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Abstract

Chemical species tomog(&®ijs @ emergindiagnostic technique for estimating the spatial
distribution of a chemical species of imtasettesis focuses on @8mgo detect and map
fugitive hydrocarbon emissions resulting from crude oil refinement, where current methods of
detecting and measuring these emissions can be costly amtiseesturapedilizes multiple
optical paths to measureipiiireed concentratiamger a flow field that are used in
reconstructions to obtain an estimated discrete distribution. Prior CST work has made use of diode
lasers, ultraviolet differential optical absorption spectrometers, or Fourier transform infrared
spectwmeters. This thgs@neers the usdafadband infrared open path detectO&T

Atheoretical background is laid out with a disttissiundamentals of hddwkaves interact
with gas molecules, which underlies the CST measuremenhigridgoilgeed by an
explanation of monochromatic tomography, which involves sadeificjentgotkblem through
the context of a Bayesian problem with prior information. Broadband tomography is then developec
that foundation, requiring a gahgfiction to linearize the prolidetails of design overviésy
presenteirfour open patitoadbandktectoand emitter patrsat were fabricated for use-in lab
scale tomography experiments. Focusing oinfrexreddeibrational band oflfocarboret
approximately 3487 thepairs contain optical components suitable for operation at distances up to 10
m These components include a thermal emitter, a collimating reflector, bandpass filter, focusing lel

and photovoltaic detector.

The dedctor pairs were validated transfer functions wereviathita calibration process through
a custorbuilt absorption cell with gaseous species of methane, propane,dsidginderne.
concentrations of one species at a time, the transanitipioeabpair was compared to an
expected model that was constructed from spectral data compiled in the HITRAN or PNNL databas
Twelve tomography experiments followed, culminating in a final suectssidgpoof
tomographic reconstructiorpodane plume that was validated with flame ionization detector

measurements.
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Introduction

1.1 Motivation

Canadaugpstream oil and gas sesatesponsilftar the largegortion ofjreenhouse gasiQ
emissions, amountingporoximatel® of the nation's greenhouse gas injAgngbigwn in
Figurel. Fugitivédydrocarbagmissiorfsom the oil and gas sertgarticulaare responsible for
approximately 8% of the total inventory in 2015, and gresvégh2dperiofom199o 2013,
mainly as a result of increased productiotihhe sange time peifi2gd

200 T T T T T T T

150 -

100 -
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3
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NC° (T 6 o o o
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Figure 1: Breakdown of carbon dioxide-equivalent emissions in Canada by sector for 2023

Fugitive emissi@as bententional or unintentioréases of hydrocarbons (including light
hydrocarbons, such as methane, as well as more complex volatile organic comagaunds (VOCSs))
result of industrial activitiegfed tproduction, processimgnsportation, asirage). Sources of
fugitiveemissions include, but are not limited to, valves, seals, pipe con[8cAoonshetc.
example of a fugitive emission source(Araedéin Petroleum Institseparatorag shown in

Figure?), which are large open surfaces frorhydnaztarbocan evaporate.



| .

A 4%

Figure 2: A photograph of a typical API separator at an industrial site.

The main VOCs of interesaiemmatic hydrocarbons of be(@gfhk toluendéC;Hg),
ethylbenzer&H,,), andhethree xylengH,o isomers whi ch t ogether are |
These compounds have vhealils and environméntphcts that are discussed in more detail in
Sectiod.1.2 Imperial Oil, as a producer of oil and gaslay Saztanmitteddarrying out their
production in a safe and environmentally responsible manner. Supported by a University Research
AwardandaNational Sciences and Engineering Resear@ollahoreitive Research and
Development (NSERRKD) granthis project aims to detect and measure BTEX emissions that are
released from API separdibiis. BTEX as the principal emission of infamasiryexperimental
focus of this thesis is on toluene because it is the leasidhezaiefahe groupMethane and
propane are asominentargetsis they are gdmase species that are readily aeaitghie work

with, and exhib&imilaopticahbsorption properties to toluene.

1.1.1 Environmental Impact of Greenhouse Gas Emissions

With current atrspheric levels of carbon dioxidg ti@ung reachapproximatey00 ppm
[4], it is difficult to overstate the tlufemaate changeses to almost every ecosystem on the planet
and the future of civilizatAmospheric G@vels have been rigtag accelerating pace that
correlatewith the start of the Industrial Revolution at the end"cktitar§8]. This can be seen
in the Kdmg curveshown ifrigure8, which is a measure of atmosphelev€®over time.

2



These measurements were taken at the Mauna Loa Observatory starting in 1958, with measureme
continuing to be taken todatarctic ice core analysis provides atmosphevel€giing back

420,000 yeamso shown kigure, indicatinghat CQlevels have comsiiremaineletween

180 and B(pnover this time peri@d

340 |
320 | 1
300 ! ! | ! | .
1960 1970 1980 1990 2000 2010 2020
Year
300

250

CO, [ppm]

|50 1 1 1 1 1 1
400 350 300 250 200 150 100 50 0

Years before 1950, x IOe3

Figure 3. Keeling curves showing the concentration of atmospheric G@evels over time; regular
measurements since 1958 at an observation station in Mauna Loa (uppeweabkasair analysis from
Antarctic ice core samples (lower]4], [6]
While the emphasis of the discussion on climate change and global aiiynciegtiedyener
CGO levels, many other species are significant contributors. The Intergovernmental Panel on Climat
Change (IPCC) uses various metrics to quantify the relative contributions to climate change, such :
Global Warming Potential (GWP=4wmiadl Temperature change Potential (GTP). The GWP is a
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measure of the timteegrated radiative forcing caused by a burst emission of a particular component
compared to an equal massoiviftomethane (QHhaving a GWP of 84 over 20[ygdrsis

means thatoveray26 ar peri od, the ener gy Jsmgreateotdanc ed i
that by C¢by a factor of 84.this way, methane and other species are included in the discussion by
way ofmequivalent impact fa&d@O,-equivalent conversion is also used, in which an amount of a
particular hydrocarbon is considered equivalent basegtbatthve@®beqguced through the

combustion reaction.

As atmospheric g€vels increase, so too does the global mean surface temperature. According to
thelPCC t he average temper at uirnereasetl @athldecadEfeomt h 6 s
the 19B6068280060606s, with the 200038s bein® the w
century)8] Combined land and ocean temperature data has shown that the average surface
temperature has increased@&seen 1880 and 2012 report goes on to present atmospheric
changes that have ocedun recent history, sucthase ia very likely chairi@é100%
probability) that global near surface and tropospheric air specific humidity have increased since the
197006s; it is very Ilikely t-20&82therdimnediuinc sea i C
confidence that the Arctic summer sea ice retreat for the current-28day \{#&330
unprecedentdtie sea surface temperatures were anomalously high for at least the last 1,450 years:

the global mean sea level has risemineyfligelyat anncreasing rattg.[8]

Furtker increases in the global mean surface temperaturevathrespgottier global
geographic changesatural expectation is tiefrctic sea ice extent will further decrease and
eventually disappedrilethe West Antarctic and Greenlandeate shleexperience partial
melting A projected estimation of the sea level rise, based on past observed sea level increases an
temperature data, shows that the sea level is expected to rise by betweehY1is and b9
this centuri@]. If a warming of@is reached, it is speculated that there will be more extreme and
disastrous weather events across the globe, a shortage of water will be experienced as mountain ¢
shrink rapidly, heavy wildlife extinctiolimg coral reefs, andyand of the Amazon rainforest
[10]



Given its broad and severe consegféntesire being made to halt the acoeiecditimate
change. The Paris Agreement was adopted by the United Nations Framework Convention on Clim:
Change (UNFCCC) in December of 2015. As of November 2016, 11&sdid\@Y rpdified the
agreemenincluding Canadaticle 2 of the agreetrstates:

1. This Agreement, in enhancing the implementation of the Convention, including its objecti
strengthen the global response to the threat of climate change, in the context of sustaina

development and efforts to eradicate payésty, includ
a. Holding the increase in the global average temperatiCeatmweibteelow 2

industrial levels and pursuing efforts to limit the temperatGralhosepse to 1.5
industrial levels, recognizing that this would significeakbyaned urcg foesrof

climate charige11]

1.1.2 Health Impact of Fugitive Emissions

When discussing the impact ofduggitigsions on human health, $peasfishifts to VOsLsh
as BTEXWVhile toluene, ethylbenzene, and xylene have been shovoatecd®marbenzene is
known to be hematotoxic, immunotoxic, geramadxiarcinogenic under chronic exposure
conditionfl2] Other conditions identified as a result of benzene exposure include aplastic anemia,

thrombocytopenia, and acute myelogenous leukemia.

Consequentlycaupational chronic exposure to benzene is understandably a csngbyn, which
organizations like @®HA, WHOand EU (Directive 2008/50/B@ye guidelines for acceptable
safe limitsf exposur®esidentwingnear refineries hauaifiable reason for concern, which has a
result of beirlge motivatidior numerous gigsacross the glalecancer incidence and other
negative effedise to benzene expgosalteough epidemiology studies have been inconclusive or
contradictory



Lyons et dll3]and Sans et[a#]independently studied the incidence of leukemia and cancers in
residentsear a petrochemical plant at Baglan Bay, Soutiv&é¢ald’Beand 99, motivated by
analleged cluster of cancer cases between 1984Lynatd 88Abcused on the age group under
25 years that lived within 1.5 and 3 km of the plant and found that while there was a greater incider
of leukemia gmhphomas in the area, there was no significfl®leRaesst &cused on a 7.5
km radius around the plant and analyzed cancer incidence and mortality for multiple specific perioc
they concluded that while there was an excess incidence of cancers within the 7.5 km radius, it wa
comparable with the rest of theusuling area of West Glamorgan, where there was no relationship
between the incidenceaotermal the distance from the pldht

Another study taken up by Axelssoexainained the incidence of leukemia, lymphoma, and lung,
liver, and central nervougsystncers in Stenungsund, Sweden, concluding that there was no
evidence that there was an increased risk for living near petrochejh&jeBaitlentry et al.
performed measurements of atmospheric levels of BTEX iaridthgamaaverage concentration
range of 2.12 to 2.75 ppbv of bernkersithoonclude there is no significant change in air quality
in the vicity of the crude oil refingdry] Wilkinson et al., in an analysis of 7 different major oil
refineries around GreatBribetween 1974 and If@@hoho significant increaghensk of
leukemiaorndhodgki nds | ymphoma wi {18 Howeverthdcemvasoar 7 . 5

weak associationndb et ween Hodgkinds | ymphoma and pr ox

On the opposing sktedies of refinery anedtaly USA Turkeyand Taiwan have shown that
living in the vicinity carries a carcinogemélriskalinvestigatdtie area of Brindisi, Italy near a
petrochemical plant. Using mortalifytiteyieoncluded that there were moderate increases in the
risk of developing lung and bladder cancers as well as lymphohematopoietic neoplasms when livin
within 2 km of the pl§®] In the US, Kaldor et al. performed an estidgito find associations
between cancer incidence/mortality and estimated residential proximity to petroleum and chemical
industry emissions. They found that there was an increased incidence in cancer of the buccal cavit
of the pharynx in both rmehveomen, and of the stomach, lung, prostate, kidney, and urinary organs
in merj20] In Turkey, 58 VOCs were detected at 40 different sites, indidfilogdethane,
benzene, chloroform, and carbon tetrachloride. In the study, Dumanoglu et al. conclude that the
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carcinogenic risks are considerably high when taking the highsohteesatitOCs into
consideratig@1] In two separate stsddof Taiwanese residentpeteachemical plnt was
foundhatthere was an excess in mortality in men for livi22janden women fong cancer

that is not explained by smoking[Bapits

In addition to carcinogenic neggentdiving near a petrochemical giiem complain about
odours that arise tinaty also be associated with syraptbeffecssich as fatigue, headaches,
dizziness, nausea, respiratory irritation, anfl@ktf2E{26] Effects may even be as extreme as
altered sex ratios at birth and an excess ribktbflate deliveries in babieaf48} [26].

Regardless, there appears to be sufficient scientific evidence to justify the concern of people whc
residevithin the vicinity of petrochemical processing faalitieese reasons, along with the
environmental concerns discussedtasioneke it important for the government to implement

legislative measures for tracking and reducing emissions.

1.2 Legal Requirements and Measurement Techniques for Oil & Gas Facilities

As a part of the Canadi an fthateanddr qualiyvssuesn me n
the Canadian Environmental Protect{@ER&Pf 1999 was introduf&d This act states that
the Ministewill publish a national inventory of releases of pollutants to assist the government to
protect the environment and the health of Carfediassit is¢ National Pollutant Release
Inventory (NPRWhichs a collection of factipecific information regarding the release, disposal,
and recycling of substances, including toxic substances as well as pollutants that affect the quality
These substances are outlined undereSeauft theEPASections 47, 49, and3butline the
guidelines for collection@uriaication of pollution data. Facilities that meet or exceed the thresholds
(either 20,000 employeeirs worked or Criteria Air Contaminant thresholds) aréresporéd
to the NPRI on an annual basis.

Currently, fugitive emission estimation pfacticeNPRire based on US EPA guidelines for
leak detection and reporting (L28RYhese guidelines state that a portable organic vapour
analyzer that nteethe minimum criteria must be used to detect individual components. If the

component measures a gas concentration that exceeds the threshold, it is deemed to be leaking. C
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leaking components are identified, emission factors for each compedemicaseappdd to

estimate the total emigsinentory for the facility

Emission factor techniques are mainly centered on using correlation factors obtained through vatr
methods varying in complexity. In its simplegittdemjssioastimates avbtained from
empiricalactors from basidividuatomponents (e.g. valves, pumps, flanges, etc.) in conjunction
with a survey of components of the plant in question to form a total emission value to report. These
factors may be updated for a spmoifionent or have specific correlations developed, however this
requires significant amounts of addition&ewplanies may develop a database of factors unique to

their own facility for more accurate reporting.

While emission facm@an acceptalohethd for estimating total emission, ldssgfiave been
shown to be inaccurate. By some accounts, the emission factors method has been shown to
overestimate fugitive emissions, on the order of 4000 kg/year estimated vs. 1.5 kg/year actual loss
througtbagging and sampg8g However, in another cadterentiahbsorptionlDAR(DIAL
measurementkscussed in the next seatibp Alberta gas plants by Chamlhers et a
demonstratékat emission factor estinsdtegthane and VOC emissimiegsestimatadtual
emission releabga factor of four to eifg@l] Another study showed emission faswrsrely
underestimate emisdionstorage tarikga factor af48 times imnecase. In other cases finem
same study, benzene and other VOC emissions were measured to be 5 to 20viatnes larger than

determinethrough emission factag81]

In addition to the interest of meeting regulatory requirements, fugitive emissions can represent a
lamge loss in revenue for the ofamdompani€eeDIAL measuremepitsviously mentioned
have shown that losses over a number of weeks can translate into losses worth several hundred th
dollarg30] Unbrtunately, measurements afdhise are too expensive to conduct on a regular

basis, so emission factor estimations are the indus{Botédilard

1.3 Detection Techniques

The emission flux estimation methodology defined by [8tlsdcegliently complemented

with additional techniques for det¥€@@g and hydrocarbamission3 hetechniqueliscussed in
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this sectiaran be split into three categories: traditional techniques, point detection methods, and

Iargearea measurensent

1.3.1 Traditional Techniques

Historicallyptherthan emission factorsthods afetection and measurement of fugitive
emissiorfallinto one of twecategorge engineeriegtimates araterial balance techni@s

Techniques based around engineering estimates come in the form of software tools. In these cas
the losses are not highly variable and are predictable. Software available for wastewater treatment
facilities imedesPAVE, CHEMDAT7, WATER7, and FATE. TANKS provides accurate
measurements for storage facilities. POSSEE is available for fugitive emissions, but is mainly a da
control tool not generally recommenidestdlation purposes, and TANKS is softedfer

estimating losses from storage tanks.

Material balance techniques compare the inputs and outputberhgg@dsifiorocesses.
However, this method requires accurate measurement and tracking of these chemicals, which is nc

possible fadlprocesses.

1.3.2 Point Detection

Point detectors are thosal#iatt emissionsiirelatively small area or volume. As such, they can
be more generally categorized aspeltbsddviceBhis includes flaraad photoionization

detectors, soap solution, and Fourier transfornififi@jguectrometers.

1.3.2.1Flame and Photo lonizatiddetectors

Flame ionizatiortet#ors (FIDs) and photoionizdgiectors (P1Ds) are based on similar
princples of measuring ions to determine the concentration of altes spewgses of
operation differ slightdngtheyare each suited to diffeapplications.

An FID meassm@ganic compounds through the ions produced by combustichadgedcarbon
compound in a hydrogen flame. Since there are no ions produced in the combustion of hydrogen, t
baseline signal is typically ne§B2FdDs typicalfgaturdowlevels afioise, high sensitivity,

predictable responses by natusgeandensitit@external factors such as detecteraempand
9



hydrogen flow ratdowever-IDs cannot detect inorganic substances (e.g, €0),Céquire
O, and Hsources for the flammechave a long initial wanotimg33] Additionallythey are a
destructive method of messent, araddilutor kit must be used if high concentrations of
hydrocarbons are being deteetefithe sample contains less1h&mQ by volumd)y virtue of
the operating principle

Photoionization detectorsthe other hand, anerdestructive form of measurerRédt.
instruments use a UV lamp of a specific energy to ionize the compounds in question in a separate
chamber. The ions collect on an electrode and the resulting current produced is proportional to the
compound concentratids a resulRIDsdo not require,©r H likeFID are muchore sensitive
to selectcomponents (up td®times), arsde abl® detect aromatics and inorganic compounds
(e.g. ammonia, carbon tetrachloride, formaldehyde, hydrogen $sdfldéntid)natelyhe
dynamic range of PIR2@00pprpissmaller thahat oFID (61000(pm they are susceptible to
water vapour interference gaadhsensititesome hydrocarbons.

1.3.2.2Soap Solution

Soap solution is an alternate mathiedecting fugitive ldaksst ed i n EPAGds Met h
principle is based on the visuakdysoblaubble formation afsera@ solution is sprayed onto a
potential leak source. Howevetedidetectiomethod carries some limitations: the potential leak
source cannmve continuously moving parts; the teunfae@tunmust be between fileezing
andboiling poisbf thesoagsolution; it must not have open areas to the atmospkeselthiait
cannot bridge; and the source must not show signs of liquidaédedds.n@adeeen confirthed
component must be measured by an instrument that meets the specifications outlined in the docun
(e.g. FID)28]

1.3.2.3Closedpath Fourier Transform Infrared

FTIRspectroscopy is a technique for measuring the absorbance of a sample with a broadband int
scan of the sample. This teclmispsed aMichelson interferometer Esgerel), where aeam
of lighis passekrough a beamsplitter. One half is sent a certain distance to a fixed mirror, while the
other half travels to a moving mirror, resulting in a variable distance. Oncetogikecie dieack
10



beamsplitter, the beam halves combine and the intensity is measured at the detector to produce ar
interferogram (a plot of light intensity versus optical path difference). As given by wave theory, the
intensity of light will vary dependitigeaamount of constructive or destructive interference that has
occurred from the combination of light waves that have travelled differeStimii#esences.

broadband light source is used, the total interferogram generated is a summatias of interferogra
from all wavelengths, and the Fourier transform geusedtéoa transmittance spd8&im

Fixed Mirror

Beamsplitter

1
I\
L
1
1

Translating
Mirror

Source

\
St p

A

Detector

Figure 4: Schematic of a Micklson interferometer used in FIR spectrometers.

1.3.3 Large -area Detection

Large area measurements can be categorized based on the underlying physical spectroscopic p
(i.e. abs@tion or emission), the wavelength spectrum used, and/or the light source used. The
wavelengths used are typically centered between the UV and the far infrared, dependent on the sp
of interest and the light sourcelugbtisourcean be eitherigetor passiwetive techniques use
powered sources, whereas passive techniques use background or atfectphguiesigbéd
include, but are not limiteduoableliode laser spectroscopi$J gh detection and ranging
(LIDAR)differential absorption LIDBRD); differential opticabsorption spectroscopy (DOAS);

trajectory statistical models (T&M)chemical species tomography (CST). These methods are not
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generally used for contained samples, and assaothstesls opepath measuremeRigured

shows an example of the basic principle by which many detection meAHayld eparaée.

generates an initial light ingg@sithat is measuredCas after ithas traverstdough an

absorbing fiel@he concentration of the absorbing medium can be inferred in many forms depending
on the technology used through tHeaBd®ert law, the governing equation distossedetail

in Chapter.2

Iyo

Figure 5. Spectral absorption of light intensity through an absorbing plumegl o> I (s).

1.3.3.1TunableDiode Laser Spectroscopy

Sngle absorption lines can be measured for an absornbégspéases that is tunable to
narrow band frequenciaselight ishighly collimatashdntensewhich allows for detection of the
weaker overtone bandseiméfar IR regiower long patength§36] and can scan across a spectral
rangdor a spectraltgsolved measuremkiotvever, disadvantages include the cooling requirements
for ®me lasers, as well asatethazards presesien operating the instrun&pecifically, lasers
used for spectroscopylass 8B and 4 lasehst are hazardous to the eye an@lslss 4 lasers
are powerful enough such that even theetligzigmpresentye and skin hazgBdgOperation
of these lasers in open@lidematic and is restricted to highly controlled laboratory settings.

ResultingDLSabsorption measurements aravygatiedwhich provides information about the
concentration of the species of interest, but not the spatial variation.

12



1.3.3.2Differential Ogical Absorption Spectroscopy

DOAS is a method for analyzing the compositions of gases, typically used for trace gas measure
of the atmospheBased on tpanciple demonstrateBiguréd, DOAS can determine gas
compositions usimg measurethvelengtiisr analysi®ne wavelength is a strongly absorbing
wavelength of the gas of interest, and the second is a weakly absorbing wavelength. In this way th
column density of a gas can be found. In a naajoréyDEDAS system designs, arc lamps are used
as the maiglit sourd@6]due to their brightness and smooth emission $lassiverdgss
using direct sunlight as a source also exist, but complications arise due ttheelesahfactors
component of sunlight cannot be obscured ync@ids@tmospherabsorption linsiown
as Fraunhofer lines) exist in the UV spleatowerlap witthose ahany species of interest

thereby complicating the measurement

1.3.3.3Light Detection and Ranging

Light Detection and RandifigAR, which wasriginally named to reflect RADAR (radiowave
detection and rangieghnologysespulsed laser light into the atmosphere to detect atmospheric
compounds and particles. By measuring the backscattered intensity as a function of time, the spati
distribution dhe measured species can be deduced. However,de\A&! kaksadvargas.

Since the technique relies on backscattered intensity, it can be difficult to discern the difference in
backscattering and total atmospheric scattering/extinction, and since backscattering is normally we
the sensitivity is quite [88] Economically speaking, LIDAR systems are also large, complex, and

expensive, requiring lyigkilled operatdgs]

1.3.3.4Differential Absorption LIDAR

As an extension to LIDBRLuse$aser pulsestebadjacent wavelengths in order to determine
concentrations of a specific species. While one pulse is strongly absorbed by the species, the othe
relatively transparent. The ratio of these measurements is proportional to the number density of the
speciesesulting in a measurement that pinpoints the concentration and locations of a specific

spectraligbsorbing species.
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1.3.3.5Trajectory Statistical Models

TSMsare a method of locating fugitive emissiorbgaocdsning downstream concentration
measurementigh local wind condition data. TSMs have been used for pollutant source identification
at the continental scale, but have been investigatedscaelbeigdimgarios. In a study of TSMs,

Brereton and John8®&jevaluated four different models: gtsatirce contribution function;
cancentratiomeighted trajectorgsidence tiaveeighted concentratind quantitative transport
bias analystsproofof-concept using computational fluid dynamics (CFDhsifoulad that

TSMs are a potential solution to locating fugitive emissions at industrial facilities.

1.3.3.60pen-path Fourier Transform Infrared

WhileFTIR hasaditionallpeen a clospdthtechnique for analyzing gas samples (see Section
1.3.2.3, FTIR can also be adapted for atmospheric measurement monitoring by two methods:
extractive monitoring and gyah FTIR spectrometry. In extractive monitoring, a sanple of
atmosphere is placed inside gasdlias cell and analyzed. However, as a localized technique, there
will always be uncertainty regarding the homogeneity of the sample with respect to the rest of the
surrounding atmosphbereontrasin operpah FTIR spectrometry the light path is shone directly
across ttarea of interest. This meéttem only returns petfegrated measurements, so localized
detection is not possible. The other main downside of this technique is that the backdground spectrL

baseline measurements is rarely ideal, and some form of correction is almost[dRyays necessary

1.4 Chemical Species Tomography

CSTis aremergingnaging technigbeat has the potential to generate estimaja@saskegas
species concentration distributions from light intensity measurements that are resolved both tempo
and spatially. In CST, a nuddiglhtmatter interaction is used to deconvolve multipiatiofight
absorption measurements, resulting in an image®@étheoncentration distrib@jatical
tomographseparates into thmegin categories: emission tomograpbyatt@sing tomography,
and higbkcattering tomograptl] Gaseous floyigpically the focus of 3&Xhibit littleo-no
scatterin@#2] and fall into the lewattering tomography category, which will be the focus of this

thesisFigures shows an example obéssprinciple.
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Contfinuous Distribution Discrete Estimate

Figure 6: An example of chemical species tomography in which multiple open path measurements are
used to estimate the spatial distribution of an absorbing species.

Ideally, lasers or commercial open path detectors are used for C8esdomauamnents are
costly even for a single patddition to the fact that lasers are adazdéod eyeandskin
injuriesThe following subsections will outline the various applightad@STis usedStarting
with the historical origins of the technique, the discussion will bedobogaddiysome

noteworthy applications.

1.4.1 Proposal for CST

The first CST studies were numerical simulations aimed to determine the feasibility of CST for
measuring concentrations of air pollutants. B.W. Stuck proposed using laser measurements aroun
region to detect pollutants (such as nitrogen ditgidatggarsulfur dioxide, ozone, and
hydrocarbons) in conjunction with a Radon transform algorithm in 1977, where he found good
agreement between the theoretical analysis and computefddjriByatiarsl Shgppposed a
technique to map a 2D concentration map over a sourceinfl@iRitadheirtechnique, a

singd tunable laser is placed in the ckatradius, while mirrors and detectors are placed around the
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circumference of the circle, measuring the attenuation sigthe lageir pollutgdddy Wolfe

and Byer expand further upon this work with a model study publi§gldinnigeR they

discuss the application of laser absorption tomogkdphetassized areas to reconstruct 2D

maps of air pollution concentration based on model simulations to demonstrate potential for the

technique

1.4.2 Lab-scale Flame and Chemical Analysis

The first experimental stfdshemical species tomography wasquedpiSantoro and
Semerjian in 1986] Their work presents tomography applied {axantafbulent methaiire
jet to determine the mean concentration of methane within the jeturshige3i@8er with a
multiangular absorption approach. The multiangular absorption approach uses a number of paralle
absorption measurements at equally spaced angles, resulting in a matrix data set that was used to
reconstruct the property figmmographtechniques were then expanded to experiments involving
liquid droplets amndpaor species. Yule et al. meatheattoplet sizes and concentrations of
kerosene sprays at various cormitroeasuring scatteredléléaser light7] while Bennett et al.
used the convolution backprojection algorithm in conjunction withdianetog atnsgeption
measurements of an argon ion laser through an iodine vdpedemnsitgdphe plumi@s]

More recently, experimental CST research has increased due to the rapid technological
advancementsi@tectors, spectroscopic devicegrapdting poweExperiments carried out
between the first experinaenductebly Santoro and Semerjian and the present include, but are not
limited toasymmetritame temperature distribution estimation through a Multiplicative Algebraic
Reconstruction Technique (MART) usingéhader terferometer measurements ofideHe
la®r[49] absorption coefficient and temperature distributioonsstih@at ethylene flame using a
tungsten filament solrased on emissatasorption tomograpkiyHall and BoncjaB] HeNe
laser absorptioeasements to reconstruct a hedngonetusing a finddomain direct inversion
method with prioinformatioby Chung et 1] who were able to comparedRkperimental
reconstructiomsth probe point measurements as siglLlésteghantom projectigsults by
Ravichandrand Gouldjf2]for good general agreement with errors <30% occurring near the

peripheral regions
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1.4.3 Engine Cylinder Diagnostics

Internal combustion (IC) engines have become a large area for @ &Timdaegegbart to the
University of Manchestero6s | ndustEaryal Proces
researchegan witGare\et alpresemiga tonography technique usinglReaeasurements of iso
octane inside an IC engine to map the concentration {Sfitmlitoeved closely by Hindle et al.,
who did measurements ostadionary plumes of a propane and butane mixture insile an 85
diameter chambemimic an IC engine cylif@grDevelopment in the ardddehe detailing of
thedesigof the dual wavelength We&eatRed Absorption Tomography (NIRAT) tecmkinee,
first(nonrtomographyheasurements etytinder IR absorptafiseoctane using an optical access
layer (dubbed OPAL) by Wright &=l

Since then, research within tlp dias expanded considerably, with development resulting in in
cylinder measurements afudomotieroduction engine using irregular and sparse b§a@) arrays
validation tests of the NIRAT witbsmynding tomographic reconstrfisiipasdmixture
strength visualization of liquefied natural gas-lroeelangeine eng|B8] Additionally, the
FLITESfiprelaser imaging of yakdne exhaust species) program is an-awhgsngia
collaborative effort devatedpplying laser absorption CST techniques to aviatianduuaihe
related research and develofs8gri6Q]

1.4.4 Environmental Monitoring

Whilemost of thEST researtthdatdas focused ondable experimentgluding flames, jets,
andC engindiagnosticthe technique has also been appliedsitalargeaging scenahids.
cost reductions in optisehsurement techniques and fast corepotirng ST is qukly

becoming a viabiagnostforthemeasurement and detection of emissions.

UV-base®@OAJUV-DOAS) has bgaoposetbr tomography purposes, where Pundt and
Mettendorf modified a single DOAS unit to provide four optisiagpatbesries of retroreflectors
[61] Using the instrument, thefopeied atmospheric measurementg &QGL,CO, and ©
with similar trace detection limits to those of traditional DCBN&arilisn, DOASed

tomography has received attergtionJohansson et al. reported an algeé@traxperimentadly
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reconstruct cressctional gas plumes from a single elevasdmpdintd6rran power plant in one
experiment and at Mt. Etna in Italy in anwthen)were consisteith S@flux estimates derived
from simultaneous DOAS measurements of tf&2plaraaothestudy at Mt. Etn@/right et al.
usedive automatedanning spectrometemse@asurand tomographically reconstruct valakunic
dioxide (Sfluxe$63] Their results were compared to concurs&h-BOAS flux
measurements by Salernd@jalvhere good agreement was. fouadthird study of volcanic SO
flux emissions, Kazahaya et al. performed reconstrugttomsehtsion distributions around

Miyakejima, Japan. In their procedure, they used three UV spectrometers and an airborne traverse

technique in conjunction with tomography techniques for a total of four rgé6hstructions

CST techniques have also been usetrfe vebhn monitoring of BTEX and styrene. Olaguer et
al. carried out a field gfuigenzene and other Toxics ExposulldE(BE® perform tomographic

remote sensing based on DOAS measurements over three residential communities near petrocher

facilities in Tex&s]

1.5 Thesis Objectives

The objective of this thesis is to document the efvthiatimoject within the boundaries of the

project scope and goals set out by Imperial Oil. At the outset of the project, three main goals were

identified:
1) Conduct a preofconcept linef-sight attenuation measurement
2) a) Develop tomographyrmsttaction algorithms and,

b) Conduct an experimental implementatiescafddtOSBST

3) Conduct field measurements of concentrati

This thesis focuses largely on segments of the first and geportbgdhésfirst goal was

groundwork design conducted previously, which is discussed briefly in Chapter 3. Improvements tc

design are also discussed, with experimental characterizatiopatii tthetegtens to serve as the

lineof-sight proedf-concept. The penultimate chapter of the thesis focuses on the experimental
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implementation of4atale chemical species tomography on methane, propane, and ethylene plumes

a surrogate for BTEX.

The third goal is discussed briefly in terms ofl ddtditeomaork required to conduct field
measurements. The current implementation of the detailed bropditiaciéteptors do not
permit resolved measurements for total mass flux as initially intended, and also do not meet the

stringent safety requeemt s f or devices i ntended to be ope

1.6 Thesis Outline

This thesis presents the need for and developnoaraia chemical species tomography

system fdrydrocarbon detection.

Chapter 2 provideseviewf the sciefitt knowledge that is required for tomography, starting
with the basis of absorption spectroscopy and edatitohesmedpping the equations and models
used for broadband CST, beginning with monochromatic CST within a Bayesian framework as a
stepping giea Included in the discussion of absorption spectroscopy is the background of optical
absorption of specific spectra by species, the resulting lines and broadening mechanisms, and moc

usel to quantify absorption.

Chapter 3 describes the design eatinsideaf a legost, broadband opeth optical detector.
The chapter ggawith the design of the initial prototype with discussion of part selection and
specifications, expanding to the required improvements that were made in order to be ready for the
tomography experiments. Improvements include new reflector selection, introduction of an alignme

mechanism, as well as other minor design changes to facilitate simpler fabrication processes.

Chapter 4 presents the calibration procedure useddaeetifadi of each enaddtctor pair
that was manufactured. Experimental procedures and results are presented for multiple species of
interest, including toluene, methane, ethylene, and propane.

Chapter 5 presents the propas@édmography experithas well as the results of each
experiment. In total there werexXjiriments conducted, wé@bhchanging parameters based on

knowledge and experience gained with each experiment
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Finally, Chapter 6 presents a summary of the project concluknassthademommended

future work.
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Chapter 2

Theoretical Background

The focus of this chapter is the derivation and discussion of the equations underlying the principl
absorption spectroscopyamndgraphic reconstructidhe chapter stwith a description of
electromagnetic radiation and its interaction with gas thelbooéeeninfspectral lines, and
proceedsith the process of tomographic reconstruction. The discussion will begin with the
monochromatic case and will comtthuacorporating broadband measurements into the technique.

2.1 Electromagnetic Radiation

Electromagnetic radiation (EMR) is the directional propagatonetécoo@mnd magnetic
wavethat move at the speed of fight ¢ whw it v W/9. Anotheinterpretation of
electromagnetic radiation is the flow of photons, which have momentum but no resting mass. The
energy of EMR is defined imaitslengtirequency. Assuming a constant index of refragtion

(i.e. through air or other molecular gaesesergy of a wave can be described as:
= T . - 2.1

wheréQ s Pl anc® 6 @e® ccq p & t Jagn_tis the wavelengths the frequency,

and- is the wavenumbéfavelengtlirequency, and wavenumber can all be used interchangeably to
denote the spectrum of a wave; preference for these terms is usually dependent on the application
field. For instande,nfrared spectroscopy it is beneficial to use wagehicmbes it ofcnd)

since it idirectly proportion@aenergy.

The electromagnetic spectrum is classiielihg to its wavelength or wavenumber in a vacuum,
or by its frequendypes of waves include gammainays, xltraviol@V), visible, infrar@dR),
microwaves, aratlio waves. The spectra corresponding to these vavéaypasiTiablel

below, with converted wavenumber ranges for the infrared regions.
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Table1: Classification of electromagnetic radiation spectrunj7]

Designation Wavelength Rangey Wavenumber,t
Gammaray < 0.05A
X-Ray 0.050 100A
Far(vacuum) UV 106 180nm
Near UV 1800 350nm
Visible 3500 770nm
Near IR 7700 2500nm 12,900 4000cnt
Middle IR 2.5050um 40000 200cnt
Far IR 500 100Qum 2000 10cnt
Microwaves 16300mm
Radio Waves > 300mm

In terms of thEhotonic interpretation of electromagnetic radiation, a photon is the basic unit of
radiative energy. The absorption or emission of a photon by a molecule corresponds to an increase
decrease in energgpectively, by the mole@bsorption or esisn by a molecule must

correspond directly with energy state transitions in the molecule.

These energy state transitions can be categorized into three types of trdomitos: bound
bounefree; and frfeee(Figurey). Boundree transitions typically occur in cases when the initial
energy of a molecule is very high; at high temperatures, for example. The result is continuous
absorption across a wide spectraoontideidigh kinetic energy levels which are not quantized. Free

free transitions occur in cases like plasmas, where free electrons are available for interaction.

In addition to electron orbital states, the internal energy of a molecule is alsdatslependent
rotational and vibrational energy, which is quantized. Electron orbital changes require larger amour
of energy, which corresponds to the short wavelengths in thendtresdanfeared ranges (0.1
to 1.5un). Vibrational and rotationalggnikewvels are lower, esponding to ranges between 1.5
and 1Qum and greater thanub respectively. However, changes in vibrational energy are often
accompanied by rotational changes, resulting in closely spaced lines that lead tareharacteristic spe
lines in the infrared region, called-Wigrational bands.
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Figure 7. A schematic of molecular energy state transitions. Bourlmbund transitions require discrete
energy levels for state changes to occur.
Due to the differing structures of molecules, each species has its own absorption profile. As an
examplerigure8 shows the absorption profiles for methanegdh dioxide (G) and
nitrogen dioxide (DMMetween wavelengths of 2.5 andmM @@sorption appears in bands due to
small ranges of the electroniagpettrum that exactly nthicknergy levesabsorption and

emission for those molecules.
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Figure 8. Absorption profiles for methane, carbon dioxide, and nitrogendioxide across a wide
spectrum, derived from the HITRAN databasg68] appearing in bands at irregular intervals due to

individual internal energy levels.

2.2 Line Absorption by Molecular Gases

As mentioned previously, absorption in the infrared region occurs in discrete lines due to the
quantization of energy statemofecule. These lines ateuhadiscrete and monochromatic; any
significant amount of absorption must occur over a wider spectrum. These spectral lines are broad
through various mechanisnteatetedt an energy level correspondimgatedngthor
wavenumbefhe most important broadening mechanisms are collision broadening and Doppler
broadening, with collision broadening being the most dominant mechanism for most engineering
applications involving infrared radiatioer broadening naubms, such as natural broadening and
Stark broadening, are only considered in linsiteildcase negligible othe[@8%&\s an example,

Figuré® shows the structure of a dinggelendihe.
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Figure 9. The profile of a single absorption line centered at 3048 Absorption lines are characterized

by their half-widths, line strengths, and absorption.

This figure shothe absorption coefficikny,, centered at a particular wavelengthihe line

intensity}Y , isdefined as
Y I Q- Iy Q- - [2.2]

Since the wings oflite approach zero asymptotically as the distance fnawve lesgth
increases, the width of the line is describedviagth halfhe halividth is half of the width of the
line at half of the maximum height, describdld byn Figure.

Collision broadening of a spectral line occurs due to collisions between individual gas molecules.

result of broadening by collisiarisoientz profile described by

U [
~ —— r

[2.3]

wheré refers to the collision-adfth. This Hfavidth can be approximated by
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0 ,
r o [2.4]

whereOis the effective diameter of the mole@uthe gas pressiirés the mass of a molecule,
andwandQare constants (speed of light and Boltzmann, re¥peqiigely pp 1 J/K).

Doppler broadenimgses due to the Doppféactin which the velocity of the atoms or molecules

of a gas affects the observed wavelength. Doppler prahobesirgline shape described by

I P ¥A®D— B ?_é [2.5]

5¢

wherg is the Doppler halidth,

- qQY [2.6]
T T %S
Nat ur al broadening of a |ine arisemthdue to

exact energy levels of the transition energy states contributes to the shape of éhisline. This shap

known as a Lorentz profile,

~ [2.7]

Generally, natutabadening has a minimal overall effect on total absorption, and can be considered

negligible.

2.3 Spectral Databases

Large databases containing detailed line absorption informatiompkxmbfecul€3ne of
the mostomprehensive databases isthesdiigtiotransmissioR(TRAN) databd68]
originally developed by the U.S. Air Force Geophysics Laboratory. As of 2012, the database contal
linebyline parameters at room temperature for 47 different molecules. Some of the parameters

include: wavenumfdere intensityairbroadened widthgaselbroadenadidth With these

values, exaabsorption coefficidhtsire then obtained by applying the broadening mechanisms
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discussed in Secii@Howerer, the database is limited to rather simple molecule®such as H
CO, O,, CH, etc. As the complexity of molecules increase the viability of petyiniag line
calculations decreases to a prohibitiieapgénimolecules (BFEX are too laegnd thus are

not included in the HITRAN database.

Fortunately, with higgsolution spectroscopy advances over the last 60 years (e.g. FTIR
spectrometers), the strengths of individual lines of these lasgeamblecoéasured. This allows
compreheng empiricaliyerived databases to be created for margheseauaterials. Both the
National Institute of Standards and Technology (NIST) and the Pacific Northwest National Laboratc
(PNNL) have begun to independently compile extensivid|irazies to maintain a spectral
library of approximately 100 compounds, whereas the PNNL library will contain data for up to
approximately 400 compof#ts

Asdiscussed$ectiond. 1, the main species of interest are toluene, methane, and propane. Ethylene
was also used to help Bibvbrespecification isswdsch wi be discussediectiod.2 Toluene
and propane absorption data are obtained from the PNNL database, while methane and ethylene
absorption data are obtdéioedthe HITRAN database. For this reason, methane and ethylene are
used as additional baselines to confirm the functionality of ttghdetedielsw are the HITRAN
absorption profiles for methane and etéwytetiee PNNL absorption profilesuen¢éoand

propane.
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Figure 10 Scaled absorption coefficients of the rwibrational bands for toluene (GHs), methane (CH),
propane (GHs), and ethylene (GH.), obtained from the HITRAN databas8]

2.4 Monochromatic Absorption Tomography

As stated in Sectiof) absorption tomography isiaging technigue used to estimate chemical

distributions. Imaditional absorption tomography techmgassrements of the flow field are

carried out at monochromatic wavelengths. The physical model stadiatiremrdresfer

equation (RTByhchis an equation that describes the radiative flux incident on a surface or the flux ¢

any point inside a participating medium, which may emit, absorb, or scitigriradiRidnis

an energy balance such that the change in spectral radiative intensity alovig ddsdsexd sight

by
Q0
Qi

o 1o , O T— 'O vk vhvQm [2.8]

where the terms on the 4iigintd side of the equation represent the emission, absorption, scattering

away frony and incoming scatteniagpectively. For infrared applications, the emission and
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scattering terms are negligible, which redsicgsfitent terms in the RTE to only absorption,
I "O. Integrating the RTE over the field efsingezlds the Bé&ambert law,

O OA@GD I i Qi [2.9]

which describes the intetigtywould be measured across an absorbindOnduised(on the
intensity entering the doni@in &nd the spectral absorption coeflicjeiitbé spectral absorption

coefficient is proportional to the species local mole.frabtabrs related by the equation

Y
5 [2.10
0 Ny

wherg, is the molecular absorption-seation( is the molecular number dedsigythe

pressure of the spet¥sthe temperature, &ds the universal gas constant.
Equatiof.9] can be rearranged to the forMvaifearantegral of the first kind (IFK)

s . ~ O
wk | T— I i Qi 2.1
<1135 211
whereabis the patimtegrated absorption coeffigient) the measurement pattiscussed
previously, C&Ims toeconstruct thtkstribution dif . This is done by fiiscretizing the
domainusually into an arragqgefare pixels, in which each pixel is assumed to have a uniform

concentratidsed-igurel 1for an examplestimiés of the pixel concentrations are stored in a
vector of coefficients 1 . Multiple measurementare to be stored ieatorHN s :

wheraX is the number of paths in the measurementAdomaEsult, Equati2d 1 can be

estimated by a-saym
&) AR [2.17

wherew is the length of iligrath intersecting fhpixelshown ifrigurel . Combining the ray

sums for each path formssunaynatrifAN f . This matriforms the linegystem
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Figure 11 Discretization of a chemical species tomography problem with construction of the rasum

matrix.

In order for the assumption of ursfoeoiesoncentratiomithin each pixel had, the size tife
pixels must be small. Due to the nature of CST problems and a limited numlies ef/bteams
is under the conditiog n, makinghe system rad&ficient according to the-nartiky theorem.

For a fulfank problem, the linegstem carsuallype solved directly through matrix inversion (i.e.
x = Ab). This is not the case foC®&roblemyhich is known to be mathematieptgead

[72] Wellposed problems, originally outlined by JacquesdHajdnave the following
characteristics:

1) The problem has a solution,
2) The sation to the problem is unigque,
3) The solutios stable to perturbations in the measurement data.

Problems that violate the third criterion for stability are known apdssatgieitlems. CST
problems of this nature are those in which dense sampling is possible, but the soligitm is unstable
the amplification of measuremenimisisedeconvolution process. Howevedefamndnt
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problems violate the second criterion for uniqueness, as the limited number of heasurements in

be explained by any number of distrikutions

2.4.1 Bayesian Framework

Sinc&€ST problems often feaha@mplete or insufficient informai@ygsian priors can be used
to add sufficient information. The goal of applying Bayesian statistics to CST is to maximize the
posterior bability density function)(pbifchisfomal | 'y gi ven by Bayesd e

<oy} - k’ i ° [2.14

where egf is the posterior PDFe giiven measurement ffatafse is the likelinood pdf

e is gorior pdbfe, and' -H- is the evidence. The evidence is a scaling factor, and thus it can be

neglecteaf the purposes of this problem. Consequently,

“ og-H— 6 « -H-so J e [2.15
The reconstruction for most CST applications is obtained through th@osteitdAP)
estimates A OCI “Ad , which requires the likelihondtion and a prior

distribution.

Measurement noise of the system is due to photonic shot noise and electronic noise. Combined,
noise follows a Gaussian distribution and can be modelled as an independent and identically distrik
term[74] The likelihood pdrnthenbe desdred by the following expression,

“ Jfo C“LAQD P =e | = ¢ [2.16
" G,

where, is the standard deviation of the Siois# is ranideficient, there is insufficient

information to provide a unique solution.

The porpdf“ e , represents information that is kaloowut the target spedisibution
Concentration data can be modelled asaarjahtandom variakle” eh, , wheré is the
mean distribution agds the spatial covariance of the flow. The prior pdf then looks like:
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Combiningquationg.15, [2.1G, and2.17] yields the expression
“ .SH_ 0 A gp =|= PY ”=| -H_ [Zla

where. is theCholesky factor of the inverse covariancel ma&ik 1 J . Knowing that
species concentration, as a physical property, can only be a positive value adds an additional prior
Equation2.19 can be minimized with ameagatity constrairior the MAP estimate:

° [ ET ", e "=|.-H_ [2.19

The covariance matrix, which describes how a basis function correlates with other basis function:
can be estimated through the use of simulations or published[védii#noattateoption is
viablejt can be assumed that the flow is spatially smootroudérgrikbbnaegularizatidis]

with a regularization paranheted.2Q

2.5 Broadband Absorption Tomography

The procedure outlined in Se&#dama basic approach for monochromatic Boubreadband
sources, a more complicated approach must be developed due lo iteéigllytivatriable over
a spectral broadbandhyait discussed in Set@oAdditionally, the intensity of a broadband

source varies as a function of the spectrumgwhieleis;m by Pl anckods | aw,
o~ i co
O 4h — [2.20
- Q9
or
ot Go -
(O ¢ [2.2]]
o



depending on the use of wavelength or wavénamtierrefer to constants, whiere “@o
andd “@jQTheconstai s Pl anc k®rse fceornss ttaon tB offigici2na nn 6 s

shows the intensity of &lbtaty at various temperatures.
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Figure 12 Blackbody intensity profiles at decreasing temperatures (1600, 1500, 1443, 1400, 1300, 1200,
and 100K).
For a single broadband optical path, a broadband transmittance carylialcatr-theateatio
of the attenuated incident power on the detector through an absorbing medium to an incident refere

power of the detector (i.e. incident power that has not beer),attenuated

"
Yo 2.2
Y = [2.22
wherd) s given by
0 6 OA@GD I i QiQ- [2.23
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In this equatiai, refers to a configuration factor that is influenced by geometric coifsislerations;
the photovoltaic detector effigientcy the emissivity of the broadband $uscthantensity

produced by the blackbody s@undie is the locabsorption coefficient. Tritensity at the

spectrum of interest (ke. ) does not vary significantly and can be treated as constant. The

intensity, along with the other constantse groupedjether as another coefficient, and

removed &ém the integrand
0 06 Agb I i QiQ- [2.24

The reference power can be similarly expressed, noting that the power is a measurement with nc

absorption occurring (l.e. T,
0 6 Agb I i QiQ- 6 3 [2.25]

The constants for both measurements are identical and thus cadetdrouinimgethe

transmittance, yielding

v P2 Agp I iqia- [2.26
3-_
Since this broadband transmittance is a nonlinear functicintégletgzhttoncentration,
additional manipulation is required to estimate the concentratior{ $tribution

Plotonic absorption events are independent, and line strength is related linearly to the partial
presure of the speciasteiest. As suthe absorption coefficient can be expressed as a product of

the local concentrati@ni , and a spectral shape fundtion,

I wi to [2.27

This relationship holdsingier most conditions of constant temperature and pressure-when the self
collision and aollision broadened-hadiths areotsignificantly differeBjuatiof.27] can then
be substituted into EquU3A@®:
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v P AdD Oi Qi Q- [2.28
3~._

The exponential term can be replaced with a@nction

00 k i Qi [2.29

which resudtin the transmittance equation,

A@POoj
"y POV [2.3q
3._

The transmittance can be calculated for a species with a known spectral shape function over a spe

range. The inversé&pivhich is also known as a linearizing transfer function, can be related to the

pathintegreed measement of the target species,
ok 00 O Y [2.3]]

At this point, the methods outlined in Sedtomployed for estimating the concentration,
including the Bayesian framework, can be applied to broadband tomographic reconstructions due t
shared forms of Equafhd and2.29.
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Chapter 3
Broadband Optical Path Design

As has been discussed previously, one of the myais ioh@B is the high number of optical
paths needed for high quality reconstructions, due to the ¢ogimoestialfopen path detectors as
well as lasef&his chaptdescribebe design and manufactomeofpath detector pairs used to

carry at chemical species tomography.

3.1 Original Design

The initial concept for a-tmst infrared open path hydrocarbon gas detector was designed by a
group ofmechatroni@mngineering students (Nick Bodd, Ali Jahed, Shari King, and Peter Robertson) a:
part otheir capstoMTE 481/488esign projeett the University of Watefig&) Thescope of
theprojectwhich this thesis builds upasto design an open path détettecales to multiple
measuremenisiilt undea budget of $8,00perates under attagafe modandhatis field
deployablé\ fielddeployablequiremersuggests thilaé units be portable (i.e. lightweight, easy to
maneuver, aatlows for flexibility in arrangement) and housasirig auitable for operation in a
Class I, Div. | location (ilecation in whifflammable gases are present at all times). This requires
that the casing and selected components be either intrinsically safeasfekplCsicada,
intrinsically safe equipment meets the CSA C22. DR Gtakislafd7]while explosieproof
enclosureseet the CSA C22.2 NOMAM®86 standditB] Theoriginatiesign includadetector
and emitter pagachunitmounted in adaleexplosioproof case and mounted on an adjustable
tripod.

Initial considerations for the emitter included infrared LERendasktash las) and thermal
emitters. The criteria uporctvieach emitter type was jwdgredavailable wavelength, intensity,
cost, collimation, safety, and field depth. Overall, the thermal source wast gatgy tiodse
criteria Althoughalsers are aftthe source of choice in spectroscopic applications due to their high
intensity, collimation, andifipespectral range, the safety hazards that they present make this option

much less desirable.

36



Considerations for detectors included photovoltagsigtha@pand photoconductive. The
criteria used to judge detector options were wavelength, sensitivity, and cost. A photovoltaic detect

was deemed to be most appropriate based on the weighted criteria.

Other aspects of the project that requiredratiasithcluded telemetry, casings, mounts, and
optical elemenksey components are list@dlihe?2 and anodel of the final prototype design can be

seen ifrigurel3

Table2: Summary of selected design components for an open path detector prototype

ltem Manufacturer Model/item
Number
Photovoltanetector Hamamatsu P1009@1
Infrared source | Hawkeye Technologies, IR-Si253
Telemetry Omega UWTCGREC1
Omega UWPGC2-NEMA
Optical component Spectrogon BR1695097
Thorlabs, Inc. LAS37€¢E
Power supply Power Patrol SLA 1022
Tenma 72630
Housing Adalet XDHLDGCX

Figure 13 Rendering of original prototype design of the detector and emitter paif76]
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3.1.1 Emitter Specifications

ThelR-Si252mitter by Hawkeye Technologies, Inc. is a thermal infrared emitter made of silicon
nitride. This emittefss chosen for both its recommended operating paraexpecteand
performance. The recommended operating parameters carabkESseen in

Table3: Summary of the Hawkeye Technologies Inc. 8i253hermal emitter.

Parameter Specification
Voltagey 12.0
CurrentA 1.6
Temperatur& 1443
PowerW 20.0
Emissivityo 80

Being a thermal emitter, it is expected thaSibg3Rehaves akin to thareylodgperating
at a temperature of 19¢([1443.1%). The spectral intensity of a blackbody sy digemtion
[2.20 (or Equatioj2.2]] if working in wavenumber). The blackbody emissiemdter is shown
in Figurel4with absorptidimes of methane for comparison. The emitter was originally selected for
its peak emission, which occurs near the weak overtone absorption band foemyddoatrbons

approximately 1uén This band is highlighted in the following figure
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Figure 14 Blackbody intensity profile for the IR-Si253 with methane absorption profildetween} = 1.5
and} =4.0pm

3.1.2 Power Supply

The emitter specifications recommend a power supply thatAatds Oginally 12V
sealetbad acid baites werehosefor portabilitjor each emitter unihe selected battery has a
capacity @9Ahand physical dimensions of 7.0 x 9.@crddth x length x height) that enable
it to sit behind the emittethe casingabbasedxperimentnd later tomography experiments
used a Tenma&3 DC power supply, which offers variable output veladarad & maximum

current output of 20Photographs of each are shBigniie.5
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(@) (b)

Figure 15 Photographs of sealed lead acid battery (a) and DC power supply (b) used to power thermal
emitter source.

The change from batteries to the wall power sigppbgfaphy experiments was made due to
the nature of voltage drops of batteries as the charge decreases. Initially it was not thought to be a
problem but experimental reslifislayed Figurel§ indicate otherwise. Showrc@mparison of
signals received from the emitter unit when powered by a battery vs. the wall supply. Due to the
decaying nature of power from the battery, the dedicated wall supphalvssnusgdphy
experiments beyond experiment #5, disci&saptan.5
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Figure 16 Power supply comparison test of sealed lead acid battery to Tenma wall power supply.

3.1.3 Detector Specifications

The detector, a Hamamatsu R0QG8Eectois a nowooled indium arsenic (InAs) detector
capable of detecting infrarednligihé peak sensitivity wavelength pingr@&kinghe detector
an idealhoice for focus on hydrocarbon absorption isrtfiareddegion
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Figure 17 Detector spectral profiles for P100901 and other Hamamatsu InAs photovoltaic detectors.

3.1.4 Lens and Filter Specifications

The focusing lens used in the receivteeSide;Labs LA53H) is a-inctplaneconvex lens
made of calcium flder{Calf, with a focal length ohfd The lens has antreflective coating
optimized for the range of 3um While ncoated Calfras a spectral transmission range from

approximately 0.18 to g9

The filteredected for the original prototygeethe SpectrogorlB8s097, which is a filter
centered at 1,688with a halividth of 106m This filter corresponds to the weak overtone
absorption band of hydrocarbons. Hesubseiquent design decisions were made such that the
greater linstrengths of thevibrational band could be taken advantage of by considering other filters.

Thefirstfilter considered wasTherLabs FB32500, which has a sapphire substratelnmunte
an aluminum ring. The re@emavelengiblocated &.250umwith a full width hadfaximum of 0.5

+ 0.1um This filter ian integral comporesit contains the spectral range for absorptiah of the C
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H band. The second filiat was brieftpnsidereathd usedsas the ThorLabs FB2380 filter.

With a cemtwavelength of 2.7489 this filteiwvouldserve as a transparent wiofloxrocarbon
absorptigrand therefore measurements made with thaufdtéeised as reference

measuremelii®. Equatio.25]). Although some methane spectral lines exist in this region, they
are few and low in intensity and wotlichpact experimental measurements in any appreciable
mannerHowever, this filter was ultimatelytestedbriefly over a few tomography experiments
becaudbe absorption band @ Hes within this filter window and rstheceffectiveness of the
reference measuremeudstdhe variablevels atelative humidity of the air at the time of

measurements.
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Figure 18 Transmissivity profiles for ThorLabs optical components (LAS3H) FB325600, FB275800)
[79]
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Figure 19 Absorption coefficients for methane with an ideal FB325800 box modefilter.

3.2 Design Modifications

Several modifications needed to be made toah#esigirdue to multiple issues regarding
performance and efficiency. Theissa@mwas tlila¢ performance of the optical tréarsmit
receiver pair was very poor. Therewydgtle detectable signal above distameas well as
poor detection of absorptizereforehanges were made to improve performance. To improve
detection @fbsorption signaisyas decided that ttf8gu8ro-vibrational band be used due to the
higher absorption coefficients. As a resulgl#texplosipnoof cases were set bsithuse the
soddime glasm the cases drop the transmissivity of infrared light to approximately 40% beyond
wavelengths of 1@ For this reason, meeting the Class | Division | requirement wasporie that was

off to be revisited at a future time.

To improvéne working performance obplempath detectathree aspects were targeted:

emitter placement, emitter collimation, and alignment. The emitter placement and collimation issue
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were solved by usindpate Carlmaytracingsimulation to select a larger parabolic refleibtor

the alignment issue was solved by developing an aligning laser.

3.2.1 Monte Carlo Ray -tracing Simulation

After reducing the transmitter unit to a single, centered thernpdrémitience over longer
distances was still poor. To quantify and visualize the behavior, a Monte Carlo ndethod was used.
Monte Carlo simulation is one in which a randomized sample is simulated repeatedly to obtain a re
[69], [71]in this casphoton bundlaadiationfrom the thermal emitter waneulated to obtain

theview factor, or tlieequency photon bundhéts on the target.

To simulate this scenario, MA®Lis\Bsed to reconstruct the geometry of the emitter, reflector,
and target surface. The emitterrglenfmmn length andmn diameter, while the reflector is
10.0mmin length and 9ihby 25.4nmat the smaller and larger diameters at the ends. The
simulation parabola can be constructed using these measurements of the refleetwrtrend the cent
emitter element is placed at the focal point of the parabola. The target somigcefésa, 25.4
representing the focusing lens used in the design, at a set distance defined from the front face of tt
parabola to the target surface. Buen@sy, the problem can be simplified tpaditadia in 2D
spacedisplayed FigureQ
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Figure 20 Base configuration of the Monte Carlo ray tracing simulation. Components present are the
emitter filament (black, circled in red), parabolic reflector (blue), and optical target (red) at a distance of
300mm
An emissidacation on tligament surfaisechosen at random, and a photon is emitted in
random directiomhe filament is modelled as a diffuse emitter so the emission direction follows
Lambertian distributidio quantify the performance of the refleciewttiactas defined as the

ratio of photons that strikes the target surface to the total number of photons released:

0 [3.1]

O :
[

A simulation df = 10,00(photons with a distance aitbGhe target surfacers = 2Qrials
shows that thieew factoof the stock {&25%arabolic reflectofFis 0.0025¢0r 0.25%. An

example of the simulation Mith60 photons can be seEmgurel
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Figure 21 Sample results of the Monte Carlo ray tracing simulation for the {R8 parabolic reflector.
Shown are 50 rays across a distance of z 10

As the sination shows, the performance of the stock reftettiocragtwith few to no rays
reaching the tardeue to the length of the filament in relation to the size of the reflector, a large
portion of the radiation leaving the filament is notlmagheresflectoilustrated by the large
number of rays that reach the top axis of thEhiggpreposed solution is to use a larger reflector in
the design. Phoenix Electroformed Products, Inc. offers a large array of stock reflectors with varyin
dmensi ons, their offerings categorizemm i n se
to 76.2nm

Although many reflectaage similperformance, only reflectats adiameter.&c 4. 06 ( 10 . :
cmican beonsiderkdue to space daaists in the tubes that arefosedunting the components.
Out of the stock reflectors that Phoenix Electroformed Produents, time.reffector that
performethest according to the simulatmthe PA10.2. Under comparable conditions to the
dmulation of theE8, e PA10.2 has a view fatkor 0.01060r 1.06%.

The simulati@howdbetter collimation the PA10.&flector thathe IRSi253tock reflector
Figurlandrigur&2illustrate this performance for #&2%53 and PA10.2 reflectors,
respectively. Phosoreflected yePA10.2 have a much narrower spreads the direction of
the targdhan those reflected byRH&i253
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Figure 22 Sample results of the Monte Carlo ralyacing simulation for the PA10.2arabolic reflector.
Shown are 50 rays across a distance of z = 10 m.

Comparative results for simulated as well as experimental results Emut3dée isolid
lines indicate simulation rebaltsire associated withiiBl .@xis while the dashed lines
indicate experimental rethdtisare associated witbétector RespaisEhe purple series
represents48i253eflector results, while the blue series represents PA10.2 refldetpumnesults.
23dcesnot directly compadhe simlated and experimental rebultsathedisplaythe
improvemer simulated results from using-BiRHR to the PA2Qhat is reflected in the

experimental results.

It is clear from these results that the PA10.2 reflector results in lateighgadlzsowell as
collimation that is not provided by i@ i&lector. A separate test was done to confirm that the
emitterdetector pair was operational owgrcb@firming that the PA10.2 provides sufficient

collimation for largeea CST mes=ments.
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Figure 23 Simulated (solid lines) and experimental (dashed lines) comparisons of stock 18and

PA10.2 parabolic reflectors.

3.2.2 Visible Laser Alignment

Alignment of tlemitterand theetector units done with a lgw@wered optical laser on the
emitterside with a basic mirror omlétectoside. The laser is mounted at the oEtitemitter
unit and pointed at theregrfamirrormountedn theletectoside. Thdetector undan then be
pointed directly to thmitter uniby reflecting the optical laser point to its source. This ensures that

alignment of both units is achieved.

The laser used is a Quartor6BBBB LPAad dot laser, which has a eceatedength of 650
nmWith an output power of mBYit is classified as a Class llla laser. Due to imperfections, the laser
point is directed at a slight angle. Tisseen when the laser isatef@r wall and rotated in
place. To combat this, a custom mountts haddehe laser at a slight offset. The mahnéeises
set screws, set 120° apart, to adjust the direction angle. Adjustments are made until the laser point

single spot on the far wall while it is réliged4slows the laser mounted in place.
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Figure 24 Mounted visible red laser alignment device.

3.2.3 Data Acquisition System

The Omega UWRXNEMA unit was originally set to tiaasigal every five seconds, with a
maxmumsampling rate every two seconds. For tmigesphgxperimer(discussed in Section
5.2.6, a National Instnents USB001 data acquisition (DAQ) unit was chosen for use in order to
adieve a higher sampling rate that would atatisfimal measurement analysis. Consequently, an

amplifier was also required for the signal, discussed in the next subsection.

3.2.4 Detector Amplification

Based on experimental results, the output range of the photovoltaimdatestéstfeiV
rangeHowever, the specifications of the DAQ state the absolute accuracy of\#eduthie at 6
system noise at ®Vrm3his is problematic as the accuracy and inherent system noise make up a
large portion of thacertainty of the experimental transmissivity measurements. As such, an amplifie
is required to minimize this uncertainty. The amplifier selected whrstheriestad M358 dual
operational amplifier to achieve a gaiiileé &plifier unit received input from the photovoltaic
detectors and output its signal to the-SOQUSBR photograph of the amplifier unit can be seen in
Figureh
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Figure 25 Photograph of the amplifier unit to improve photovoltaic detector signals.

3.3 Optical Paths Expansion

Incorporating the updated design detaitadheebeams were constructed. Drawings of the

individual components can be gggpeimdix A

In expanding the number of optical paths other minor design details Wgtecahanged.
components are mounted on the front faces of the detectog glatekabsicage system
construction rod&/here the original prototype used steel pipes to house the emitter and detector
assemblies, steel tubes were instead chosen for use in the new constructed units. The main reasol
using tubes over pipes is flyirdae to one reason: the pipes have a weld bead on the inside that is
not present on the tubes. As a result, the new assemblies are slightly smaller due to the way that p
and tubes are specified (inner diameter vs. outer diameter). Whiledtheandde heaund off (as
they were for the original prototype), the decision was made to size the new components appropria
to fit tubes and forego the additional step.
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