedetprimary features may increase (if the
pressure is low enough) due to reduced instruméntadening. It is recommended to take
advantage of these signal increases if possibleveMder, increasing the spectral resolution
beyond this point generally appears to have dirhing returns. Although more spectral
detail can often be observed, these details usdallyot dramatically improve thermometry.
This is because the many lower-state energies taady be sampled in the primary
features; the additional temperature informaticat tan be extracted from the details often

does not warrant the requisite experimental conifylex

In the case of KD absorption thermometry, this ‘full rotational evage’ approach is often
used. Following the above two guidelinesOHspectra are typically measured that can be
represented by 500 discrete wavelengths in a rirajespans from approximately 1330 nm
to 1380 nm. The span of ~ 50 nm encompasses mogteoR-branch. Under typical
combustion conditions of 30 bar, 1800 K, there @pproximately 20 major temperature-
sensitive features in this range, with lower-statergies spanning 0 — 4000 tm A
resolution of only ~ 1 nm (~ 5 ciy is needed to distinguish adjacent features. hewe
typically ~ 0.1 nm (~ 0.5 ci) is used to reduce instrumental broadening ancefiwe
increase signal (absorbance) values; this is paatily helpful when the gas pressure is low

(< 5 bar).

The added benefit of scanning the entire spectrutim lvigh spectral resolution is the ability
to do digital smoothing of the measured spectrartiicially broaden the lineshapes to a

known value. Heavy smoothing by convolution of ta#a with a broad Gaussian maintains
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the temperature information but can reduce the isio¢y in knowing each lines broadening

parameters; effectively making the measurementdamiag insensitive. Figure 3.31 shows
an example of this. Five spectra were simulated580 K with each transition randomly
assigned a Lorentzian width in the range 0.2-Z cfihese spectra were then smoothed with
a Gaussian filter that varied from no filtering 16 cm' FWHM and fit to simulations
smoothed to the same values. Major variation intéhgperature results occur at low filtering
widths and this variation didn’t appear to haveepeatable pattern. At a FWHM value of
about 6 crit and above all curves begin to converge to theecomnswer. An example of
one of these spectra with the random broadeningivien in Figure 3.32 with the large

changes in absorption due to broadening variatailyevisible.
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Figure 3.31 Temperature fitting results versus smahing for 5 different spectra prescribed with random
broadening in the range 0.2-2 ci and simulated at 1500 K. By measuring the whole sptrum, it is still

possible to infer accurate temperatures when the ggtral line broadening characteristics are unknown.
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Figure 3.32 Spectra showing the difference betwe@onstant, low (0.2 crit) broadening and one with

variable, random broadening in the range 0.2-2 cth Even with the large difference in the lineshape

function, the temperature information is retained when measuring the whole spectrum. The width of a

scan required is dependent on the uncertainty in lwmadening and shown in this figure is a subset of ¢h

whole spectrum considered for inferring the temperture.
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CHAPTER 4. APPLICATIONS

This chapter highlights measurements made in gactiombustors. All three applications
share the common theme of usingCHabsorption for performing simultaneous tempegatur
and mole fraction measurements. However, each megasut campaign has its own flavor
and highlights measurements made under differingditions and using different laser
sources. For instance, the first application inirdernal combustion engine utilizes a fast,
broad wavelength scanning laser capable of produspectra at 100 kHz. The second
application gives an example of measuring tempegaising a laser that outputs discrete
wavelengths chosen to align with features in otdesptimize HO absorption thermometry.
Both of these first two cases consider a gas pethis assumed uniform in temperature and
species concentration and both highlight measur&serthe R branch of the+v; band of
H,O. The difference between the two is the interr@hloustion engine example uses a
continuous wavelength scan and the gas turbinesgame example of using discrete
wavelengths. The final application highlights ammmple of a measurement in the plume of a
rocket motor. The flow field for this measuremeanmot be assumed to be uniform in
temperature or O concentration so a simple method of 1D axis-sytim&mography is

presented.

4.1 HCCI ENGINE

Optical studies of combustion in homogeneous chaogepression ignition (HCCI) internal

combustion (IC) engines have been vast and vahlitethy different techniques have been
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applied for measuring in-cylinder gas propertieshwemperature being a heavily sought

after parameter owing to the fundamental roleayplin governing the chemical kinetics.

Many optical diagnostics currently used for in-ogler measurements in internal combustion
(IC) engine research, such as planar laser-induteatescence (PLIF), laser-induced
incandescence (LII), and coherent anti-stokes Raspattroscopy (CARS), can provide
instantaneous two-dimensional images of in-cylingeoperties but do not provide a
continuous, crank-angle-resolved record of thesantiies and thus can be susceptible to
cycle-to-cycle variation [50-52]. Concomitant diagtics such as exhaust gas analysis
provide continuous, time-resolved gas compositiold demperature of the combustion
products but are decoupled from the instantaneoaglinder dynamics. Laser based line-of-
sight absorption sensors offer promise of highlguaate, non-intrusive measurements of
crank angle resolved in-cylinder temperature ansl gamposition. Coupled with spatially
resolved techniques such as PLIF or multi-beam rabisa strategies, these sensors can
provide valuable insight into the combustion precard aid in advancing complex engine

simulation codes.

Line-of-sight techniques, such as absorption spectipy, can be well suited for HCCI
studies since the gas properties can be assumBxmracross the diameter of the cylinder
making highly quantitative measurements possibleed@ previous sensors based on line-of-
sight absorption of water vapor to measure timelesl, in-cylinder temperature for internal
combustion engine applications have been developddttison et.al. reported the
development of a wavelength-multiplexed (WM), dirabsorption sensor to monitor peak

absorption of carefully chosen lines to maximizenperature sensitivity over the range of
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temperatures imposed in the engine [21]. The sdfiisarcouples individual laser diodes for

providing the multiple colors and a grating is used demuxing the separate colors onto
multiple detectors. While this is a logical stratefigr employing multi-color thermometry,
adding more colors can be cumbersome and the apseparation of additional wavelengths

is limited by the resolution of the dumuxing gratin

Riecker et.al. employed an alternative systemzinigj wavelength-modulation spectroscopy
with 2f detection (WMS-2f) [43]. This technique neases the sensitivity enabling short path
measurements, but has limitations compared to atdrdirect absorption spectroscopy. The
system relies on expensive, complex electronicgetoerate the laser modulation and for
demodulation of the output signal. By using thesifnal to normalize the 2f signal, they
have shown it is possible to account for lasertflatons reducing the noise of the
measurement but due to the frequency multiplexihghe individual laser sources, this
approach is restricted to the simultaneous useliofited number of laser wavelengths, thus

reducing the temperature-sensing range to pre-cstiolouregimes.

Finally, Kranendonk et.al. reported the developnudra wavelength-agile system based on
the Fourier Domain Mode Locked (FDML) laser thatsveapable of tuning over the 1330-
1380 nm range at a repetition rate of 200 kHz [4,%Bat sensor was similar to the WM

sensor in that it directly measured the absorpbioindid so by means of a widely spanning
wavelength sweep. Those results showed the ahdityneasure temperature at a RMS

precision of 3% at 1500 K at a measurement bantvati200 kHz.

The sensor described in this work using the FDMielas able to provide temperature and

H,O mole fraction results at 100 kHz bandwidth over éntire power cycle (-90 to 90 CA
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deg aTDC) for engine speeds ranging from 600-3@@® while achieving a RMS error in

temperature of 0.25% at 1970 K.
4.1.1 Sensor theory

Absorption spectroscopy is an attractive techniguén-cylinder thermometry studies owing
to its high signal-to-noise ratios allowing for rsaeement rates capable of resolving gas
properties at sub crank angle resolution. It alksoam absolute measurement technique
eliminating the need for reference samples or raiitn of the sensor to the particular
application. The choice dfi,O vapor as the interrogation species is logical beeat is a
product of hydrocarbon combustion while also begimgsent before the chemical reaction
allowing for continuous measurements to be perfdroeer the entire operating cycle of the
engine. H,0 also has the added benefit of having absorpti@msttions within the
telecommunication wavelength range where commdycidéveloped light sources and

components can simplify the task of building custasers.

In this particular study, the R branch of thevsvibrational band of water was chosen as the
primary spectral target (~7300-7500 tmAlong with the fundamental and hot bands of this
combination band, thevz overtone band also has appreciable absorptiongtlran this

spectral range especially at elevated temperatiites.combination of rich spectral content
spanning many different lower state energy leveklkes this particular spectral range
attractive for high speed gas thermometry (i.e.vtagelength requirements of the laser are
reduced as compared to those needed for meashenetghboring P branch where the line

spacing increases as the wavelength deviates fdrtme the band center).
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4.1.2 Noise considerations

When measuring high bandwidth spectra, all possitdese sources must be carefully
considered and addressed in order to achieve #igbssible results. In addition to the usual
sources such as laser intensity noise, shot ndisctor and digitizer noise, an often
unconsidered noise, known as thermal beating noispolychromatic beating noise, is
extremely important in multi-mode operation of FDNésers. If not managed carefully, this

noise can severely limit the overall precisiontd sensor.

At the output of the detector, thermal beating @disoks just like laser intensity noise
although the physics are different. Thus the samategies used for laser intensity noise are
used to combat thermal beating noise, namely neéarg. Here a very high-fidelity form of

referencing is chosen, pulse delay referencing.

One possible means of reducing or even eliminaitig noise is to use a perfectly single
mode source. The FDML can be operated in a singidenfashion but in practice this mode
of operation is limited in spectral coverage aneérall stability of the source [53]. Another
strategy is to use precise referencing of the Igghirce in order to minimize the effects of

thermal beating noise through the use of a ratiometeasurement [54,55].

The fundamental equation governing experimentabmit®n spectroscopy is the Beer-
Lambert law which states that the fractional traission of light through an absorbing

medium can be exponentially related to the absadan

1 gkl (5.1)
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Using this relationship to obtain the spectral abance coefficient, kK naturally leads to

measuring the transmitted intensity, I, and theregice intensity lo and taking a ratio. If the
measurement of | and lo is performed in way suct the polychromatic beating noise is
sampled identically, then this noise will canceughmotivating the use of pulse delay

referencing.

4.1.3 Experimental arrangement

An overview of the experimental arrangement cawibeed in Figure 4.1. To facilitate the
broad, fast wavelength scans, the FDML laser wasl us this work and was described in
detail elsewhere [4,53,56]. The laser was setupréwide wavelength scans from 1333 —
1377 nm, enforced by the electronics driving theefiFabry-Perot tunable filter (FFP-TF).
To control and monitor the wavelength sweep, twwerfiBragg gratings were used as

markers to indicate both endpoints of the sweep.
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Figure 4.1 The experimental arrangement. Shown ahe top left is a schematic of the Fourier Domain
Mode Locked (FDML) laser used in this work. The caity consists of a semiconductor optical amplifier
(SOA), two optical isolators (ISO), a fiber delay DELAY), a fiber Fabry-Perot tunable filter (FFP-TF) ,
and a fiber output coupler (FC). In addition the iming and control electronics (FG1, FG2, and CLOCK)
are shown along with the wavelength control schenteased on two fiber Bragg gratings (FBG1) and
(FBG2). The light coupled out of laser towards théest article (ENGINE) is split into two legs (I) ard (o)
with the lo leg time delayed by use of a delay fibngdDELAY). Upon exiting the engine, the | leg is iident
on the detector (DET) immediately followed by the ¢ leg incident on the same detector by means of a
beam splitting cube (BS) with the output voltage ofhe detector recorded as a function of time.
In order to minimize the experimental noise, a sledetection scheme was used that
permits low noise measurements of multi-mode ligimurces used in high speed
measurements. The output light of the FDML is faglit via a fiber coupler with one leg (1)
sent to the engine and the other leg (Io) senutfit@ long length of fiber that acts as a time
delay. The delay fiber is sized such that a sisgleep of the FDML is delayed by exactly
half the period of the laser scan time. This dedag®eep is then recombined onto the same

detector as the engine sweep. In the end, the paifse of light is measured twice on the

same detector: one pulse that has acquired absoipformation upon transmission through



97
the engine, the other reference pulse which hag lmegn delayed. Upon taking the ratio of

these two signals, I/lo, the common mode noisehefttivo beams cancel almost entirely

permitting low (nearly shot noised limited) measneats of the absorbance.

The performance of this cancellation techniqueygictally limited by timing precision.
Therefore a master clock is used to synchronizdaber to the data acquisition system. For
this work, a Stanford Research Systems CG635 witbvan controlled crystal oscillator was
used as the master timebase. This master clockpivase lock looped to the function
generators driving the laser and also used as itjfitaldedges for the data acquisition’s
analog to digital converter. The sample rate ofAD& was chosen as an integer multiple of
the laser sweep frequency so that consecutive tageeps would be sampled at the same

points in time thus making post processing simfdemultiple laser scans.

The engine used in these tests was a Honda sigtjheler test engine designed with two
large windows for optical access. The engine wasimuHCCI mode with n-heptane as the
fuel. HCCI is an engine operating mode in whichagproximately homogeneous fuel and
air mixture is compressed with the combustion adlgd entirely by the chemical kinetics.

Since there are no propagating flame fronts in tperating mode (the combustion is
ubiquitous) and the mixtures are otherwise homogesién concentration and temperature;
line-of-sight (LOS) techniques, such as absorpsipactroscopy, are well suited for inferring

the gas properties.

An important design parameter of the system waslhi@y to capture and record data over
many consecutive cycles of the engine. More speifi, the data acquisition system was to

be able to capture at a minimum, 100 consecutiggnercycles consisting of data from -90
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to +90 crank angle degrees aTDC for engine speegistbe range of 600 to 3000 rpm. The

FDML'’s repetition rate in this experiment was 992z so a sample rate of the order of
100s of MS/s is necessary to resolve the speatatufes at early and late engine cycle
conditions (e.g. low pressure). To accomplish tmglrecord lengths and fast sampling rate,
a PC data acquisition board (Gage CompuScope 1248€)used. Through the use of an
external clock, this board allowed sample rateuupfto 420 MS/s when using a single
channel over an analog bandwidth of 200 MHz. Thaacsample rate used was 415.56292
MS/s corresponding to an integer multiple of 42@det the laser repetition rate. This board
was also equipped with a high memory option (2 @Bytwhich enabled the entire
measurement to be stored onboard allowing for lihvees transfer to hard disk to occur after
the measurement was completed. Along with the bpgged optical data, the engine crank
angle encoder and in-cylinder pressure was acquiredhe same PC with a National
Instruments 6132 analog input board. This two-clkeamQ board was clocked with the
sync pulse of the function generator driving theetathus guaranteeing the samples to be

acquired with each scan of the laser at 98.2 kHz.
4.1.4 Results

For each laser scan, 4 data points were produdding system: gas temperaturg® mole

fraction, gas pressure, and crank angle timing. griessure was obtained by converting the
voltage output of a piezoelectric transducer tspuee by means of a known calibration. The
crank angle encoder had % crank angle resolutitowiag each spectrum to be given an

accurate crank angle position through linear imdkjon. For an engine running at 600



99
rev/min, the 99.92 kHz laser repetition rate cqroegled to approximately 28 lasers scans

per crank angle.

The temperature and,8 mole fraction were inferred through means sintitaa previously
described recipe [28] with a few key differencesstéad of using the HITRAN [22] or
HITEMP [24] database for the spectral simulatiomapzeters for water, the BT2 [23]
spectral line list was used. Also, to overcomeatans in the baseline of absorbance spectra,

an automatic baseline correction routine was ussigad of differentiation [28].

Results for a single cycle can be seen in Figu?e Blotted in this figure is the pressure,
temperature, and J@ mole fraction versus crank angle. The temperataselts gave a

precision of 5 K or 0.25% near top dead center whitre temperature and pressure
conditions were at a maximum resulting in the Ipestision to date for engine thermometry

in an IC engine.
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Figure 4.2 Temperature and HO mole fraction of a single cycle of the engine iafred from the measured
spectra at 100 kHz (10 us per data point, ~ 28 pdmper crank angle degree) showing a 5 K RMS erran
temperature near top dead center (0.25% precisionreor at a temperature of 1970 K). Also shown is the
pressure measured using a piezoelectric transducer

In the top panel of Figure 4.3 TOP PANEL: Measwpdctrum at 1.036 CA deg aTDC and
the best fit simulated spectrum at the inferredperature of 2237 K using the constant
broadening assumption. BOTTOM PANEL: Residual (meas — simulated) of the two
spectra showing the preferentially downward pedkeveer wavenumber and upward peaks

at higher wavenumber resulting from the constaflisaanal broadening assumption. When



101
variable collisional broadening is assumed, prefii@efeatures are less evident, indicating a

better fit., a single measured spectrum recorded gegg aTDC is compared to a simulated
spectrum and good agreement is obtained. This atedilspectrum is based on the inferred
“variable” broadening of the blended spectral feaduIn the bottom panel of this figure, the
residual between the two spectra are plotted aadlight variations become more evident.
Two different residuals plotted; one based on astaot collisional broadening assumption
for the HO spectrum and another utilizing a variable broaugmethod used within the

spectral fitting routine. Marked improvement (reddcdiscrepancies in the residual) is
visible for the variable broadening case and toisesponds to improved temperature and

mole fraction results.
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Figure 4.3 TOP PANEL: Measured spectrum at 1.036 CAleg aTDC and the best fit simulated spectrum
at the inferred temperature of 2237 K using the costant broadening assumption. BOTTOM PANEL:
Residual (measured — simulated) of the two spectshowing the preferentially downward peaks at lower
wavenumber and upward peaks at higher wavenumber milting from the constant collisional
broadening assumption. When variable collisional tbadening is assumed, preferential features are Ies
evident, indicating a better fit.

The BT2 database does not include line shape p#essrfer simulating the water spectrum.
At conditions typical of an IC engine, pressureda®ning dominates the spectral line widths
and the effect is not constant across the broa@lagth scan obtained with a scanning laser
such as the FDML,; especially at high temperatuck @essure. Applying the fitting routine
used in this study with the constant broadeningragsion results in a best fit simulation that

has visible errors evident by the preferential deard peaks in the residual at lower

wavenumber and upward peaks at high wavenumbenv&ocome this limitation, a more
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advanced fitting routine is used that allows foriafale collisional line widths to be used in

the fitting. Instead of fitting to a database okspa that only varies in temperature, a
database is constructed that consists of spectdiffatent line widths. The simulation is

carried out by specifying the line width and thamudating spectra over a prescribed
temperature vector and then repeating for N diffeliee widths. Once this larger database is

constructed, the actual fitting routine is as fako

1. Guess a broadening and find the best fit specsadan the minimum MSE to find
an initial temperature
2. At this initial temperature, repeat the fit overthe broadening values in the database
to find the best fit constant broadening value
3. Apply a wavelength warping scheme between the @xpeatal spectrum and a
simulation at the current best fit temperature @pastant broadening to account for
minor database line position errors and/or expertalavavelength errors
4. Divide the spectrum into discrete zones and fiheame at the current temperature to
a best fit broadening value
5. Perform a final least squares fit between the nredsspectrum and simulated spectra
with the simulated spectra consisting of the zafdsest fit broadening coefficients
to find the final best fit temperature and molecfran
The result of applying this more advanced fittiogtine is the ability to capture non uniform
line widths in the measured spectrum and thus mocarate values for temperature an®H
mole fraction. The first indicator of the improvemeéhrough the use of this routine is the
residual between the measured and simulated spectoulonger contains a visible pattern

but better represents the inherent noise in thesared spectrum. Also, the temperature and



104
mole fraction results have a significant differenespecially at elevated temperatures and

pressures, as can be seen in Figure 4.4 with tis¢ significant difference being visible in
the resulting mole fractions. The mole fraction tbe constant broadening case shows
significant slope in the pre and post combusti@test This variation is difficult to explain

physically and is most likely not representativeled actual mole fraction of the gas mixture.
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Figure 4.4 Difference in temperature and H20 molerfction results when fitting to simulations using
constant and variable broadening. The variable bradening scheme led to better agreement based on the
mean square error of the difference between the meared spectrum and the simulated spectrum at the
best fit temperature. Furthermore, the otherwise uexplainable slopes in the KO mole fraction curve for
the constant broadening case pre and post combustiégs not present when including variable

broadening.
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Even further confidence is gained when comparing rbsults of this sensor against a

computational fluid dynamics (CFD) simulation usitige KIVA code utilizing the PRF
mechanism as shown in Figure 4.5[57,58]. The teatper result from the simulation was
averaged along the line of sight path the laserets®ed and good agreement is found

between the two.

2200 . :
41 KIVA simulation
2000 1 pPRF mechanism
18004 @ species, 142 reactions)

absorption
spectroscopy
(FOML

-90 -60 -30 0 30 60
Crank Angle [deg aTDC]

Figure 4.5 Comparison of temperature results betwaethe absorption spectroscopy experiment and
simulation based on the KIVA CFD code. The fully 3Dresults of the simulation were averaged along the

same path the laser beam traversed and good agreembés found between the two.

4.15 Discussion

The present thermometry capabilities presented drer& 00 kHz temperature rates at 0.25 %
precision near top dead center. OtheiOHbased absorption measurements have been
performed in IC engines but have been limited ioleyxrank angle coverage or speed. For

example, Kranendonk et.al. performed a similar mesmsent in a HCCI engine while also
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using the FDML laser as the light source [4]. @t measurement, the RMS precision of a

single cycle measurement was approximately 3% A&AC in the high pressure, high

concentration region, and significantly worse befé80 CAD because of low H2O content.
In that experiment, pulse delay referencing was us®d nor was the acquisition timing
linked to the laser control electronics so congeeutiggering was used for the acquisition.
This limited the overall measurement rate to alsirsgpectra or temperature for every 0.25

crank angle or 14.4 kHz.

Kranendonk et.al. also applied the FDML to an HE@Gg¢ine under motoring conditions and
for this experiment applied the pulse delay refeirm strategy [53]. Due to limitations in the
optical engine used, firing operation was not gassior this work. Despite the low noise in
individual spectra, calculated single-shot tempeest were plagued by problems associated
with trigger jitter. A consecutive triggering acsition was again used in this work. There
was at least one sample of jitter associated vghttiggering and at the sample rate of 100
MS/s (10 ns per sample), this corresponds to er jat ~0.1 nm in the wavelength axis. As
temperatures inferred from the water spectrum amesiBve to the accuracy of the
wavelength axis, this jitter created a significgitter in the temperature results by only
obtaining ~5 % RMS precision for single laser scans1% when averaging scans over one

crank angle.
416 Conclusions

The measurement presented here represents thatcstate of the art in high speed engine
thermometry using optical absorption techniquegedperature precision of 0.25 % RMS

has been reported near TDC in the high temperatndepressure conditions of an HCCI
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engine. Through the use of a fast, broadly tun&2IL laser, many consecutive engine

cycles were captured and available for studying tfansient nature of the engine.
Phenomena such as engine cycle-to-cycle variatemasreadily available for study and
possibly more important is the potential for compeFD model validation. Perhaps the
more interesting application of this and similasdasources is expanding the usefulness of

this line-of-sight technique to non-uniform flovelds through tomographic inversions [11].

4.2 GAS TURBINE COMBUSTOR

Two time-division multiplexed (TDM) sources baseadfiber Bragg gratings were applied to
monitor gas temperature,,@ mole fraction, and CHmole fraction using line-of-sight
absorption spectroscopy in a practical high-pressgas turbine combustor test article.
Collectively, the two sources cycle through 14 wewmgths in the 1329 -1667 nm range
every 33us. Although it is based on absorption spectroscaipig, sensing technology is
fundamentally different from typical diode lasersbd absorption sensors and has many
advantages. Specifically, the TDM lasers allow cgffit, flexible acquisition of discrete-
wavelength information over a wide spectral rangeesty high speeds (typically 30 kHz)
and thereby provide a multiplicity of precise datahigh speeds. For the present gas turbine
application, the TDM source wavelengths were chosemmg simulated temperature-
difference spectra in manner similar to that oetlirn section 3.5.2. This approach is used to
efficiently select TDM wavelengths that are near diptimum values for precise temperature
and species concentration measurements. The dpplicaf TDM lasers for other
measurements in high-pressure, turbulent reactilmgvsf and for 2D tomographic

reconstruction of the temperature and species obratmn fields is also forecast.
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Tunable diode-laser-based absorption spectroscophhe most widely used method for

measuring gas-phase temperature and species catierd in reacting flows [59]. Although
path-averaged in nature, such absorption measutsroan in principle capture combustor
instabilities and large-scale transients such agiagn and global extinction provided that a
high-speed tunable laser source is available. Tioadily, high-speed multispectral sensing
in combustion has been performed using tunableediaeders, for example two scanning
diode lasers [60,61] or five tunable diode laseperated at fixed wavelength [62] for
measuring combustion parameters such as temperapeeies concentration, and soot
volume fraction. It can be summarized that inphst, the sensor development process even
in telecommunications bands, depended on the coksaaailability of laser sources; typical
sensor design decisions were not based on obtdinénmost desirable spectral information,

but rather on optimizing sensor performance usvailable wavelengths.

A hyperspectral source, like the TDM source, isoarse that rapidly sweeps or cycles
through many wavelengths. Typical spectral acqarsitates for such sources are in the
range of 1-100 spectral resolution elements / jithofigh traditional semiconductor sources,
most notably vertical-cavity surface-emitting lasgVCSELs), can be hyperspectral in
nature, many new sources have recently been deagklapcluding fiber [53,56,63-65] and
free-space [66,67] designs. Hyperspectral sourdlesv @one to rapidly record spectral
information using only a single-element photoreeeisuch as a photodiode. Hyperspectral
sources can often be easily tailored to operate awside range of target wavelengths to
achieve a given measurement goal. These soureeslawing researchers to custom-build
light sources to specifically address a particplaxblem instead of designing sensors based

on the availability of light sources in the markate.
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Currently available hyperspectral sources can baracierized as shown in Table 4.1.

‘Continuous-spectral’ refers to sources such agpswavelength lasers that can be used to
acquire contiguous spectral information, compodedumerous adjacent spectral resolution
elements. Typically sources in the continuous-spkeclass span a broad wavelength range
(>100 cm'). Examples include femtosecond-laser comb-Fourimsform spectroscopy
[67,68], continuous-wave comb-Fourier transformcsmscopy [69] and Fourier-domain

mode-locked (FDML) lasers [53,56].

Table 4.1 Classification matrix for modern hyperspetral sources.

frequency domain time domain
. fs
continuous-spectral comb FDML
CW
discrete-spectral FDM TDM

Although its name might imply otherwise, the FDMbusce falls in the ‘time domain’
column because it is simply a swept-wavelengthrlésgectra are encoded in time as the
laser sweeps). The comb sources fall in the ‘feegy domain’ column because the spectra
are encoded in frequency (final spectral results @btained by Fourier-transforming the
measured signals). ‘Discrete-spectral’ refers darses that acquire nonadjacent spectral
resolution elements. Typically these sources amposed of multiplexed monochromatic
lasers, each aligned to a molecular feature suchnaabsorption maximum. Examples
include frequency-division multiplexed lasers [@4ld the time-division multiplexed (TDM)

laser used in this work.
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For this application, the main objectives werelprheasure the time it takes gases within a

high-pressure combustor to experience a significemiperature rise following a fuel valve
opening command and (2) to measurgOHand CH concentrations along with gas
temperatures to enhance the understanding of tkealb\performance of the combustor.
These requirements dictate that the sensor systast have ~ 100 ps time response in
addition to the ability to perform over the 500-R5R temperature range and the 3-30 bar

pressure range.

Rig Pressures
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Figure 4.6 Measured pressures in the combustor tesg near the H,O and CH, beam paths
For the measurements in the high-pressure combhub®TDM laser system based on

time-division multiplexing (TDM) was chosen becawa$¢he following reasons:

a) simple design due to the less stringent requiresnentthe laser linewidth at high-

pressure, typically 3 GHz or less [70]
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b) many discrete wavelengths can be incorporated nithe gain bandwidth of the

optical amplifier thus allowing sensitive thermonyedver a broad temperature range
along with access to multiple species.
c) straightforward signal detection at numerous wanggles with only a single detector,

since each wavelength is monitored at a unique.time
The TDM laser used in this work could be distriltute many laser beam paths to enable
two-dimensional tomographic reconstruction of gagpprties. This TDM source is ideally
suited for high-speed tomography since each lingiglit efficiently provides absorption
data at multiple wavelengths, thereby increasing mtlumber of known data points for
tomographic reconstruction of gas properties. Imdgraphy, the number of unknown
variables (for example, temperatures ang Honcentrations at numerous grid points) one
can extract typically depend on the amount of awéd information [11,12]. This work
represents the first application of the recentlyaleped TDM source in a practical
environment: a high-pressure gas turbine combussbrarticle. The source was successful in
this environment, but because of the constrairge@ated with the test (few combustor tests
with limited time to troubleshoot), the results ot match the quality of recent in-cylinder
thermometry work using swept-wavelength sources7[632]. However, it is important to
note that fundamentally, TDM approaches outperfemept-wavelength approaches owing

to dedication of increased integration time onrtigest important spectral features.
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4.2.1  Spectral selection and management

H,O wavelength selection for thermometry

The recently-developed TDM laser allows access gsemtially arbitrary wavelengths
throughout a ~300 cfhbandwidth [70]. For example, the TDM source caritiplex many
wavelengths (up to 100 or perhaps 1000) in a siteger cavity, thereby dramatically
enhancing the prospect of simultaneous detectionuitiple species with one sensor system.
The source can also be easily reconfigured orraldo the particular measurement of
interest. This flexibility in spectral output alleveelection of wavelengths based on particular
need. For the current work, wavelengths are chtsgmovide good temperature sensitivity
over a wide range of temperatures (nominally 500085 and pressures (nominally 3-30
bar). In low-pressurél,O absorption spectroscopy, one generally attemptckieve high
temperature sensitivity by monitoring the absomptiesulting from transitions with various
lower-state energies. At high pressure where saleaterlap between adjacent transitions is
common, the ‘feature-aggregate’ lower-state ensrgian be considered to utilize line-
selection strategies common in low-pressure spsmpy. A similar analysis is used here to
guide the wavelength selection for this work with @mphasis on temperature difference
spectra as shown in Figure 4.7. These spectraemergted by simply subtracting the spectral
absorption coefficient, k at T, from k, at T;. Portions of the difference spectrum that are
positive are collectively called “hot” features sinthe absorption is stronger at higher
temperatures; conversely, portions that exhibitatigg values are denoted as “cold”

features. The difference spectra roughly approtentae derivative of the spectrum with
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o) . . .
respect to temperaturgif]_l, which is an important parameter for choosing ia&wgths to

maximize temperature sensitivity.
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Figure 4.7 TOP PANEL: Sample difference spectrum ued to guide wavelength selection for H20
absorption thermometry. Peaks represent features tit exhibit increased absorption with increasing
temperature, and valleys represent features that éwbit decreasing absorption with increasing
temperature. Circles represent the design wavelettgs for the H20 TDM source described herein.
BOTTOM PANEL: values of difference spectra at fourof the design wavelengths showing sensitivity

Versus temperature.
The top panel of Figure 4.7 shows the differencabsorbance for 1622K and 1694K. In
order to achieve good temperature accuracy betd628K and 1694K it would be natural
to focus on the features at 7491 t(fargest positive value) and 7405 Ciflargest negative
value). Inclusion of these two channels in the TBlite ensures that temperature-sensitive

features are being measured at 1650 K, leadinpdogbod temperature precision. In an
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application where the temperature does not chapgecaiably from 1650 K, selection of

these two wavelengths would be sufficient for ppedemperature measurements under ideal
conditions. However, in practical environmentssitusually necessary to add one or more
baseline monitoring wavelengths. These baselineelgagths account for transmission
losses from other than absorption by the targetiepg possible sources include beam
steering, window fouling, unknown broadband absarbetc. In this work, two baseline
wavelengths are used (one at each extreme of thesuresl spectral range) to allow

correction of baseline effects with up to a lindapendence on optical frequency.

Aside from baseline correction, more wavelengtlesadso needed for precise measurements
of test articles in which the gas conditions spaged temperature ranges. The bottom panel
in Figure 4.7 shows the value of the differencectpeat four wavelengths across a wide
temperature range. These four temperature senggiaeres (TSFs) were chosen to optimize
the maximum difference in the difference spectrunaray two wavelengths for the wide
range of temperatures considered. For examplengpdratures below 500 K the feature at
7327 cnt has the largest negative value and the featurdGf cni* has the largest positive
value thus making this pair the best choice for im&ing sensitivity to temperature in this
temperature range. As the temperature is increasleer wavelengths become important for
satisfying this criterion of maximum difference. f@mperatures above ~1300 K, there is
only one feature in the wavelength range of intetkat exhibits a positive value in the
difference spectrum plot. This feature near 749 & at the band head of the R branch of
the vi+v3 vibrational band where a large collection of lineish high lower state energies

exist. Under conditions where collisional broadgnaominates (pressures of ~1 bar and
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greater), the collective nature of these narrowdgiced lines results in a feature that has

appreciable absorption and makes it an excellamdidate as a choice for the “hot” feature at
elevated temperatures. Thus, the 746il feature is almost always desirable, except, for

example, in test articles that do not exceed ~ 800 K

Along with these four TSFs and the previously mamdid baseline monitoring wavelengths,
four other wavelengths were chosen to provide méiron related to the broadening of the
spectral features. Similar to the temperature diffee approach, broadening difference
spectra were generated allowing the selection ofeleagths that would optimize the
sensitivity to changes in the spectral width mauhle to changes in pressure. In order to fit
the linewidth of a spectral feature, at least twofs on that spectral feature are required. To
reduce the number of additional broadening wavélengequired, these wavelengths were
selected near previously chosen TSF wavelengths.ada@unt for variability in the
broadening across the spectrum, broadening wavkkemgere chosen at two different TSFs.
By measuring broadening wavelengths at two diffefié®Fs, a linear relationship to predict
the variation of broadening coefficients acrossgpectrum can be used. An approximately
linear relationship between broadening coefficiand wavenumber has been previously
observed in piston engine measurements in thigrsppeange [72]. Finally, to accommodate
a wide range of pressures, two broadening wavdiengere added near each TSF with one
close to the TSF wavelength for low pressure camttand another further from line center
for high pressure measurements. The 10 final veagth selections for # sensing are

outlined below in Table 4.2.
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Table 4.2 Wavelengths used in the H20 TDM laser sigsn. Design and actual / measured wavelengths

differ because of imperfect temperature control othe fiber Bragg gratings. Overall, ten wavelengths

were chosen: 4 for monitoring peak absorbance of teperature-sensitive features, 4 for monitoring

feature broadening (2 are best when the broadeninig high and 2 are best when the broadening is low),

and 2 for tracking baseline changes.

Design Measured
Wavelength Wavelength Description
[nm] [nm]
1328.604 1328.593 bandhead baseline
1334.839 1334.826 ?TigShF';emperature temperature sensitive feature
1341.587 1341.574 hi broadening on medium tentyerd SF
1341.842 1341.825 medium temperature TSF
1341.884 1342.112 low broadening on medium teaiper
1350.410 1350.397 dual temperature TSF
1364.682 1364.445 cold TSF
1364.724 1364.663 low broadening on cold TSF
1365.076 1365.038 high broadening on cold TSF
1373.749 1373.727 bandcenter baseline

%Wavelengths measured with an Agilent 86142B spectalyzer calibrated in this spectral

range to the BT2 pD spectral database[23]



CH,4 wavelength selection

The 23 absorption band of CHaround 1666 nm is an attractive spectral regiorsémsing
given its close proximity to standard telecommutitces wavelengths. Figure 4.8 shows a
simulated CH absorption spectrum for representative conditiamsthis gas-turbine
combustor test. The four wavelengths chosen forfulee TDM measurement is shown in
Figure 4.8. These wavelengths along with a desonpof their purpose can be found in
Table 4.3. These wavelengths were again chosen iffgrethce spectra to maximize

sensitivity to both temperature and line broadening
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Figure 4.8: Simulated CH4 spectrum showing the fouwavelengths chosen for the fuel TDM laser

The primary goal of this measurement was to monita fuel mole fraction. A single

baseline wavelength was used to monitor non-abserptansmission losses with the other
three wavelengths monitoring features of spectqaiscelevance. The 1664 nm selection is
highly sensitive to spectral line broadening andhanly used for monitoring the effects of

changes in gas pressure. The final two selectibri@ nm and 1666 nm are useful for



11¢€
inferring temperature near the nominal temperatdirdhe experiment which was externally

controlled to be at or near 600 K.

Table 4.3 TDM wavelengths used for the CH4 measuregnt. In total, 4 wavelengths were selected: 2 to

monitor temperature-sensitive features, 1 for lindoroadening, and 1 for tracking baseline errors.

Design Measured Description
Wavelength [nm]  Wavelength [nm]
1663.056 1662.906 Baseline (minimal absorption)
1665.142 1664.805 Pressure or broadening sensitive wavelength
1665.959 1665.858 Temperature sensitive feature
1666.630 1666.793 Temperature sensitive feature

Wavelengths measured with an Agilent 86142B optspactrum analyzer calibrated in this spectral eatog

the HITRAN 2004 CH spectral database[22]

4.2.2 Experimental arrangement

Two separate TDM sources were deployed: the 13283-hm TDM source used to monitor
the mole fraction and temperatureyO and the 1662.9 — 1666.7nm TDM source used to
monitor the mole fraction and temperature of,CHach source produced an @duration
color burst (composed of 10 wavelengths in the cdtbee HO source and composed of 4
wavelengths in the case of the £sburce) followed by a 2hs dwell where no light was
emitted, resulting in a source with a 25% duty eyd\ccordingly, the color burst was
repeated every 33.3s, consistent with a 30 kHz measurement rate. Qilggrals can be

time-multiplexed into the 2hs dwell to achieve an effective duty cycle gre#tan 25%; in
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this work, a delayed pulse referencing approachwsas with both thel,O and CH sources

to achieve 50% duty cycle for each source as showigure 4.9 [53,55].
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Figure 4.9: Raw single-cycle time trace of the 10stor H20 TDM laser utilizing pulse delay referencirg

In this referencing approach, a replicate of eaallorcburst was time-delayed in fiber and
multiplexed back onto a single detector to permiécpse measurements of reference
intensities. It would be straightforward to muléglboth 50% duty cycle sources to yield a
100% duty cycle signal useful for combined measer&si ofH,O and CH. However, CH
measurements were required in a different phydmedtion fromH,O measurements, as
shown in Figure 4.10: the former just downstreamthad fuel injection to measure the
unburned fuel-air mixture and the latter downstreznthe combustion zone to monitor the
H,O vapor produced in combustion. Therefore, in tiigegiment, the light for both the,B

and CH sensors was not multiplexed into a single fiber.
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Figure 4.10: Schematic of test article showing lotian of fuel and water vapor measurements and
illustrating the implementation of fiber-to-fiber c oupling in a practical device
Optical access to the gas turbine combustor tésteawas achieved using an all-fiber system
with no user adjustments. The system was simplaliesl by combustor technicians and
immediately used for testing without any adjustmee¢ded. Sensor light was delivered to
the combustor using a single-mode fiber (SMF) waittollimating lens that also acted as the
input window. A similar arrangement was used toleml light from the combustor and
deliver it to the detection system, except thattrmdde fiber (MMF) was used. Ray tracing
was performed to aid in the selection of lens foeagths, fiber core diameters and NAs, and

lens-to-fiber spacings. The goal of these selestigas to limit transmission losses due to the
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combined effects of the following misalignment szs: machining and assembly tolerances

associated with the fixtures, thermal expansiothefoptics and fixtures, and beam steering
in the gas. Preliminary calculations showed thatdbminant source from this list was the
former, so only machining/assembly tolerances waresidered in the final ray tracing
efforts. The ray tracing converged on the selestidisted in Table 4.4 for which
machining/assembly tolerances of approximately 1 mmntranslation and 3 degrees in
rotation (both defined in terms of the axes of thieh and catch assemblies) could be
accommodated without loss of transmission. Rig nmach was subsequently performed
with a goal of keeping the tolerances significamlow the ~ 1 mm x 3 degree target. The
fiber collimators were successfully installed i thigh-pressure test rig resulting in a 100%
transmission (neglecting Fresnel losses) immediatér installation for both the GHest

station and thél,O test station.
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Table 4.4 Fiber-optic access design parameters setied by aid of raytracing. The raytracing was
designed to maintain 100% geometric coupling in theresence of the maximum acceptable machining
tolerances listed. The lens-to-fiber spacing wa®t at room temperature by the manufacturer, then

locked in place using ceramic epoxy.

A Fiber flens Machining
To set lens-to-fiber spacing Purpose
[nm] type  [mm] tolerance

1670 SMF28e 2.8 Minimize spot size 58 mm from lens Fuel pitch 26

N . degrees,
Minimize spot size 125 mm from
1670 MMF* 2.8 Fuelcatch 1.1 mm
lens
Minimize spot size 125 mm from
1350 SMF28e 2.8 Water pitch 28
lens
degrees,
Minimize spot size 125 mm from 0.86 mm
1350 MMF* 2.8 Water catch
lens

& corelclad - NA = 300/330 — 0.22

The MMF properties were selected to minimize modesenwhile maintaining practicality.
The 300um core and 0.22 NA were chosen to be large enoaghaximize the speckle
count and thereby minimize the mode noise [73] &hihall enough to easily image onto the

500 um-diameter photodiode (Thorlabs PDA10CF). A MMHgtpil length of 30 m was
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chosen to be long enough to further reduce modgertbrough spectral averaging [74] while

short enough to limit attenuation and cost.

The SMF fiber input and MMF fiber output assembligere manufactured by Silicon
Lightwave Technology, Inc., and designed to tokeratistained exposure to 600 The
collimating lenses were made of fused silica andewencoated. The metal portions of the
assembly were made of stainless steel. Ceramigyeperved locking and strain-relief
purposes. The assemblies were held into the comblistuising using spring-loaded clamps.
The fibers were routed through a split-ferrule comspion fitting at the pressure boundary.
Light coupled into the catch MMF was guided to atpletector (Thorlabs PDA10CF) and
measured on a National Instruments PCI-5122 higledpdigitizer board operated at a

nominal sample rate of 22 MSample/s/ch.

In order to utilize the delayed pulse referencitrgtegy, a free space 50/50 beam splitter
cube (BSC) is used just ahead of the detectorldovddoth the engine path light pulse and
reference pulse to be incident on the same detectororder to reduce the effects of
polarization dependence of the cube, both outpatmsewere measured with two different
detectors as shown in Figure 4.9 and Figure 4.Eigure 4.11 shows the time trace of a
single cycle of the 10 color TDM laser. The ficstor burst corresponds to the 10 colors that
went through the engine path (1) and is followedthy delayed 10-color burst to be used as
the reference (lo). The signal from each detegtqgiotted. The information sought from
this time trace is the absolute absorbance for eddhe 10 colors composing the burst;

Figure 4.11 graphically depicts the process usedbtain this information.
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Figure 4.11: Post-processing of a single TDM datadme to a 10-wavelength spectrum. TOP PANEL:
The lo trace is advanced ~ 1ps to align it with the | trace. BOTTOM PANEL: Tran smission (I/lo) for
both detectors downstream of the beamsplitter cub& hese two signals differ because of uneven optical

splitting in the cube. The average of the two det¢or signals is shown as the thin black trace andis

average is essentially polarization insensitive. HE final transmission value at each of the 10 wawaigths

is calculated by taking the average of the pointsiieach wavelength pulse as shown by the inset graph

In the top panel of this figure, the | and lo trader a single detector have been plotted
together. An external clock (Stanford Researchtedys CG 635) based on an oven
controlled crystal oscillator (OCXO) provides thata acquisition sample clock and is phase
locked to the function generator driving the TDMusze so that the lo delay is always an
integral multiple of the time per sample, thus magkthe realignment process of | and lo
straightforward. Acquisitions using the water TDd4ér had the sample clock set to 23.1256

MHz and with the fuel TDM the sample clock was 26051 MHz. The timing resolution of

the external clock also allowed for the | and Ignsils to be sampled identically, thus
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minimizing common mode noise between the two sgmalthis ratiometric measurement.

After computing the ratio (I/lo) for each detectgnal (detector 1 and 2), the two detector
signals are averaged. The resulting two-detecterage signal exhibits low sensitivity to
polarization, although effects of changing polaia states of the input light from sources
such as vibration of the optical fibers can be seaneither detector 1 or detector 2
individually. The bottom panel of Figure 4.11 slsothese 3 signals. Detector 2 shows a
higher transmission for each wavelength as comp#&vedetector 1, due to the uneven
splitting ratio of the BSC. Finally, points samglduring each wavelength bin are averaged
leading to the final value of relative absorbanmethat particular wavelength. This process
is then repeated for repetitive cycles of the TDddelr resulting in a time series of relative
absorbance at each wavelength which can be redocadime series of temperature and

absorber concentration.

4.2.3 Results and discussion

CHg results

As discussed in the previous section, simple postgssing of the data yields the relative
absorption of each wavelength versus time. Howeawxeorder to determine gas properties,
the absolute absorbance is needed. Therefore, #asurement needs to be “baselined” in
some fashion. In the case of the {JHDM sensor, this baselining was straightforwardhiat
data was acquired before the main fuel valve wiggdred to open, thus providing a period
at the start of each measurement in which ng G#s present in the optical path. This
baseline time can be seen in Figure 4.12. Duringy nlall time, the average value of the

absorbance of each color is calculated and themasaibéd from the entire time history giving
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rise to absolute absorption values which can tleeodmpared with simulations based on the

HITRAN2004 database [22] to infer the ¢hlas properties.
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Figure 4.12 CH4 absorbance versus time at the fowravelengths highlighted in the inset spectrum

Figure 4.13 shows the resulting time trace of tii @ole fraction for a single test case. In
the bottom panel of this figure, the mole fractisrzero until a time of ~ 1 sec at which it
begins to rise owing to opening of the fuel valvieichk in turn releases CHnto the optical

path. Fuel remains present for the rest of tina¢ dtiptical data was acquired allowing for the
simultaneous temperature and fuel mole fraction smeanent as shown in Figure 4.13.
Temperature was not a direct design objective i particular sensor but reasonable
estimates were also able to be inferred from thi&a dad corroborated by means of a

thermocouple in the fuel stream.
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Figure 4.13: Results from the fuel TDM sensor opetting at 10.5 bar. The fuel thermocouple was
monitored periodically, not logged, thus it appearss a constant in this plot. The fuel TDM sensor as
designed to measure fuel vapor given a thermocouplased estimate of temperature, but temperatures

inferred from the TDM spectra demonstrate the posdiility of fuel thermometry by this method.

H-0 results

The TDM water vapor measurement presented the shalkenge for determining absolute
absorbance as the fuel TDM in needing to baseheestensor to account for optical losses
from sources other than molecular absorption. Hewnethe HO TDM measurement was
unique in that throughout the entire time histolyacquired optical data, # was present in
the optical path. Therefore, there was no zeror@ti®n point in the time history that could
be used to provide a simple reference as in the chshe CH. In order to overcome this
problem, a more advanced baselining procedure amagd out and relied on data provided

by a fast response thermocouple located near 10eTHDM optical path.
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Before the main fuel was turned on, temperaturédbencombustor were fairly constant and

low enough to allow for confidence in the thermgaeu measurement. Optical and
thermocouple data was then continuously acquirddréeand after the main fuel thus
providing a window of time in which the TDM can baselined against the thermocouple.
To do this, optical data at one time within theddasng window, the baseline time (BT), is
forced to be the same temperature as the thermtsgowpile the mole fraction of 40 is
treated as a free parameter in the fitting routie. initial mole fraction guess value is
prescribed at the BT fully constraining the absorptiata to specific values for each of the
10 wavelengths. Spectral offsets at each waveleagththen calculated by taking the
difference from the measured absorption valuesTafr8m spectra simulated using the BT2
spectral database [23] at the set temperature a@dnkble fraction. These offsets are then
subtracted from the entire time history of theOHTDM data. Least-square fits of the
corrected measured spectra to simulated spectraaaned out with the best fit simulated
spectra chosen by minimizing the mean-square-éM&E) of the fits [28] resulting in a
time history array of inferred temperatures, moéetfions and best fit MSEs. This procedure
is repeated for different initial guesses of the ldle fraction with the final choice decided

by summing the MSEs for each guess and choosingnitnenum of these sums.
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Figure 4.14: Results from the H20 TDM sensor at 18.bar rig pressure. TOP PANEL: Temperature
inferred from the TDM measurement, along with datafrom a fast-response thermocouple. A free

parameter in the iterative baselining scheme wasx@d by forcing the TDM temperature results to match
the thermocouple results at the indicated baselinégme. BOTTOM PANEL: H20 mole fraction results.

Significant H20 present before the main fuel was tuned on prompted the iterative baselining scheme.
The final results are shown in Figure 4.14 with th®M H,O and thermocouple
temperatures plotted in the top panel and the alptigO mole fraction shown in the bottom
panel. Good agreement is shown between the theupteand the TDM temperature data.
Useful information about the dynamics of the combusluring this type of operation was
realized. Even though this particular utilizatioh the TDM relied on a concomitant
measurement of temperature along with an iteraéipproach to setting an initial mole
fraction, it should be noted that other laser basethods can be adopted in the future to
measure the baseline conditions. For instancegelatively slow wavelength-swept

absorption measurement could have been easily mgrited using the same optical path to
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measure the initial conditions to allow for a gjfaforward baselining of the TDM similar to

the CH, TDM measurement.
424 Conclusions

The successful use of custom TDM sources for meas@H, and HO in a practical gas
turbine combustor test article has been demondtrateleasured temperature and mole
fractions have been presented. Because the TDMes@amples only select wavelengths,
sensor data acquisition rates can be modest. ddththe data acquisition rate used here was
22 MS/s/channel, even lower rates (down to peridd$/s) could be used in future versions
of such sensors without sacrificing overall engrimegedata rates. Low data acquisition rates
are particularly attractive for sensor designs hiiclv TDM sources would be distributed to
numerous laser beam paths through the test atbcenable tomographic imaging of gas

properties.

Low-loss fiber-optic access to the high-pressuréghdemperature combustor was
accomplished with an adjustment-free design. A B@d-core collection fiber which is

easily coupled to ~100 MHz-bandwidth photoreceiveais used as the collection fiber.

The successes demonstrated here should help paweathfor expanded use of absorption

spectroscopy in practical combustors.

4.3 ROCKET PLUME
Absorption spectroscopy is an optical techniqued teads itself useful to inferring gas
properties in harsh and non-uniform environments tduts ability for making non-intrusive,

guantitative measurements. The primary speciesugestl in rocket combustion using
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hydrogen or hydrocarbon fuels is® vapor which has an absorption signature in tlg9 13

1700 nm wavelength range. Sensors developedsmrdhge of the electromagnetic spectrum
can utilize the well-developed photonics devicesh® telecommunications industry thus

making them cost effective and rugged.

The spectroscopy of water vapor is rich with infatimn about the quantum mechanical and
thermodynamic state of the molecules in the probanbpath. The two main properties
sought after in this work are the temperature greties concentration in the plume of a
rocket. Temperature is inferred by comparing #ative populations of water molecules in
different quantum states and the concentrationbeadeduced by measuring the intensity of
a particular transition while knowing the functibndependence of the transition to

temperature and pressure.

The absorption features studied in this work aoisenarily from transitions in the;+v; and

2v; ground state and hot bands over the wavelengtiperah 1380 — 1476 nm. There are
lines from other vibrational bands but these triams$ are below the minimum detectable
absorbance of this experiment. The example spshtan in Figure 4.15 show the dramatic
effect temperature has on the absorption profilae 300 K spectrum shown in black has a
peak absorption that is approximately an order afmitude greater than a spectrum at the
same pressure and® concentration but corresponding to a temperad@ir@000 K. The
effect of increasing temperature is to populate enenergy levels thus decreasing the
intensity of strong lines at room temperature @ons at lower energy levels), while

increasing the absorption of transitions from statehigher energy. This redistribution of
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population of energy levels is governed by Boltzmatatistics from which the temperature

of the gas can be inferred.
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Figure 4.15 Simulated spectra in the optical rangased in this study. The black curve represents a
spectrum at 300 K and the red curve is representate of the absorption at 2000 K. The inset figure

shows the dramatic effect temperature has on the sptrum.

4.3.1 Management of non-uniform flows

In typical laser absorption measurements, a silagler beam is passed through a sample and
the path integrated average properties can be mezhsif the sample volume is uniform in
temperature, pressure, and concentration the tltilgmamnic state of the entire volume can be
assessed. However, in practical applications lihwe field is usually not uniform along a
single path so advanced techniques are necesgasy.instance, Figure 4.16 compares a

measured water vapor absorption spectrum to dibsshulation at a single temperature and
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a superposition of simulated spectra over a digob of temperature. The measured

spectrum fits better to the distribution than thegke temperature simulation. This type of
analysis can give the temperature distribution #nedoptical depth (product of path length
and concentration) for each temperature zone. Mexydhe different temperature zones
cannot be mapped to physical space since the dingl®f-sight measurement contains no
information of how to order the different zones ahd actual size of the zones. For more

information the reader is referred to the followmgplications [6, 75]
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Figure 4.16 Absorption spectrum along a non-unifam path. The measured spectrum fits better to a

weighted superposition of multiple temperature simiations versus a single temperature simulation.
Computed tomography is a technigue in which a maysmage can be reconstructed from
multiple projections, where a projection is anothame for a line-of-sight measurement.

For this work, the rocket plumes are assumed axisysetric which reduces the tomography
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to a 1D problem. Two different algorithms weredige reconstruct assumed axis-symmetric

radial profiles of temperature and water mole fmactan algebraic reconstruction technique

(ART) and an Abel inversion.

Algebraic reconstruction technique

123456789
Figure 4.17 Geometric description of the algebraiceconstruction technique

The algebraic reconstruction technique used foonstructing the radial profiles can be
viewed as simply peeling the layers of an onionptobe towards the center of the
distribution. Figure 4.17 gives a pictorial reggatation of the ART algorithm. Radial rings
around each line-of-sight projection are assumethaee constant properties with a ring
width equal to the spacindyr, of each projection P The projections are depicted in the

figure by the numbered alternating gray and whetgangles. To infer the properties of each
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ring, the algorithm starts with the outermost pcan, R, and calculates the temperature

and water mole fraction of that projection using thath length through that section of the
ring. To solve for the next inward ring, the portiof the path, B contributed by Pis
calculated and subsequently subtracted frgntoRextract the uniform radial spectra of P
This process continues inward until all the radjdctra are obtained from which the radial

distribution can be calculated.

Abel inversion

The absorption of water vapor in the P branch efvit+ v3 combination band centered at
1385 nm can be quantified with Beer’'s Law giverEnuation (4.1). Spectra are frequency
resolved with the narrow line width of the lasenrmiting spectral line shapes to be

measured with negligible instrument broadening.

| L
(I_J :exp{— ! k(y; V)dyj (4.1)

This equation is valid at each frequency of lightl allows for the local spectral absorption
coefficient, k(yy), to vary along the line-of-sight measurement shawFigure 4.18. Each
line-of-sight measurement is collectively calledrajection when performing tomography in
that the variable of interest is essentially prigdahrough the non-uniform path before being

recorded.
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Figure 4.18 Geometric description of variables ugkin the Abel transform

The variable of interest in this study to be usadefach projection is the natural logarithm of
the recorded transmissivity which can be recageims of the radial coordinate shown in

Equation (4.2).

N | _BKk(rv)rdr _
P(x;v) = —In(clx = 2{ S (4.2)
1y o (4.3)
k(ri;v)zA—ZDijP(xj;v) 0<i,jsN-1 '
I =0

In order to obtain the radial spectral absorpti@efficient, a tomographic inversion is

needed. The technique employed here is based owdhe of Dasch and Varghese and
Villarreal where a three-point Abel algorithm wasvdloped that reduces the Abel inversion
to simple matrix multiplication by introducing a&ar operator. This algorithm employs a 3-
point interpolation scheme to provide smoothinghi output radial function. Equation (4.3)
describes the mathematics of the inversion. Thumgon is valid at each frequency of light

and the deconvolution matri, need only be computed once as it depends onlthen
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number of projections, N. The local radial spdaissorption coefficient is obtained at each

frequency and these can be combined to producbsam@ion spectrum at each radial node.
4.3.2  Sensor configurations

Various schemes of laser beam scanning have bestoged and tested. All utilize some
form of mechanical scanning in order to probe thmpe space. The main requirement for
axis-symmetric tomography is that half of the rdckdume be scanned so that a
reconstruction of the radial profiles can be perfed. There are two general techniques to
carry out the spatial scanning, parallel beam amdoeam geometries. In parallel beam, the
multiple beam paths through the plume are all pelrahd the overall width of the scan is
constant where as in fan beam the beams are alygsggarated and the overall angle of the
scan is constant. These two geometries are ddpictEigure 4.19. The image on the left
shows the parallel beam configuration with the beeaths all aligned with the Y axis where
as the image on the right shows the angular sprgadithe beam paths with respect to the Y
axis. Under the axis-symmetric assumption, thesegeometries give the same information
with the fan beam easily transformed to the pdréléam through simple coordinate axis

rotation for each projection.
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Figure 4.19 Parallel beam geometry (left) versus fabeam geometry (right). Under the axis-symmetric
assumption, the fan beam is identical to the paral beam with a coordinate axis rotation for each
projection

Dual Pass Parallel Beam (DPPB)

In order to optically interrogate spatial propestad a rocket plume, a dual pass parallel beam
(DPPB) system was constructed and is depictedgnr&i4.20. The laser light enters the
system via a single mode optical fiber and is owdlied with an aspheric lens. The
collimated light is then split by a 50/50 beamdetitwith one leg dumped and the other
directed towards a rapidly vibrating mirror. Thberating mirror used throughout this project
was a resonant scanner from GSI Lumonics Inc., wittominal scan frequency of ~8 kHz
and voltage adjustable scan amplitude. The vilgatiirror steers the laser beam in a raster

fashion creating an angular scan comprised ofglesimeam at any instant of time. A 90 mm
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focal length cylindrical lens is placed a focaldérs distance from the vibrating mirror to

create the parallel beam scan. The parallel beaenthan directed through the plume for a
first pass and then reflected by a planar mirrothensame path back through the plume for a
second absorption pass. The dual pass effectivaiplds the signal-to-noise ratio, SNR, by
doubling the absorption while the noise remainatnetly constant with respect to a single

pass measurement.
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Figure 4.20 Schematic of Dual Pass Parallel Beamrsor

The parallel beams are then redirected onto theatuity mirror by the cylindrical lens
resulting in a single beam in the same spatialtiposias the input light to the vibrating
mirror. The beam then passes through the beantespiind onto a single photodiode to
measure the transmission. It should be noted keatlaser sheet” shown going through the
plume is not a sheet but rather a beam traversaol bnd forth due to the directional change

imparted by the vibrating mirror. Since the mirdynamics are simple harmonic oscillation,
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the position of the beam with respect to time carcéalculated using a sinusoidal function

and thus the transmission as a function of posisdmown.

Dual Pass Fan Beam (DPFB)
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Figure 4.21 Schematic of Dual Pass Fan Beam sensor

To exploit the axis-symmetric assumption, the DRy&em was slightly modified to create
the dual pass fan beam (DPFB) system shown in &igu2l. Simply removing the

cylindrical lens and replacing the planar mirrottwa spherical mirror was all that was
needed to make the transformation. The mechaopalation is identical for both systems
with the DPFB having better optical properties.infihating the cylindrical lens decreases
reflection losses and allows for more compact pgiciga by eliminating the focal length

distance needed for creating the parallel beanm& spherical mirror decreases susceptibility

to beam steering by adding focusing control tordflected Gaussian beam. Finally, the path
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length through the ambient environment is the séneevery spatial position simplifying

data analysis.

4.3.3 Experimental results

Experiments were performed with different chambezate geometries and fuel/oxidizer
combinations. Results were obtained for both tiRPB and DPFB sensor configurations
using both the algebraic reconstruction technicuek the Abel inversion. It was found that
the ART was not a reliable algorithm for tomogragmyarsh flows. It will be shown that the
DPFB sensor and the Abel inversion outperform ttneromethods with the results showing
great promise for accurately reconstructing theptnature and HD concentration radial

profiles.

Shown in Figure 4.22 is the radial temperaturerithistion obtained from the plume of a
methane/oxygen fueled rocket using the High Perémme Methane Thrust Chamber

(HPMTC).



14z

3000 L) I L) l L) l L) l L) l L) l L) l L)
O
i - 250
Temperature
2500 | / ]
i - 200
3 2000 ]
o - \ 4150 W
3 ~
© 1500 | *
bt T L
S = n
S I \ 4100 =
2
1000 | D\ ]
L O 450
500 | & H \ ]
O SO O 0O 0
L O-—ppo- Y | O-o-p-0-B7o-f=H=A=B~~H 0
0.0 0.5 1.0 15 2.0 25 3.0 35 4.0

Radial Position [cm]

Figure 4.22 Radial temperature distribution obtaired from the plume of a CH4/02 fueled rocket using
the algebraic reconstruction technique (ART). Alsshown is the mean-square-error (MSE) of the fittig
routine.

The measured chamber pressure was 8.846 atm wi@/Fmatio of 3.5. The combustion
products were expanded through a nozzle with araresipn ratio (Axi/Atroa) Of 2. The
measured spectra were inverted using the algef@aanstruction technique (ART) and then
fit to a library of spectral simulations to findettbest fit temperature and water mole fraction.
The best fit temperature is obtained by findingrtiaimum mean-square-error (MSE) of the
least-squares fitting of measured to simulatedtspe€the measured temperatures agree well
with the ambient conditions away from plume butgecr behavior is evident closer to the

plume axis. Contrast this to the results shown igufe 4.23 obtained by using an Abel
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inversion on the same data. A smoother profilexisacted with the Abel inversion and the

magnitudes of the MSE points are lower. However tibsolute accuracy is still
guestionable, especially near the center wherdetmgperature is limited to 3000 K by the
simulation library. The mole fraction appears teréase near the center, but this would not
be the case if the fitting routine were allowedgtw to higher temperatures since a higher

temperature best fit would result in higher mokectrons.
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Figure 4.23 Temperature and water mole fraction rdial profiles using an Abel inversion on the same
experimental data used in Figure 4.22. The Abel irersion leads to better fits to simulations (loweMSE

values) resulting in smoother profiles near the cear of the plume.
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Under these operating conditions, an ideal rockétutation using a chemical equilibrium

analysis would result in an exit temperature of®@B6with a water mole fraction of 0.5. The

measured values exceed the theoretical valuestimeaenter and this is also where the fits
become unreliable. The Abel inversion allowedddyetter reconstruction towards the center
of the plume over the ART method but problems itepgesent in the measured spectra.
The dual pass parallel beam sensor used for thesedses was fairly sensitive to beam
steering and this resulted in a fair amount of expental noise. The dual pass fan beam
sensor was developed to reduce the noise floorlléev anore accurate reconstructions

especially towards the center of the plume.

Another test was performed using the DPFB sensitr the HPMTC under slightly different
operating conditions. The chamber pressure wasrl@aw 7.54 atm and the OF ratio used
3.29. Figure 4.24 shows the measured temperataofiegralong with the equilibrium values
obtained using the NASA CEA code. The DPFB senawegesults with lower noise so the
reconstruction was able to infer properties cldeerards the center of the plume. Since the
measurement plane was located 7.5 cm from the @@zl plane, the measured temperature
never reaches the equilibrium temperature andishettributed to heat transfer occurring

before the gas reaches the measurement plane.
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Figure 4.24 Temperature profile from measurementsfothe plume gas from two different rocket motors.
Also shown is the calculated temperature from cheroal equilibrium and the length of the CEA
calculated lines represents the radius of the exitf the nozzle.

A further test of the DPFB sensor was carried outtdsting a different chamber/nozzle
configuration using gaseous hydrogen and gaseoygeaxas the fuel and oxidizer. This
chamber produced smaller thrust values and a snillene diameter. The expansion ratio
of the nozzle was 1.5 with a chamber pressure@837bar operating at a,fD, OF ratio of
8.08. Figure 4.24 also plots the temperature redudim this test along with the chemical
equilibrium results. For this case, the measuremlkame was able to be located much closer
(4.8 cm) to the nozzle exit plane and better agesgnbetween the measured core

temperature and the equilibrium calculation arexmied.
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CHAPTER 5. CONCLUSIONS

This work has presented ideas and solutions farraben based thermometry in combustion

applications. While the key focus has been on waégor absorption, the ideas should be

tractable to other molecular species. The exampldications discussed in Chapter 4.

highlight the challenges experienced when makingsuements in real devices and give

some possible solutions for overcoming these difies. Of most importance, however, is

the methodology laid out in Chapter 3. for analgzamd predicting the performance of these

sensors. The key points of this thesis can be suinetsas follows:

Previously, two color absorption thermometry usexhegal guidelines for choosing
wavelengths such as maximizing the difference welostate energies while keeping the
ratio of the absorbances within some arbitrary eafis]. This old strategy provided
guidance for selecting 1 but not both wavelengiftes work provides a method for
choosing both wavelengths through the optimizatibequation 3.17 and this method is

guantitative.

When considering an absorption based thermometignique for conditions where

collisional broadening dominates the line shapthefspectral features, it is desirable to
analyze the performance of the sensor in term$i@fabsorbance since this is what is
directly measured in the experiment and the spectoifers a simple means of data

compression compared to using the more fundampatameters.

The ratio spectrum and difference spectrum progidpiick way of estimating the best

choices of wavelengths for optimizing thermometrithwthe ratio spectrum offering
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insight into the aggregate lower state energiesthadlifference spectrum providing an

estimate of the sensitivity of an absorption featartemperature

The use of the Boltzmann plot for inferring tempera is an idea that has been used for
quite some time. However, using this idea for cihmgpsvavelengths when considering

experimental noise in multi-wavelength measuremmsntelieved to be novel.

Choosing wavelengths by minimizing an appropridigective function through the use
of a smart search algorithm (genetic algorithm) mvhensidering measurement noise is
an efficient technique that converges quickly. Tikign contrast to an objective function
based on iterative means of estimating the variam¢emperature measurements that is

costly to compute and may not converge to thedfaleal minimum.

The methodology laid out in section 3.4 for chogdwavelengths for water absorption
thermometry is quantitative and is based solelywbat is measured in an experiment; the

absorption spectrum.

When considering wavelengths for measuring overde wemperature range there is an
optimum number of wavelengths when consideringxadfimeasurement time (i.e. the
noise increases as the number of wavelengths @residincreases). However, the
improvement in choosing this optimum number of wengths versus measuring the
entire spectrum is only on the order of a facto# @b it may be desirable to measure the
entire spectrum for improved immunity to other ®oand error sources (e.g. baseline

uncertainty) at the expense of a moderate decredsmperature precision.
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This work hopefully provides a foundation for fugthimprovements in the design of

absorption based sensors especially related toigbge of wavelength selection for
optimizing temperature precision. There are a féheiotopics related to this work that can
and should be continued further in order to advaheeperformance of this particular class

of optical diagnostic.

51 FUTURE WORK

The major premise of this thesis was building adenstanding and optimizing performance
of absorption based sensors when considering ethats only affect the precision of a
measurement. The accuracy of the temperature @uferr HO absorption measurements is
limited by the accuracy of the underlying fundana¢rgpectroscopic parameters used to
simulate the absorption spectrum (i.e. the accucddyT2 and other spectral line lists). In
practice, it is possible to measure spectra atrigtyaof conditions in order to estimate the
accuracy of the sensor but even this proves dlffishen considering the extreme conditions
encountered in practical combustion devices. Tlegefa more fundamental study is needed
with experiments playing a pivotal role through #euisition of high quality spectra at a
variety of conditions that can be confirmed throeghcomitant measurements. Of particular
interest are high temperature flame measurememsvgiressure where the simple and well
known line broadening mechanisms allow for betteasures of the spectral line intensities
and positions. This information would be useful fimproving the spectral line lists either
directly through updating the current parametersndirectly by improving the empirical

data used in quantum mechanical calculations ointie@sities and positions of transitions.
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More directly related to the main theme of thissibe further work can be pursued in

identifying optimum wavelengths for thermometry.r litstance, instead of only considering
noise in the absorbance, the uncertainty in theeleagth can also be included within the
framework developed. Similarly, the noise usedhm bptimization can be expanded to
include terms from shot and signal based noiserderoto more closely represent the real
signals in an experiment. However, the noise walldpecific to a particular system so any
further modifications to mimic the true measuremeould not be as general as the fixed
noise case used in this work. Another possible avmgment would be to consider otheyCH

absorption bands. There are fundamental vibratidvalds at higher wavelengths that
possess inherently stronger absorption. The optiegices for working at these wavelengths
might not be as economical or convenient as thosine telecom range but the gains in
absorption strength and the possibility of improviedrmometry performance may warrant

the extra expense.
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